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Abstract

The playing surface has a great influence on the outcome of a sport. It has a
significant effect on the ball behaviour and the technical performance of skills of
the sports participants, but it also impacts on their safety. This research is
focused on the interaction of humans with natural turf pitches (NTPs). The
project research integrates human body, and soil, mechanics in a laboratory
environment by means of new technology and methodology to provide new
understanding of this interaction.

In a biomechanical study carried out using a portable pitch system, stresses
and movements for nine male players performing running and turning
movements on sand-based and clay-based NTPs revealed significantly greater
peak vertical rate-of-loadings (dF,"®) and peak pressure rate-of-loadings
(dP™) for the sand compared to the clay-based condition.

A further soil mechanical study to determine how the dynamic inputs from
players affected the behaviour of those surfaces concluded that soil mechanical
parameters such as moisture content and dry bulk density have a significant
effect on the dynamic stiffness of the surface and that sand-based pitches have
a significantly greater intrinsic stiffness than clay-based pitches explaining the
observed biomechanical loading rate results.

The research provides a step forward in the attempt to understand how humans
interact with sports surfaces and how the surfaces respond. It highlights the
importance of the elastic-plastic stress-strain behaviour of soils (or the soil-turf
matrix) in response to stresses applied by humans and the difference in
mechanical behaviour between sand and clay-based pitches. The findings of
this research will inform sports engineers about the advantages of integrating
biomechanical and soil mechanical data and lead them to ensure that surfaces
that are safe to play and do not hinder the quality of the game by providing
reasonable wear resistance, stiffness and traction values.
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1. INTRODUCTION AND RESEARCH AIM

1.1. Introduction

The British Government has set the target (DCMS, 2001) to encourage the
population to exercise more as a way to increase social inclusion, reduce crime
and enable adult exercise to reduce the demands on the National Health
Service. This objective is important in the context of this work as an increased
rate of participation in sport must not be followed by an increase in the number
of injuries from participation in sport.

It is known that the playing surface has a massive influence on the sport
outcome. Whether the surface is soft or hard, wet or dry, fully grassed or bare,
flat or sloping, smooth or uneven all have a significant effect on the technical
performance of skills and the safety of the sports participants. It is therefore
necessary to ensure that sports surfaces are not a safety risk to player.

Something that a sport surface must not do is to negatively affect the quality of
the game. Hence, safety should be achieved whilst enabling participants to play
at the best of their ability. The roll of the ball cannot deviate due to variations in
surface quality, and players must be able to judge how far a ball will roll with the
strength of a kick. Likewise, when the ball is in the air its landing should be
consistent and predictable. The aim of sports engineers is not simply to provide
a surface that is attractive to the public but also a surface that allows good play
throughout the year and minimises the risk of injuries. Groundstaff have an
important management role as a poorly maintained surface can also affect
player skills and safety.

It is evident that targets for maintenance and playability will be different for a
community-level sports field managed by a local authority than for a
Premiership-standard pitch, and this will be a direct consequence of the budget
available. However, injury issues are not exclusive to the professional game
and therefore any sports surface must be safe to play on.

The demands pointed out above have accelerated the move towards a science-
based approach to sports surface design, construction and management that
has been slowly occurring in the sports industry for some time.

Present research related to sports surfaces has been focused on the effect of
artificial surfaces on the human participant, stimulated by the perception that
synthetic surfaces cause more injury to the participant than natural surfaces.
Nevertheless, little is understood about how humans respond to a natural turf
surface because it is difficult to incorporate natural soil media and sustain turf
growth in a laboratory environment. The fact is that each surface has its pluses
and minuses, and choosing can be difficult sometimes. However, bearing in
mind that the proportion of natural to synthetic surfaces in the UK at present
time is around 10:1 (I0G, 2008), research to achieve the above mentioned
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demands should be carried out on both synthetic and natural sports surfaces to
understand the mechanisms behind injury.

This research project is focused on natural sports surfaces and more precisely
on the human-natural sports surface interaction, and will provide another step
forward in the attempt to understand how to ensure a surface that is safe to play
on and would not hinder the quality of the game. The project will overcome
some of the challenges previously mentioned by means of new technology and
methodology to integrate body and soil mechanics in a laboratory environment
to provide new and unique understanding about the interaction between
humans and natural sports surfaces.

1.2. Aim and objectives of the research project

The aim of this study is to increase understanding of human-natural sports
surface interaction to inform sport engineering about how the use of more
sustainable natural surfaces can be improved to provide facilities for increased
participation in sport with minimum injury risk.

To achieve the aim of the research, the following key objectives are addressed:

1) To conduct a mechanical characterization of two natural sports surfaces.
A high sand content rootzone material used in the construction of natural
winter sports surfaces such as modern elite sand construction soccer
pitches, and a contrasting clay loam used in the construction of elite
cricket pitches and similar to many local authority winter sports surfaces.

2) To measure the stresses applied by human participants and the
sensitivity of the human body geometry for two phases of motion: running
and turning on the above mentioned natural sports surfaces.

3) To determine soil mechanical parameters for the above mentioned
natural sports surfaces in response to the applied stress from the human
participant over successive passes for each phase of motion.

4) To integrate soil mechanics and biomechanics data into a conceptual
model to inform sports surface engineering and management on how to
improve natural turf for maximum usage at minimum risk of injury.
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1.3. Thesis layout

The approach taken in this thesis reflects the multidisciplinary nature of the
research carried out. Firstly, in relation to Objective 1, Chapter 2 reviews the
main current methods of establishing surface properties and to assess human-
sports surfaces interactions. This chapter also looks at the incidence and nature
of the injuries directly related to sports surfaces.

Next, the initial mechanical characterization performed on the soil media is
detailed in Chapter 3. In order to achieve Objective 2, the in-vivo biomechanical
study carried out is also described later in this chapter.

Afterwards, based on the results obtained in Chapter 3 and leading to
Objectives 3, the soil in-vitro mechanical study conducted is described in
Chapter 4.

The relationship between the biomechanical and soil mechanical study is
developed in Chapter 5 to achieve Objective 4. Moreover, the contribution to
knowledge, together with a full list of publications derived from the present work,
an evaluation of the research and recommendations for future work are
included in this chapter.

Finally, the conclusions are drawn in Chapter 6.
The research poses the following two questions:

e What are, from a soil science perspective, the effects of the human
participant on a natural turf surface and how does natural turf respond to
variations in sports movements?

e What are, from a biomechanical perspective, the effects of variations in
natural turf properties on human response?

These questions will be developed into research hypotheses and carefully
expounded and discussed throughout the course of the thesis following Chapter
2.

This PhD project is a component part of a study funded by the Engineering and
Physical Sciences Research Council (EPSRC) under project number
EP/C512243/1. The Principal Investigator is Dr lain James of Cranfield
University, with Co-Investigator Dr Sharon Dixon at Exeter University. All
research has been conducted by the Author (I N Guisasola), with significant
contribution to the design and execution of the project. For the biomechanics
experiments, this was in collaboration with Dr Victoria Stiles who was a Post-
Doctoral Researcher on the same project.
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2. LITERATURE REVIEW

2.1. The importance of natural sports surfaces

Affordable, safe and appropriate sports facilities have been globally recognized
to be essential requirements to obtain a healthy nation through sport
participation. Within the UK, due to the high urban population density, the
maintenance of a natural sport environment has been highlighted as important
for the protection of green spaces and playing fields for recreational sport in the
community (DCMS, 2001).

As sport has become more popular there has been an increase in the
continuous use of Natural Turf Pitches (NTPs) for a number of different sporting
activities. However, and particularly at community level, traditional NTPs are
subject to accelerated degradation in adverse weather conditions, which
negatively affects performance and the safety of players. UK climate conditions
include long winter periods where there is little or no grass growth and rainfall
exceeds evapotranspiration (ET) from the grass/soil system. This leads to
unsatisfactory surface conditions due to excessive moisture in the surface that
can affect sport performance, cause severe damage to the surface and
compromise player stability and safety.

Sometimes the necessity to reduce the influence of adverse weather conditions
to provide an all-year round consistent and durable surface can be fulfilled using
Synthetic Turf Pitches (STPs) (Dixon et al., 1999) with significantly more hours
of use per week. The use and development of STPs have hugely increased
over the last 20 years at both community and elite sport and has focussed on
reproducing the playing characteristics of natural turf usually marketed as
“Looks, feels and plays like natural grass” (Levy et al., 1990).

NTPs represent the vast majority of sports surface in the UK (Oliver & Casimaty,
1998) and are generally considered environmentally friendly compared to STP
(Beard & Green, 1994) or even to agricultural crops (Rodriguez Diaz et al.,
2007). Carbon dioxide absorption of NTPs entails a cooling effect that
contributes to control pollution (Claudio, 2008). Moreover, the NTP root system
is highly efficient in the uptake of applied nutrients as it forms a very dense
above-ground biomass that reduces runoff and thus allows time for soil
infiltration of water (Green et al., 1991). Consequently, fertilization of NTPs
presents a negligible potential for nutrient elements to pass through the root
zone into the groundwater or be transported by runoff water into surface waters.
This has been confirmed by a number of studies and reviews (Cohen et al.,
1990; Gold et al., 1990; Gross et al., 1990).

Another reason that makes NTPs preferable is their nature and properties,
which are fundamental to the playing performance characteristics of sports such
as soccer, rugby, golf and cricket that cannot be replicated at an elite level
using STPs. In cricket for example, pitch properties influence the range of shots
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played, ball speed and spin characteristics after impact with the surface (Baker
et al., 1998) and the progressive deterioration of the pitch as the match goes by
influences the balance of the game over several days of play. So whereas it is
desirable to reduce temporal variation in most sports, in the case of cricket,
temporal variations in surface properties are desirable and essential for the
game.

Just as with STPs, the modern NTPs have been developed significantly in the
last two decades at both recreational, and to a greater extent, at the elite level
of the game. The principal aim in the development of NTPs has been to
improve infiltration and drainage of the surface. The drainage of the playing
surface must be sufficiently rapid to ensure that the field remains playable at all
times. Modern NTPs are constructed from high sand content rootzone materials
that minimize soil compaction and allow rapid drainage of excess water and
reduced sensitivity of shear strength to increased moisture content (Adams,
1971; Baker, 1991). The result is a favourable environment for turfgrass roots
combined with excellent playing conditions, providing more uniform, faster and
higher traction surfaces that meet the requirements for the increased player
fitness and more advanced technique developed over the same time period.
This increases performance by reducing player energy cost but may well imply
greater stresses on the player; however, the potentially increased risk of injury
from these developments has not been assessed in the literature.

Other consequences of using more freely draining high sand content materials
are in terms of environmental sustainability, principally, the increased use of
water for irrigation and fertilizers due to lower nutrient retention. In the
professional context, such resources are available and necessary to produce
the performance and the aesthetic qualities required for television. However,
such surface construction materials are not suitable for recreational facilities
where these resources are not available. Modifications of these high sand
specifications by shifting to finer textured sands and, in some cases, by
reintroducing a small amount of clay could reduce water requirements at the
expense of drainage capacity and performance (McGown et al., 1997).
Moreover, research into new breeding techniques to achieve low-water-use
turfgrasses with lower ET rates and superior drought resistance compared to
the currently used turfgrass species will further reduce NTPs water
requirements (Beard & Green, 1994). These kinds of alternative approaches to
providing sustainable turf pitches therefore require further research.

NTPs represent a complex composite living material made of a mixture of sail,
grass plants and micro-organisms that is variable in space and time. Soils,
themselves, are a mixture of sand, clay and silt particles mixed with water and
air. The complex interactions between all these components determine the
mechanical behaviour of NTPs. It is known that surface mechanical changes
influence performance and can modify the behaviour of, for example, the speed
or bounce of a ball under specified conditions (Oliver & Casimaty, 1998). But
more importantly, those changes have an effect on the player locomotion
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system. At the same time, players have an influence on surface wear and
degradation that affects players in return.

Therefore, NTPs should not be considered only in terms of the physical
conditions that enable the player to perform effectively, but also as a base to
minimize excessive stress on the body, by, for example, reducing excessive
traction and impact forces, both factors considered to be associated with the
cause of injury (Nigg et al., 1986). Unfortunately, research has shown that the
functional and safety aspects of sports cannot be optimal in one surface, since
the sports and protection functions are not positively correlated beyond a
certain point (Kolitzus, 1984; 2003). For instance, a softer surface may provide
more comfort to the player, however, ball bounce is compromised. It is a
challenge for sports engineering and biomechanics experts to decide where the
limit should lie in improving performance without posing unacceptable risks to
the player.

2.2. Sports injury aspects

A relatively large amount of research has been published on the mechanical
properties of STPs (Bonstingl et al., 1975; Nigg & Yeadon, 1987; Brown, 1987;
Valiant, 1990; Dixon et al. 1999; Stiles & Dixon, 2006) compared to research
documenting assessment of NTPs (Coyles et al., 1999; Morag & Johnson,
2001; Eils et al., 2004).

Earliest studies based on previous generations of STPs reported them to lead
to a higher number of injuries compared to NTPs. A higher stiffness, sliding
friction and heat retention from the older generation of STPs has been
suggested as the main cause for that. An increased level of impact (James et
al., 1978; Light et al. 1979; Cavanagh & LaFortune, 1980; Frederick et al. 1984;
Nigg et al., 1986a; Miller, 1990) altering joint movement and muscle activity
patterns (Hamill et al., 1992) has been suggested as the mechanisms to
increase injury rate (Stergiou & Bates, 1997) however, a direct cause-effect
relationship has not been established yet for a particular type of injury.

More recent studies have concluded that no major differences in terms of injury
occurrence can be observed between the notably improved third generation of
STP and NTP (Fuller et al., 2007; Steffen et al., 2007). A similar study done by
Ekstrand et al. (2006) compared injury incidence for soccer players at
professional European clubs with third generation STPs, with players from the
Swedish Premier League playing on NTPs. It was observed that the most
common injuries on both type of surfaces were hamstring, ankle and knee
ligament tear and the research concluded that the overall risk of injury on STPs
was no higher than on NTPs. Another comparison study between STPs and
NTPs properties for soccer by Martinez et al. (2004) took into account anecdotal
opinions from players followed by mechanical assessment of the surface
properties. The study showed that leg and muscle problems were less frequent
on NTPs and that these surfaces were preferred by players perceiving them as
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more comfortable to play on. Impact reduction was noticed to be higher by the
players, compared to STPs, a fact that was supported by mechanical impact
test results. A similar preference for soccer played on NTPs compared to STPs
was also found by Dick et al. (2003).

The comparison studies available highlight that the playing characteristics and
injury patterns on STPs are compared against the bench mark characteristics of
NTPs. However, several authors have cited a lack of control over and reporting
of NTPs physical properties and maintenance status (Meyers & Barnhill, 2004;
Steffen et al., 2007). This makes interpretation of findings complicated because
of the varied properties of both natural and synthetic playing surfaces used in
different studies. Thus, the available research does not point towards a
preferential use of either natural or artificial surfaces with regard to their
respective associations with injury occurrence, nor towards a trend of increasing
injury on natural turf following recent developments of NTPs.

Impact absorption and traction as cause of injury on NTP

The fact is that, whether or not NTPs yield as many injuries as STPs, injuries
still occur on NTPs. In general, evidence of NTPs injury analysis in the
literature is sparse. A prospective study on the aetiology of soccer injuries
reported that a quarter of injuries were correlated with playing surfaces
(Ekstrand et al., 2006). It was assumed that surface features such as uneven
playing surfaces, too low impact absorption capacity (referred to as excessive
hardness) and inappropriate friction/traction characteristics were connected with
injury prevalence.

Surface traction is an important characteristic of playing surfaces that influences
player-surface interaction. Without adequate grip players fall over and are
unable to perform to a high standard as they cannot stop or rotate rapidly. In the
case of excessive grip, players may be exposed to higher levels of resistance to
foot rotation than are desirable for their knee and ankle joints (Orchard et al.,
2005). Thus, surface traction has been considered a surface characteristic that
may be related to non-contact ankle and knee injury incidence (Torg et al., 1974;
Milburn & Barry, 1998; Garcia et al. 1999; Orchard, 2002; Livesay et al., 2006).
Inappropriate magnitudes of traction can cause the foot to become ‘locked’ into
the surface, transferring force to the ankle and knee (Lees & Nolan, 1998) and
so increasing the likelihood of injury occurrence. The concept of injury from high
traction was not considered in the past because creating surfaces with sufficient
traction for player stability was the principal challenge facing ground staff. This
is reflected in the fact that whereas minimum values for traction are, for
example, reported in the performance quality standards for soccer (I0G, 2001),
maximum values are not included. However, the significant change in
mechanical properties experienced by NTPs towards higher stiffness and shear
strength highlights the question about how this will influence the player
performance and safety.
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Several factors that influence surface traction on NTPs, such as grass type and
root density have also been described in the literature. For example, Bermuda
grass (Cynodon dactylon) is suggested to produce greater traction compared to
perennial ryegrass (Lolium perenne). By the nature of its growth, Bermuda
grass contains horizontally creeping stolons which form a surface mesh that
increases resistance to wear and also traction compared to perennial ryegrass
which is non stoloniferous (Orchard, 2001). The configuration of the shoe sole
has also been extensively studied to improve traction. Shorten et al. (2003)
concluded that aggressively studded boots were not recommended due to their
high resistance to rotation during cutting manoeuvres and subsequent risk of
injury particularly of the Anterior Cruciate Ligament (ACL). However, a definitive
conclusion regarding appropriate stud length and configuration to minimise
injury occurrence has not been reached (Lambson et al., 1996; Carré et al.,
2007). Orchard (2001) suggested that modification of the playing surface holds
the key to provide players with a universal method of reducing traction and so
reducing the risk of injuries related to shoe-surface locking. However, as was
mentioned before, any safety modification will affect performance aspects of the
surface (Kolitzus, 2003) and so this effect should be also considered when
investigation injury prevention.

Surface impact absorption is another important property of sports surfaces. It
influences ball-surface interaction and also player-surface interaction. A too-low
impact absorption can cause impact related injuries, whether to the leg or the
head of players (Dura et al.,, 1998). A too-high impact absorption implies a
greater damage to surface when performing sports (Canaway & Baker , 1993).

Racing horses can also be considered to be elite athletes who interact with
NTPs. Horse racing takes place on a variety of NTPs with a range of degree of
care and attention being given to the surface quality. It is known that the horse
performance and the degree of risk of injury to the horse and rider are
influenced by the surface impact absorption capacity (Field, 1994). A ‘soft
surface’ means a slow wet surface while a ‘hard surface’ represents a fast dry
surface with low impact absorption. Thus, a high correlation between race times
and impact absorption (measured as hardness) of the racecourse surface was
found where race times increased as the surface became softer (Zebarth &
Sheard, 1985). Racetracks that are excessively soft complicate horse
propulsion through sinkage and sliding, and can cause stress injuries on the
horse’s hind quarter muscles (Field, 1994). Conversely, hard racetracks imply a
high impact force on contact with a horses hoof or jockey head due to a
reduced surface deformation or cushioning. This has been suggested to result
in a high rate of loading, and therefore strain, experienced by the horse’s leg
bones, which may lead to micro damage and gradual weakening of the leg
bones (Pratt, 1984). Just like human players, horses adapt their
musculoskeletal structure to different surfaces characteristics. Non-uniform
surfaces are seen as a great potential for the risk of injury occurs when the
surface varies from relatively hard to significantly softer over a short distance
(Chivers, 1999). It was suggested by Stover (2003) that if the need to re-adapt
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to a different surface condition is reduced, the potential for injury can be
minimized, highlighting the importance of achieving uniformity.

Nigg et al. (1988a) investigated deformation of different surfaces after landing
from a jump and also assessed players comfort levels. They found that the
surface that exhibited the smallest maximum deformation was the least
comfortable. Players felt that the stability of the surface and control of their
movements were greater on the stiffer surfaces. Less compressible surfaces
were, however, associated with larger forces acting on the body, a fact that
could lead to a higher incidence of overloading injuries because the muscles do
not have enough time to contract and absorb forces, causing the forces to be
transmitted further up the axial skeleton (Fiolkowski & Bauer, 1997). Highly
compressible surfaces may increase the energy cost of player locomotion as
the energy of the sport movement adds to the energy necessary to deform the
surface (Lejeune et al., 1998) inducing a subsequent greater risk of injury by
muscle fatigue (Millet et al., 2006). All those findings seem to suggest that there
should be an intermediate surface deformation behaviour where a compromise
between player stability, comfort and energy efficiency can be met.

Some attention has also been paid to the influence of climatic conditions on
parameters such as surface impact absorption and traction and the occurrence
of lower-limb non-contact injuries. Orchard et al. (2002) demonstrated a trend
for the Australian Football League (AFL) for incidence of ACL injuries on NTPs
motivated by changes in weather conditions. The author reported that traction
on NTPs was likely to be higher when the ground was hard, dry and the grass
cover and root density are at their greatest as in the early part of an autumn-
winter season. Other researchers have also suggested that a significant
increase in injury rate during the summer season was due to warmer weather
where surface drying conditions (ET > precipitation) prevail, with resultant
harder surface conditions (Baker, 1991; Hodgson et al., 1998).

2.3. Quantifying player-surface interaction

The correct evaluation of surface related injury risk requires player-surface
interaction to be evaluated. This interaction is a complex function of surface
mechanical factors and player biomechanical response (both voluntary and
involuntary). It is also a two way interaction as outlined in Figure 2.1. The
surface appearance and mechanical behaviour modifies player biomechanical
response, which in turn loads the surface, resulting in deformation that can
change the surface mechanical behaviour and appearance again. This
interaction is variable in time and in space due to environmental factors, player
stamina and the nature of the sport played.
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Figure 2.1 Player-Surface interaction outline.

2.3.1. Mechanical testing

In situ measurements

The development of methodologies for testing of surface mechanical properties
has mainly been driven by: on the one hand, the need to benchmark STPs
performance against NTPs; and on the other hand, the development of
Performance Quality Standards (PQS) for the specification and improvement of
NTPs. Just as there are two main ball-surface interaction tests (ball roll and ball
bounce) in PQS, there are two main player-surface interaction tests:
measurement of surface impact absorption and traction (Fleming et al., 2005).

Frictional characteristics

The linear traction equipment used to simulate and measure sliding forces on
NTPs usually have a metal studded sled that is weighted and moved in a single
direction, while the force required to move is recorded. This test is designed to
be analogous to the type of traction required from players when moving and
stopping in a straight line. In a similar way, rotational forces can be generally
mimicked and measured by a metal disk with several boot studs uniformly
spaced and attached to the underside. Once weights are applied, the unit is
lifted and dropped from a fixed height and the force that is required to make the
disc rotate freely is measured in Nm (Canaway, 1975; Canaway & Bell, 1986).
These forces can generally be estimated using linear mathematical models that
predict draught force from geometric parameters and physical soil properties
(Godwin et al, 2007) although they have not been adapted for the range of
stress rates required by human player activity. Nigg & Segesser (1988a)
investigated the measurement of linear and rotational traction and showed that
the magnitude of normal force to be dragged or rotated hugely influences the
final traction outcome. They concluded that using forces less than those created
by players could lead to incorrect conclusions about player-surface interactions.
This highlights the need to assess the player dynamic inputs before the surface
is tested by mechanical means. A number of new engineered devices, such as
the Pennfoot apparatus (Lafortune et al., 2003) and Strathclyde Sports Turf
Testing Rig incorporate the recording of both linear and rotational tests in one
device (Blackburn et al., 2005).

Soil factors such as texture, bulk density and grass rooting may affect traction
by influencing soil shear strength. Holmes and Bell (1986) compared a soil
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based surface against a sand carpet construction method and found that the
sand carpet construction gave consistently higher traction measurements than
the soil based surface. Canaway and Baker (1993) stated that it is how these
soil factors affect water movement and retention and their interaction with wear
that largely determine their effect on traction of NTPs. For example, it was
shown that traction on rootless soils increases with increasing soil bulk density
(Rogers and Waddington, 1990). Scott and Pearce (1976) explained that as soil
density increases, soil particles get closer together, this increases the frictional
resistance between them and so higher levels of traction will be expected.
However, higher soil bulk densities are associated with the areas of greatest
wear (with a lack of grass cover) and penetration resistance, potentially
reducing stud penetration and therefore presenting lower traction values (Baker,
1991).

Cushioning characteristics

Test devices for measuring impact absorption use instrumented bodies with
predetermined mass dropped from a specified height (Young & Fleming, 2007).
The Clegg Impact Hammer (CIH) was developed by Clegg (1976) in Western
Australia for testing road base surfaces and is becoming the preferred method
for assessing impact absorption of NTPs referred to as surface hardness. With
the CIH, an accelerometer is mounted on a missile (0.5 or 2.25 kg) which is
dropped from a set height (55 cm or 45 cm respectively) through a guide tube.
On contact with the surface, the missile is decelerated and the peak
deceleration value in gravities (gmax, simply known as G) is provided. Surfaces

with a low impact absorption capacity or cushioning (often termed ‘hard
surfaces’) cause greater deceleration and thus the G figure is higher than other
surfaces with higher impact absorption capacity (‘softer surfaces’). Rogers and
Waddington (1990) discovered that the use of the 0.5 kg missile can be strongly
influenced by the amount of grass cover and that the larger 2.25 kg missile
eliminated the effect of vegetation and gave a better indication of the whole
surface cushioning, measured as hardness. The same authors attached a data
logger to the CIH to measure not only the maximum deceleration rate of the
dropped hammer but also the time to peak deceleration and the impact duration.
A high correlation between maximum deceleration rate and both the time to the
peak and duration of impact was found, suggesting that the surface could be
characterised using only one of these criteria. This suggests that even simple
CIH equipment, providing peak deceleration data, could be used for surface
mechanical testing.

The Artificial Athlete Berlin (AAB) is another drop test apparatus used to
measure surface impact absorption. Unlike the CIH which is lightweight, the
AAB uses a 20 kg dropping mass that is released from a height of 55 mm onto
a spring and test foot. The spring compresses and therefore introduces a
degree of compliance to the system that yields a contact time between the load
cell and the testing surface of 0.1 — 0.2 s. This contact time acts to imitate a
typical foot ground touchdown contact time of an athlete when performing many
sporting movements. This device measures surface deflection and peak impact
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force, which is converted into a percentage indicating the reduction in force of
the test surface in comparison to an impact measured using a concrete test
surface. The deflection is used to give a measurement of surface stiffness and
the percentage reduction in force is used to quantify mechanical energy loss
and the level of surface cushioning (Nigg & Yeadon, 1987). Young & Fleming
(2007) observed that the deflection of some NTPs can be greater than the
range for this device and that the specification of the concrete used as the
reference base also affects the final result and so that this data should be
included when using the AAB.

Just like surface traction, surface impact absorption also depends on
parameters such as soil texture and bulk density, water moisture content and
grass cover. Richards and Baker (1992) found a general tendency of increased
impact absorption with increasing grass length via a CIH. Holmes and Bell
(1986), using a 0.5 kg CIH device, demonstrated that sand based NTPs gave
almost identical hardness readings to soil based NTPs, however, the soil based
NTPs exhibited greater variability. In another study, the same authors
concluded that CIH readings reduced as moisture content increased caused by
a greater surface deformation, although sand based rootzones do not exhibit
such a marked decline compared to rootzones containing soil The authors did
not supply an explanation as to why that happened but as stated by Oliver &
Casimaty (1998), sand textured soils usually exhibit a greater resistance to
compaction on a short-term basis and less strength sensitivity to moisture thus
the uniformity within these surface is usually greater compared than in less
sandy soils.

These mechanical tests provide the basis to characterize the playing quality of a
surface, often termed ‘playability’; however they represent simplifications of the
player-surface interaction. In these tests, the surface is usually stressed in only
one fixed direction using either constant velocities or dynamic loads applied
from constant heights to maintain constant energy. However, real loads from
players are variable during the movement, from subject to subject and within
subjects over time (Dixon et al., 2000). Nigg (2003) examined the range of
equipment commonly used for surface mechanical testing and concluded that
while measurements can be made that describe material aspects of a sports
surface, they cannot be used to predict external or internal forces acting on the
athlete’s body and so injury potential. He emphasized the importance of using
biomechanical testing to correctly quantify input conditions experienced by the
player’s locomotor system during ground contact in order to understand fully the
possible link with overuse injury phenomena.

Laboratory measurements of NTP behaviour

A better approach to quantify the mechanical parameters of NTPs can be
performed making use of more sophisticated methodologies and equipment that
currently require working in a laboratory environment (as will be explained
further in Chapter 4). Loading or stressing an NTP produces a subsequent
deformation or strain that is a function of the interaction of all the components
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comprising the NTP. Soil can be considered the basic component of NTPs and
so, as a first approximation to this complex problem, mechanical
characterization of NTPs can be evaluated in terms of the soil mechanical
behaviour, which is actually a function of the soil texture, soil dry bulk density
and water moisture content (Whitlow, 2001). A precise characterization of this
stress-strain behaviour is essential to quantify both ball-surface and player-
surface interactions, affecting for example ball bounce, player movement and
surface compaction.

Classical approaches to determining soil mechanical properties for civil and
agricultural engineering are based on quasi-static testing to assess soil
mechanical parameters such as shear strength that emphasize the plastic
behaviour of soils (Carman, 2002; Spoor et al., 2003). For these soil
mechanical disciplines, elastic deformation only occurs at very small amounts of
strain and is normally negligible. However, stress-strain behaviour of soils is
highly strain rate dependent (Horn, 2004), which means that the final strain is a
function of the rate at which the soil has been stressed. Traditional quasi-static
soil testing such as uni-axial and tri-axial compression testing (Fredlund et al.,
1997), involves very low strain rates that allow enough time for the soil to
deform through irreversible fracture mechanisms that imply large amounts of
plastic deformation (Ashby, 1978). However, as the stress is applied more
quickly to the soil, the time to deform reduces and the overall soil strength
increases as a result.

Soil mechanical stress-strain behaviour is known to be a visco-plastic, in that is
partly elastic or reversible in time if the load is removed and mainly plastic or
non-reversible (Yin & Graham, 1999). The limits and relative proportions
between the elastic and the plastic behaviours depend on the strain rate at
which the soil is deformed, which is a function of the load magnitude and the
rate of loading (Karmakar & Kushwaha, 2005). It is believed that the inputs from
sport players introduce a whole new range of high strain rates that will hugely
affect classical soil mechanical response predicted by parameters such as
shear strength (Wulfsohn et al., 1999). Player dynamic inputs will make soil
elastic deformation become as relevant as plastic deformation or compaction in
understanding the overall mechanical behaviour of NTPs. For example, greater
strain rates could imply greater elastic recoveries and thus higher impact
absorption properties. Some updated mechanical parameters that enable
quantification of both elastic and plastic dynamic behaviour of soil
simultaneously are proposed in the literature (Schneider et al., 1999).

This analysis requires traditional soil mechanical testing equipment to be
updated to work with very high strain rates and so it becomes prohibitively
expensive compared to the previously mentioned ‘portable’ equipment. In turn,
they allow mimicking of player inputs, in terms of loads and loading rates, and
determination of more fundamental parameters that will finally predict traction
and impact absorption for a variety of NTP compositions.
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2.3.2. Biomechanical testing

Biomechanical testing characterizes the stresses applied by players on the
surface (kinetic analysis) and the way the movements are performed by the
players (kinematic analysis). Players are by no means the same as each other
and a quantitatively identical performance is impossible even within subjects,
which makes the assessment of players very complicated to assess (Kolitzus,
2003) and the adoption of strategies such as high replication and participation
of high number of subjects are compulsory.

Kinetic assessment

The determination of ground reaction forces is useful to provide information on
the characteristics of a given movement. The Ground Reaction Force (GRF) of
a running step was stated by Miller (1990) as ‘the force that reacts to the push
transmitted to the ground by the foot of the runner’. He explained that GRF
represents the acceleration of the whole body centre of gravity and although
lower limb contributions are important, they are not the only contributions made
to the total body acceleration. According to Miller, the lower extremity acts
mainly as a transmitter of the acceleration of the whole body centre of gravity to
the ground. This suggests that GRF data may not be a sensitive measure to
study lower leg impact as it is not only the accelerations of the lower limb
segments that produce GRF values. The collection of GRF data remains useful
since it provides information on various performance parameters and external
system inputs (e.g. ground contact time and rates of loading).

A force platform is the most common piece of equipment used to measure the
magnitude, direction and the duration of the GRF in relation to time (Dychko,
1998). An alternative approach is to measure forces underfoot using insole
pressure measurement devices (Challis, 2001). These devices incorporate
techniques to measure continually forces between the subject and shoe, without
the need to contact a marked area of the ground; targeting specific areas for
contact can lead to changes in gait when running (Nigg et al., 1986b) — this
issue will be considered in more detail in Chapter 3. While the analysis of force
under regions of the foot can be done with the data collected from pressure
insoles, the analysis of pressure within different anatomical areas of the foot is
also commonly undertaken (Dixon & Stiles, 2003). More detailed information
about these technologies is provided in Chapter 3.

A strong association between peak impact variables (magnitude and loading
rate) and the occurrence of overuse injury in running has been pointed out
(Nigg et al., 1986a; 1988b; Miller, 1990; Shorten, 2000; Shorten & Himmelsbach,
2002). McMahon and Greene (1984) explained that cushioning works to
decrease the forces between colliding bodies by increasing the time of collision.
For example, the magnitudes of peak impact forces collected during running
from barefoot have been shown to reduce with the use of a shoe, which has led
to the belief that the magnitude of the impact peak is influenced through the
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shock absorbing ability of the shoe (Rodano, 1983). The same logic was
applied to studying the influence of surface cushioning on impact force variables
and therefore the influence of commonly held associations between sports
surface cushioning and the occurrence of injury (Dixon et al., 2000).

However, contradictory to the findings of Dickinson et al. (1985), peak impact
forces have been found to remain constant while running both with and without
shoes while peak rate of loading increased without the shoe (De Wit et al.,
2000). Note that in this study, initial foot angle with respect to the horizontal was
reduced for the barefoot condition compared to the shod condition. The
researchers explained the similarity between impact magnitudes as a result of
compensatory changes in initial rear-foot angle. In a similar manner, peak
impact forces have been maintained with changes in surface (Nigg & Yeadon,
1987; Dixon et al., 2000; Dixon & Stiles, 2003; Nigg et al., 2003). What is clear
is that the influence of changing shoe and surface conditions on force
characteristics during player analysis is not fully understood.

Kinematic assessment

The movement of the player is constantly and smoothly adjusted by complex
control mechanisms involving the nervous, muscular and skeletal systems of
the body (Vaughan et al., 1992). Devices that perform visual recording of the
position of body segments are used to digitize body motion in three-dimensional
coordinate space. Assessments of running on surfaces with different levels of
shock absorption have revealed maintenance of impact force peaks at a
constant value (Nigg and Yeadon, 1987). Literature seems to suggest that
player nature allows for adjustments in leg collision geometry based on
feedback mechanisms that are suggested to regulate impact forces for
maintaining acceptable levels of impact (Dura et al., 1999; Dixon et al., 2000).

For example, with reference to Figure 2.2, evidence of higher knee flexion and
knee flexion velocity prior to ground contact during running has been suggested
to indicate greater lower leg system compliance for a less compliant surface
(Dixon et al. 2000). A larger angle implies larger leg deformation occurring
sooner during an impact phase, increasing the time over which the collision
occurs and consequently reducing the peak magnitude of the impact force.
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Figure 2.2 Angular conventions of the lower leg.

An analysis of barefoot running compared to shod conditions carried out by De
Wit et al. (2000) found that a lower initial foot angle (flatter foot) at touchdown is
another a kinematic adjustment to reduce excessive loading. A flatter foot angle
(thus increasing the area over which the ground reaction force is distributed)
has the effect of reducing the peak local pressure underneath the heel.
Interpretation of initial foot angle would be enhanced if combined with the
analysis of insole pressure data and contact area during the initial loading
phase since high correlation between a flatter foot at ground contact and lower
peak heel pressures has been found.

Dixon et al. (1998) reported that a lower heel impact velocity was another
method of reducing the collision deceleration, when peak impact forces
remained similar when running barefoot on a conventional asphalt surface
compared to a rubber-modified bituminous sports surface with 48% more
cushioning. In another study, Dixon and Stiles (2003) assessed the cushioning
properties of five tennis surfaces during running, with the additional interaction
of two different models of tennis shoe. The five surfaces, which varied in
International Tennis Federation (ITF) mechanical classification from ‘low’ to
‘high’, were assessed biomechanically using seven recreational tennis players.
However, no significant kinetic variable differences were found between the
surfaces for either shoe. With regard to peak heel pressure, both shoes ranked
the surfaces in the same order with the lowest pressure peak yielded from the
surface mechanically categorised as having a ‘high’ cushioning ability. This
finding corroborates the mechanical test results. Changes in shoe also yielded
significantly different peaks in pressure. The researchers suggested that a
change in shoe appeared to be more influential than a change in surface in
yielding lower impacts for the range of surfaces tested in this study. This finding
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emphasises the importance of testing the combination of shoe and surface
during mechanical assessments.

A significantly reduced flexor moment about the ankle joint on STPs compared
to a baseline condition was observed by Stiles & Dixon (2006) during a typical
tennis running forehand foot plant, which was associated with a measured lower
initial foot angle on this surfaces compared to the baseline. The findings from
this research suggest that a more cushioned surface yields lower magnitudes of
joint moment compared to a less cushioned surface. They explained that a
lower magnitude of peak moment may have occurred as a consequence of a
flatter initial foot angle, and thus a reduced amount of muscular control required
by the muscles about the anterior aspect of the tibia to control toe-down. On the
harder baseline surface, a higher flexor moment was found together with a
higher initial foot angle magnitude. This increase in peak moment on hard
surfaces may explain reports of shin problems when running on harder surfaces
(Anderson & Reynolds, 2005). Modifications of the peak moments about the
knee were found in the same manner by Stefanyshyn et al. (2006), who related
higher magnitudes of joint moments with higher injury occurrence.

All the biomechanical adaptation evidence shown above seems to suggest that
leg stiffness is actually influenced by the cushioning properties of the surface
(Butler et al., 2003). For stiffer surfaces, where there is higher likelihood of
encountering high magnitudes of impact force, the joint and thus leg stiffness
reduces to maintain an overall level of subject-interface stiffness. Where
surfaces are less stiff, stiffness of the supporting limb also accommodates by
being stiffer to maintain subject-interface stiffness through muscular adaptations
to protect the body (Ferris et al., 1998).

2.3.3. Integrated mechanical and biomechanical testing of
NTPs

Player biomechanical assessment of NTP properties using sports specific
movements remains a rarity (Dabnichki, 1998). Integrating natural soil media
and sustaining turf growth in the laboratory environment complicates research
into player interaction with NTPs. An analysis of body and leg accelerations for
a variety of surfaces in the field, including both NTPs and STPs, has been
performed to assess whether the characteristics of soccer specific movement
techniques are adapted for different surface conditions (Brachet et al., 2003).
Maximum shank and pelvis acceleration were found to be similar between
NTPs and STPs. The authors concluded that the findings were useful
indicators of a comparable injury risk across all surface conditions, assuming
accelerations are correlated with injury prevalence.

There have been some attempts to site force platforms below NTPs in the field
(Smith et al., 2002, 2004) and to measure patterns of foot plantar pressure
during soccer specific movements for footwear cushioning testing (Coyles and
Lake, 1999; Eils et al., 2004). Tillman et al. (2002) used pressure insoles to
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compare GRF for asphalt, an STP and an NTP. These authors detected no
difference in loading between the tested surfaces, concluding that surface
stiffness was not directly linked to injury risk through loading. However, no
attention was paid to any possible change in body kinematics that could have
been performed by the players to adapt to the different surfaces resulting in a
constant load observed. More recently, Ford et al. (2006) compared an STP
with an NTP using in-shoe pressure distribution and did observe differences in
loading and peak pressures for the two surface conditions for different regions
of the foot, showing that effect of surface stiffness is still under debate.

An integrated study investigated the effect of changing a soil surface from a soft
to a hard condition by simultaneously measuring pressure distribution within the
soil and the shoe when running (James et al., 2006; Dixon et al., 2008). It was
found that an increase in the dry bulk density of 1460 to 1590 kg m™ resulted in
an increase in gmax Of 125 to 235 G measured using a 0.5 kg CIH. Peak heel
force was significantly lower for the lower density soil condition. Such integrated
studies and the use of novel laboratory environments allow the stresses on the
player and the surface to be analysed simultaneously (Figure 2.3) and are seen
as the way forward to understand player-surface interaction (Dixon et al., 2008).

|lllllllll}Changesurface‘-----.lllllllll
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Figure 2.3 A model for integrated development of surfaces. Any change in surface properties
should be evaluated in terms of both the effect on the surface and the effect on the player (in
terms of injury and performance). The model responds to negative feedback until an
acceptable improved surface design can be determined — without detriment to the surface or
player. (Also published in Stiles et al., 2008)
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2.4. Summary of the literature review

Promotion of a healthy nation can be aided by provision of appropriate sports
facilities that can be used more intensively, are affordable by local authorities,
and provide high performance and safety for players. In order to achieve that,
the player-surface interaction has to be understood. This is a two way
interaction, where players load and deform the surface at a certain rate, and
where they are also influenced by the mechanical properties of the surface,
which can make players change the way they load and deform the surface. An
understanding of this interaction is essential to provide a fair compromise
between sport performance, injury prevention and surface durability.

To quantify and describe this interaction some surface and player inputs need
to be characterized. From a player biomechanical perspective, sport specific
movements should be kinetically and kinematically described. From a surface
mechanical perspective, surface physico-chemical and mechanical parameters
should be determined. This is recognized to be the key for understanding injury
risk to players and wearing damage to surfaces (Stiles et al., 2008).

Most of the current sports surface research has been focused on STPs as they
represent more uniform systems which are less influenced by adverse weather
conditions, providing year round playing with lower maintenance. However,
STPs do not adequately replicate the fundamental playing characteristics for
sports, such as cricket, and so NTPs are important to preserve them. Moreover,
NTPs represent green spaces in the built environment which are critical for
urban ecosystem functioning. In addition, in the UK the majority of outdoor sport
is still played on NTPs and they are still preferred by most players, and
therefore this supports the fact that further research should not only be carried
out on STPs but also on NTPs. Evidence of injury occurrence when playing on
NTPs is sparse and usually includes a lack of detail regarding surface
characterization, however, some comparative studies between STPs and NTPs
suggest a similar injury occurrence highlighting surface traction and impact
absorption as the key parameters that may cause injury. Player response to
changes in traction and surface cushioning is not well understood, however,
and further research is needed into the causal mechanisms that explain injury
on both types of surface.

An NTP represents a complex composite material made from a mixture of soil
particles, air, water, grass and living micro-organisms that varies in space and
time by the action of players and weather conditions. There have been
significant changes in the development of NTPs over recent years, particularly
at the elite level, using more frictional soil media, to provide for (1) player
requirements for faster surfaces with a higher traction component and (2)
spectators needs for an attractive environment. Future studies must
characterise the nature of NTPs in order to understand how those changes
affect their mechanical properties and thus player performance and injury risk.
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Loading an NTP soil produces a subsequent deformation or strain that is a
function of the interaction of all the parameters comprising an NTP. As a first
approximation to this complex problem, mechanical characterization of NTPs
can be described in terms of the soil mechanical stress-strain behaviour, which
is actually a function of the soil texture, organic matter, soil dry bulk density and
water moisture content. The majority of the devices commonly used in sports
science to characterize sports surface stress-strain behaviour usually fail to
incorporate the complexities of human movement in sport. The general
approach of testing NTPs includes devices to measure traction and impact
absorption that are portable, easy to operate and inexpensive compared to
more powerful equipments in a laboratory environment. The latter provide more
precise characterization of the stress-strain behaviour of the surface, essential
for understanding both ball-surface and player-surface interactions.

To determine player inputs from sports movements, biomechanical studies are
necessary. Unfortunately, to perform biomechanical studies on NTPs is a
challenge due to the difficulty with sustaining surfaces in a laboratory
environment, which is why such studies are so rare in the literature.
Biomechanical research is also limited by ethical considerations as testing
player response may be considered reckless if player safety is compromised by
injury risk and occurrence. Future research should include an integrated
approach using engineering and biomechanical expertise. This will permit
greater understanding of how NTPs influence player performance and safety
and also how they are affected by player actions. This is considered to hold the
key to the future development of more resilient, sustainable, higher performance
and safer NTPs for all level of sports.
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3. BIOMECHANICAL STUDY

3.1. Introduction

The necessity of quantifying player loading in determining the mechanical
parameters of NTPs, and so investigate properly player-surface interactions,
was highlighted in Chapter 2. The current chapter details the analysis and
characterization of two sport-specific movements, running and turning,
performed by a group of players interacting with a range of NTPs in a laboratory
environment (Objective 2). First, the selected NTPs are described and
characterized in terms of physicochemical and basic mechanical properties
(Objective 1). The preparation and maintenance of the NTPs follows. A
description of the biomechanical laboratory setup, including the mechanical and
biomechanical devices used for kinetic and kinematic data collection is included
later in the chapter. Finally, the effect that changes in surface type may have on
the player movements will be explored and discussed.

3.2. Materials characterization

3.2.1. Soil material selection

The following three raw materials were selected as test soils for the project:

e A high sand content material (USGA rootzone, supplied by Baileys of
Norfolk Ltd., UK) used in the construction of winter NTPs such as
modern professional sand construction soccer pitches.

e A clay loam (Ongar Loam, supplied by Binder Loams, Essex, UK) used
in the construction of professional cricket pitches and similar to clay
based Local Authority winter NTPs.

e A sandy loam (Sandy loam supplied by Baileys of Norfolk Ltd., UK)
providing an intermediate sand content condition.

3.2.2. Soil texture and structure

Particle Size Distribution (PSD)

Many of the physicochemical and mechanical properties of soil relate to its
mineral skeleton which is defined by the size composition of the mineral soil-
forming particles, the soil texture. These particles are commonly separated into
sand (2 mm to 0.063 mm diameter), silt (0.063 mm to 0.002 mm diameter) and
clay (< 0.002 mm diameter) fractions. Texture classis defined by reference to
the triangular classification of the three principal fractions sand, silt and clay
defined by the Soil Survey of England and Wales (Hodgson, 1998). The relative
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proportions of these fractions was determined by sieving and sedimentation
using the Pipette Method as per NR-SAS/SOP5/1 based on ISO 11277:1998.

Soil Organic Matter (OM) and mineral content

The soil texture classes distinguished on the triangle of texture make no
reference to organic matter content, but no classification of soil texture is
complete without some further, qualifying reference to this component (Smith et
al., 1996). The percentage organic matter by dry weight in soil was determined
by wet oxidation in potassium dichromate as per NR-SAS/SOP4/1 based on BS
1377-3:1990. Soil pH was determined using an electrode pH meter to determine
pH in a 1:2.5 slurry with water (Gasser, 1973).

Plant nutrient analysis

Plant available Phosphorus, Potassium and Magnesium was determined to
ensure that these nutrients were not limiting to turf growth. In addition the pH
was determined to ensure that this was not limiting to plant growth. Available
phosphorus was determined spectrophotometrically using Olsen's extraction for
plant available phosphorus in sodium hydrogen carbonate as per NR-
SAS/SOP15/1 based on ISO 11263:1994. Plant available potassium and
magnesium were extracted in ammonium nitrate and determined by atomic
adsorption flame photometry (Appendix A).

Dry bulk density (pp) and moisture content (8)

The way in which soil particles are organized and held together is termed the
soil structure and it is as important as soil texture in regulating the movement of
air and water in the soil, both of which impact greatly on the soils
physicochemical and mechanical properties. The soils in this experiment were
unstructured, however, and their arrangement of packing is described by the
determination of dry bulk density (pp):

P =—> (Equation 3.1)

Where M;s is the dry mass of soil in the volume V. A compacted soil will have a
greater density and lower porosity than a less compacted soil of the same
texture (Scott, 2000). The density is not cross comparable between different
textures as it depends on the pore and particle size distributions and the
differences in density among soil forming minerals.

The soil water content is influenced by the soil structure (Brady and Weil, 2002).
The extent to which water will either accumulate on the surface of the soil, or
infiltrate, will depend on the moisture content of the soil and the nature of the
soil’'s pore system. Water Holding Capacity (WHC) is a function of pore size
distribution which in turn is a function of PSD and this again of soil density.
Water will either drain freely or be retained at high tension in a soil dominated
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by large or small pores, respectively. Greater WHC is achieved with a well
graded soil that has more pore space than a poorly granulated or compacted
soil (Bullock et al., 1985). Soil water release characteristics were determined
using a combination of sand tables and pressure membrane equipment as per
NR-SAS/SOP30/1.

If the soil is compacted by mechanical means, the soil particles are made to
pack more closely together and the dry bulk density of the soil increases. At an
optimum moisture content, the water acts as a lubricant and allows the soil
particles to squeeze together more easily. Too little water content will not allow
soil particles to move freely against each others resulting in a smaller dry bulk
density. Too much water content will also cause a smaller dry bulk density as a
consequence of an excess of incompressible water between soil particles. For a
given compaction energy, there is an optimum water content that will obtain a
maximum dry density (Brady and Weil, 2002). Optimum moisture contents were
determined using a standard 2.5 kg hammer Proctor test (BS 1377: Part
4:1990).

Water content is presented as volumetric moisture content (8,) or gravimetric
moisture content (8,) as a percentage:

V,

6, =" (Equation 3.2)
Vt
6, = M, (Equation 3.3)
M S
6,=6,p, (Equation 3.4)

Where M,, and V,, are the mass and volume of water, respectively; Ms is the dry
mass of soil in the volume V; and py, is the dry bulk density.

3.3. Experimental methods

3.3.1. Soil and turf preparation

Portable pitch system

The NTPs were prepared at Cranfield University and tested in the sports
biomechanics laboratory at the University of Exeter. This was a challenge in
that the laboratory is indoors due to the requirements of the infra-red motion
capture system used to study player movement and not conducive to sustained
turf culture. To overcome the problem, the surfaces were installed using a
‘portable pitch system’. Polypropylene containers (600 x 400 x 50 mm) were
selected as a portable surface system (supplied by LINPAC Allibert, UK).
These trays were relatively cheap, light, and easy to handle and transport
compared to other containers made of steel or wood. The 600 x 400 size was
selected because this was the size of the force plate that was used for the
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biomechanical tests. Holes were drilled into the bottom of the trays to allow the
drainage of water. The 50 mm depth of the tray was adequate to obtain the
minimum rooting depth and therefore stability properties to simulate NTPs found
outdoors. Another advantage of the depth was that mass was limited to suitable
manual handling limits and by limiting mass the inertia of the force plate tray
was also limited, increasing sensitivity of force measurement. This solution has
some disadvantages: there was a risk of insufficient depth for root development
for the grass plant compared to an outdoor sports field. Secondly they had rigid
edges that could have affected the biomechanics of players if a player was to
contact a ridge when running.

The total number of trays constructed was 138. This comprised 54 test trays
placed on the force plate (3 conditions x 2 movements x 9 players) and 84 other
trays used to create a 'runway' prior and posterior to the force plate condition.

Soil compaction

The trays were filled in three batches of one of each of the test soil materials
and hand rolled to obtain the maximum density that the process allowed by
manual compaction. Because of concerns about damaging the plastic trays, a
mechanical press could not be used.

Table 3.1 Dry bulk densities achieved after hand rolling compaction.
Variable Sand Clay Loam Sandy Loam

Py (g cm™) 1.75 1.30 1.50

The densities achieved for the soils by hand rolling shown in Table 3.1 were
considered to combine a reasonable structural strength with acceptable water
percolation properties for each soil type.

Turf selection

In general terms, an NTP could be viewed as a soil base with a turfgrass layer
on top. In reality, the turf is a unit of soil with a mixture of selected grass
varieties growing in it; with a root structure within the soil matrix. The
composition of the turfgrass species varies dependent on the sport involved and
the level of use that an NTP receives. In this project, LT6 Sportsturf (Lindum
Seeded Turf Ltd, UK) was used. This is a turf specifically developed for winter
sports pitches such as football and rugby and comprises a mix of Perennial
Ryegrass (Lolium perenne), Red Fescue (Festuca sp) and Meadow Grass (Poa
sp). The mixture of perennial ryegrasses and fescue incorporated in the seed-
mix provides good wearing resistance whereas the meadow grass provides
good self-repair recovery properties.
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Figure 3.1 A roll of the washed turf purchased for the project.

The turf was supplied washed and rolled (Figure 3.1) by the turf producer and
transplanted at Cranfield. Washed turf was used, rather than seed because of
the need to have a usable surface in a short period of time when temperatures
were too low for grass to germinate.

Turf installation and care

The turf is a mass of living plants and a certain amount of care and
maintenance was required to ensure it grows to its full potential. A fertiliser (Turf
Line, 10-6-4 NPK) was applied and raked into the soil before the turf was
installed, following the manufacturer's application rates of 35 g m™.

To transplant the turf, the soils were moistened and their external surface was
slightly raked over to produce a smooth, firm but not compact surface to ensure
good establishment of the turf. Immediately after the turf was delivered to
Cranfield and to avoid putting un-necessary stress on the plant, the turf was laid
on the trays and the trays were placed in the open air and left living outside
from the 3™ of April to the 29" of May 2006. Strips of turf were laid over and
shaped to fit sets of 4 plastic trays containing the soil. Full contact between the
turf and the soil was ensured by pushing with a small hand roller. The edges
and ends were pushed against each other and a sharp half-moon spade was
used to cut the end of a row without stretching the turf. The turf was allowed to
grow over the ends of trays to remove the effects of shrinkage and to prevent a
player from adjusting their movements in preparation for contact with a different
surface (as will be discussed further in Section 3.3.2). To keep digging
mammals and birds off the laid turf a protective surrounding fence and a
scarecrow were installed by the turf.

F=T)

Figure 3.2 A view of the trays (600 x 400 mm) before (left) and after (right) turf laying.
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Watering

The newly laid turf was watered plentifully within half-an-hour of installation.
Until the turf was definitely established several weeks after, the soil below the
turf was maintained sufficiently moist to enable the grass plant to survive and to
grow a root system. Water was applied according to weather conditions that
dictated the frequency of irrigation required without causing prolonged
saturation of the soil as standing water limits grass growth due to low oxygen
levels around the roots. The turf was kept moist but not completely saturated
and it was immediately watered when any signs of the turf drying out were
observed.

Daily top-up waterings required lesser amounts to be applied but this depended
on levels of ET rate due to temperature and wind conditions (Fry and Huang,
2004). Thus, when heavy rainfalls occurred during the establishment phase
then some reduction in the water applied was made. On the contrary, when
short showers took place sufficient water was externally applied. Watering was
usually applied when the air temperature was cooler, that is to say, early in the
morning or late in the evening to minimize ET.

Mowing

The grass was periodically checked by lifting up a corner of turf to see if the
roots had grown into the soil and it was first mowed once it was well rooted
(approximately after 4 weeks). At the initial stage, when the turf was more
sensitive to the wear of a normal mower, this task was carried out using hand
shears with sharp blades to prevent from tearing up turf by pulling out the grass
by its roots. Clippings were removed to minimize thatch, the layer of
decomposing grassy material located between the grass blades and the soil.

The more it is mowed, the more individual grass leaves will grow and therefore
the turf will have a denser sward. Letting the grass get too long leads to weak
growth, which in turn invites attack by fungal diseases and allows weeds to
establish (Adams and Gibbs, 1994). Once the turf received the first cut, the old
adage - a little and often - was applied to grass mowing and the height of cut
was kept at 35 mm (between weeks 4 and 6).

When the roots had completely established into the soil beneath (from week 6
on), the mowing height was then safely lowered to around 25 mm, at a
frequency that ensured that the length of turf removed was never more than one
third of the grass length at one time. A sharp bladed rotary Flymo mower was
used at this final stage of the turf preparation, which was found to increase the
grass height homogeneity and decrease the time consumed for the operation
compared to using hand shears.
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Weed control

Due to the natural weed seed dispersion, it was inevitable to find occasional
undesired grass and weed species establishing themselves. These were
eradicated by removing them by hand as they appeared.

Maintenance fertilizer applications

Once the grass plants had rooted into the soil they took on an appearance and
growth habit dictated by the soil. Due to the limited nutrient source of the tray
system (in particular the sand rootzone and sandy loam treatments), the
nutrient content was enhanced artificially to sustain proper turf growing. Feeding
was repeated on the 24™ of April and on the 15 of May 2006 during the growing
period using a liquid fertilizer (ProTurf SEAMAC, 6 % Fe + 3.4 % SO3+ 2.5 % N
+ 2 % MgO) was applied at 1.75 L / 500 mm? in 10 - 20 L of water, following the
manufacturer’s instructions.

Transport of the surfaces from Cranfield to Exeter

Three wooden racking systems (Figure 3.3) were specially designed and
manufactured to accommodate the trays and allow transporting the surfaces
from Cranfield University at Silsoe to the University of Exeter by road. The tray
rack system was handled using a pallet truck and a tail lift on a 7.5 t lorry.

Figure 3.3 The shelves systé?ﬁ for tréyé 'transporting
containing some of the turfed trays inside.

3.3.2. Experimental set-up

Players and shoes

It is known that not every subject will perform a movement in the same manner
(Nigg et al., 1986b). It may therefore be necessary, depending on the intended
application of the research results of future studies to minimise player (subject)
variability by selecting participants from a similar level of task or sporting ability.
However, if one purpose of the research is to generalise results to a wider
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population selecting non-homogenous group of subjects with a range of abilities
to assess conditions may be more applicable (Vincent, 1995; Bryman and
Cramer, 1997). In the present study, 9 male volunteers with ages comprised
between 18 and 25, who had not been injured for the last 6 months and with
various grades of experience of football or rugby were recruited from a
university or club standard. They all regularly participated in training and match
playing sessions on NTPs. The mean player mass was 79.9 + 2.7 kg (mean *
standard error). Approval for the collection of data from human participants was
obtained from the School of Sport and Health Sciences, University of Exeter
Ethics Committee. Informed consent was obtained prior to testing and players
were made aware that they could withdraw from the testing procedure at any
time.

Players were assigned standard metal studded soccer boots (Nike Air zoom
Total 90, Figure 3.4) in their size (Size 10, 11, 12 UK).

Figure 3.4 Nike Air zoom Total 90 used in the experiments.
Sports specific movements

Analysis and observation of any sport reveals movements that are frequently
repeated and thereby characterize the sport (Dixon and Stiles, 2003). Running
is one of the movements usually involved in traditional sports and so in relation
to the assessment of NTPs, studies of running are invaluable foundations on
which to formulate future research in specific sports on NTPs.

In relation to sport-specific movements in addition to running, there is less
published biomechanical research. A pilot study carried out by Stiles et al.
(2006) undertook an initial biomechanical characterisation of three sports
specific movements (running, turning and accelerating from rest) performed in
the laboratory by two players. The experiment successfully showed how natural
soil media can be incorporated into a laboratory and used as a surface on which
sports specific movements can be performed and human response analysed.
Changes in surface cushioning properties were detected, as shown by
differences in peak forces and peak rates of loading between different
movements for a fixed sand rootzone condition turfed with ryegrass as the one
used for the current study. The purpose of the present research is to assess the
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effect of NTPs, on three different soils, with a group of players performing two
typical sports movements: running and turning. For the turning movement the
inside turn technique was required from the players. In this technique, at the
time of turning, the foot is already turned when it steps on the force plate,
preventing the runner from turning it on the ground which could cause them an
injury. Figure 3.5 shows how the two movements were performed in the
laboratory.

e

Figure 3.5 Laboratory set-up. Players performing running (top) and turning (bottom) movements
in the biomechanics laboratory. Players step on the corresponding run-up trays and force plate
tray (longitudinally placed to cover the force platform) and then continue on the corresponding
run-off trays for each of the conditions. Infra-red motion cameras can be seen on both walls.
White reflective markers are attached on the right leg of the players.

Laboratory layout

Trays were laterally positioned cross-ways in the biomechanics laboratory at the
University of Exeter, over a non-slip matting (6 mm thick) to form a continuous
10 m runway. One tray was longitudinally placed to cover the force platform.
Based on the pilot experiment an optimum 6 m runway length prior the force
plate (run-up) was produced to provide enough distance to meet the force plate
naturally and to gain sufficient running speed to perform the movement within
the confines of the laboratory. Similarly, an optimum 4 m distance after the force
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plate (run-off) was produced to allow players to stop naturally and safely. A
surrounding supportive runway of rubber matting and foam covered with an
acrylic top-surface was constructed on either side of the turf runway for the
safety of participants. A schematic picture of the laboratory layouts is illustrated

in Figure 3.6.

1BFP  FP

U

Run-up Run-off

y
Safety Rubber

Direction of runner Mats

1BFP FP

U

Run-up = Run-off |

Figure 3.6 Laboratory layout with the runway (green + brown) and steps followed by players for
running (top) and turning (bottom). The consistency for each condition of the force plate tray (FP)
and the tray before the force plate (1BFP) is critical to avoid undesirable adaptations in
movement performance. For turning, the run-up is also the run-off. Surrounding safety rubber
mats shown in black. Blue footprints = run up + run off. Red footprints = critical steps. Axes
convention used throughout shown for x, y, z.
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Starting with the pilot experiment, player footsteps were studied and the
laboratory tray layout designed accordingly to produce an improved runway.
Runners left a gap of two trays between consecutive steps and it was agreed to
lie the three different conditions alternated along a single runaway ensuring that
the runners were only using the corresponding ones for each condition at all
times. This implied less tray movement and lifting between condition tests in the
lab as well as a reduction in the number of trays needed inside the lab which
minimize the time to be waited by the subjects compared to, for instance,
having the three different conditions laid down on the laboratory floor at the
same time.

A slightly different layout was used to perform the second movement involving
turning 180 degrees, where the previous run-off was eliminated with the players
exiting the force plate pointing in the direction from which they had started the
run-up. The force plate was directly supported by the rubber mats.

Laboratory set-up

As previously stated in Chapter 2, the human system is complex with the
availability of multiple degrees of freedom and as such, variability. This effect of
intra-player variability on reliability can be accommodated through the collection
of multiple measurements (Bates, 1996). It appears that rules are not yet rigidly
established for the total trial collection size to yield data that is representative of
a group’s movement behaviour while performing a given task. Bates et al.
(1992), after carrying out tests related to statistical power and sample size,
based on vertical ground reaction force data, concluded that the number of trials
required to fulfil the measures of trial stability and satisfy statistical power for 5,
10 and 20 players was 10, 5 and 3 trials respectively. The majority of
biomechanical running studies however, concentrate on data collections of
between 8-10 trials per subject. With this information, in this research study 10
successful trials by each subject were required for each condition. Analysis of
data in the pilot study allowed the number of trials required in order to satisfy
trial stability to be confirmed prior to the main data collection phase of the study.

Players were informed of the desired movement through demonstration by
researchers in the laboratory but they were not provided with any specific
information regarding the differences between the surfaces. Players were
required to make a right-footed contact with the target force platform tray during
each trial without adjusting their running stride and rhythm.

Due to the size of the force plate (600 x 400 mm) it was only possible to collect
data for one running step. Sometimes, players tend to alter their natural running
style to land on the right tray with the right foot. For this reason, players were
requested to perform familiarisation trials for each movement prior to the start of
data collection until they were confident with executing the movements and
location of the desired foot landing on the force plate had been repeatedly
achieved (Bates et al., 1983). During practice running trials, starting positions
were marked out in the laboratory to assist players in making contact with the
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force plate tray using their natural running style during their fourth stride on the
runway and without adjusting their running stride.

A constant running speed of 3.83 m s™ (+ 5 %) was required between two sets
of photocell timing gates set 1 m away from the centre line of the target tray (2
m distance between photocell sets). Where players failed to make contact with
the force plate, dramatically altered their entry speed or failed to perform a
typical movement trial, data were discarded, verbal feedback was provided by
the researchers to try and correct the fault and the trial was repeated. A
measure of the speed of a movement was used to indicate an initial level of trial
reliability. For each change in surface, the subject performed at least a further 3
familiarisation sequences prior to collection of data whilst a spare tray of turf
was positioned in the target area of the runway. Then, 10 trials on each surface
were performed for each specific movement.

It is critical for the biomechanical experiments to ensure that players performed
their movements without interruption from variation in surface properties prior to
the force plate that would cause undesirable adaptations to occur in movement
performance. Special attention was therefore focused on the force plate tray
(FP) itself and the tray of the same condition step right before the force plate
(1BFP) in order to make sure that the mechanical properties of those trays were
kept as consistent as possible for every condition. Ideally, trays should be
changed every time that a player runs over it. Due to financial and time
constraints however it was agreed that only the target FP tray would be
removed and preserved for post-hoc analysis after each subject had completed
10 trials on the one soil condition. Each target tray was therefore unique to a
subject and had 10 trials of data on it. If not seriously damaged, all other trays
were kept for future test sessions in order to create another runway for another
subject on another day for one of the three conditions. All trays were relocated
outside the lab overnight, supplied with water and left to recover for one or two
days depending on laboratory test requirements and obvious turfgrass damage.
Trays were maintained at reasonable volumetric moisture levels to ensure the
survival of the grass (30 % sand, 35 % clay loam and between 30-35 % sandy
loam).

Players were required to visit the laboratory on one occasion to complete
running trials on all three test surfaces executing a total of 30 successful trials
per session. Data for turning were collected on another day to minimise the
influence of fatigue on the task outcome.
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3.3.3. Biomechanical testing

Kinetic data: force and pressure analysis

An AMTI force plate (Advanced Mechanical Technology Inc, Massachusetts,
USA) situated flush within the concrete floor below the tray runway collected
force data in the 3 principal Cartesian axes (x medial-lateral, y anterior-posterior
and z vertical) at a sampling rate of 960 Hz. A threshold of 10 N magnitude was
breached (F, > 10 N: initial contact, F, < 10 N: foot-off) and this point was used
to define ground contact. Ground reaction force (GRF) time-histories for each
movement were compiled.

An RSScan (Belgium) pressure insole system sampling at 500 Hz was inserted
into the shoes of the player and used to assess the foot pressure distribution
during a footstep. The collection of pressure data was continuous throughout an
8-second trial which was triggered by the researchers. Extraction of individual
steps in sequence was done manually in the proprietary FootScan Insole
software supplied with the insole system (version v.2.34, 2006) based on the
ground contact time indicated by the force plate data. The closest step to the
ground reaction force contact time was selected. The foot plant was split into
two anatomic regions corresponding to the rear-foot and fore-foot as shown in
Figure 3.7 and the pressure evolution for each mask was monitored and
analyzed in MATLAB 7.2 (R2006a, MathWorks, USA). Despite data for both
feet being collected for all the trays, data analysis was focused on the right-foot
step occurring over the force plate.

Fore-foot

Line of damaged sensors

Rear-foot

P |
0 250 500 (kPa)

Figure 3.7 Typical pressure distribution for the right foot showing rear-foot (foot’s bottom third)
and fore-foot (foot’s upper third) masks created for kinetic analysis. White line on the right hand
side represent a hypothetical ‘blank line’ of damaged sensor recording no data.
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The kinetic data from the pressure insoles were exported into MATLAB for
further manipulation and analysis. Any force transducer ‘blank lines’ (Figure 3.7)
within the insole system were identified and taken out in post-hoc analysis so
that all the players had the same number of active sensors. Raw force data
were smoothed using a 9™ degree polynomial spline and then contact area time
histories for the entire foot and the two sub-regions (rear-foot and fore-foot)
were produced (Hennig, 2002). This was calculated by adding up the number of
activated sensors at every frame and multiplying the count by the area of a
single sensor (25 mm?). Finally, pressure time histories were calculated by
dividing the force output by the previously calculated contact area at the
corresponding frame in time (see the MATLAB flow diagram in Appendix B).

The following kinetic variables were recorded and used to characterize the
movements and also to determine whether player biomechanical adjustment to
changes in surface could be detected.

From the force plate:

e Peak vertical (F,"*) and horizontal force (F,"*) and times of occurrence

e Peak vertical (dF,™) and horizontal anterior-posterior (dF,™®) rate-of-
loading and times of occurrence

e Peak ratio (F, / F,)™ between horizontal and vertical force during
braking phase and times of occurrence

The medial-lateral force component (Fx) was measured but was not included in
the analysis. This component was observed to yield negligible magnitudes
compared to F, and Fy in the pilot experiment (Stiles et al., 2006) and in terms
of injury/performance there is a limited rationale to support monitoring it (Stiles,
pers. comm., 2008).

From the insole devices:

e Peak (A™) and mean (A) foot contact area

e Peak foot (P™), rear-foot (Pr™) and fore-foot (P™®) pressure and
times of occurrence

e Peak foot (dP™), rear-foot (dPr™®) and fore-foot (dP™®*) pressure rate-
of-loading and the times of occurrence

The force and pressure loading rates (dV) were calculated according to Miller

(1990) using the first central difference method as described in mechanical
terms in the Equation 5.

dv = w (Equation 3.5)
final initial

Where, Vfinal is the final force or pressure magnitude (the data point immediately
following the point at which loading rate is to be calculated), Vinitial is the initial
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force or pressure magnitude (the data point immediately prior to the point at
which loading rate is to be calculated) and t and t.. are the time

tial
components of the respective final and initial data points. The loading rate

characterizes the initial part of the force and pressure time-history, especially
since for some subijects, particularly mid-foot strikers during running, there is
absence of an initial peak passive force (Cavanagh and Lafortune, 1980; Miller,
1990). All force, pressure and loading rate magnitudes were normalised to body
weight (BW).

Kinematic data: motion analysis

A Peak Motus Real Time 8 camera set up (automatic, opto-electronic system;
Peak Performance Technologies Inc, Englewood, Colorado) was used to
assess the motion characteristics of the lower extremity (120 Hz). The cameras
were calibrated, arranged following a standard procedure and remained in their
positions throughout the whole data collection process. The position of the
cameras was partially shown in Figure 3.5 as the red LEDs shining on both
walls. A combined and adapted version of the joint co-ordinate system
presented by Vaughan et al. (1992) was employed to monitor joint movement at
the ankle and knee. Joint angles were referenced to a relaxed standing position.
Nine reflective spherical markers were located at anatomical points to define
joint centres (hip, knee and ankle) and segments of the leg (thigh, shank and
foot). For both movements, markers were placed on the right lower extremity
and again a right-footed step was analysed for both the running and turning
movements. The marker convention and location is displayed in Figure 3.8.
This analysis was performed by Dr Vicky Stiles and Dr Sharon Dixon of the
Exeter Biomechanics Research Team, School of Sport and Health Sciences,
University of Exeter, Exeter, UK.

Two dimensional analysis of the lower extremity was undertaken. A hierarchical
clustering technique was performed on the kinetic and kinematic data and
different player behaviours were defined. Mean values and standard errors for
the different groups that the cluster analysis assigned for each of the above
mentioned variables were calculated using group player mean data. Group
means were compared using general linear models and analysis of variance
using ‘condition x group’ interaction with repeated measures to determine
whether statistically significant differences existed between surfaces and groups
(p < 0.05). Analysis was conducted in the statistical language R (v 2.4, 2006)

In addition to the above listed kinetic (force and pressure) variables, player
adjustments to changes in surface condition were monitored using the following
kinematic variables during the stance phase:

e Initial foot (¢'), ankle (a') and knee (k') joint angles

e Peak ankle (a™®) and knee (k™) joint angles, range of movements
(ROM) and times of occurrence

e Peak foot (de™®), ankle (da™) and knee (dk™®*) angular velocities and
time of occurrence
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e Initial vertical heel impact velocity (dh,)

Initial kinematics were taken at the frame immediately prior to ground contact by
synchronized collection of force plate data.

Virtual mid-knee
Respective medial
and lateral kues @
markers .
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Fnee fleion
angle
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Figure 3.8 Marker conventions used to construct the joint coordinate system of the lower limb.
This joint co-ordinate system required the following marker placements: hip, lateral knee,
medial knee, Achilles (1 and 2), shin, calcaneus (1 and 2) and mid-foot.

3.3.4. Mechanical testing

The surface volumetric moisture content (6,) was measured in situ immediately
before player testing using a theta probe. The device (Figure 3.9) works by
inserting it into the surface and then by sensing the apparent dielectric constant
of the soil, the moisture is worked out (Gaskin and Miller, 1996).

The surface hardness (in gravities, G) was measured using a calibrated CIH
(Figure 3.9; Appendix C) as per BS EN 12231:2003. The device works by
manually dropping a flat-ended cylindrical mass (0.5 kg) with an accelerometer
from a known height (0.55 m) over the surface 3 times and measuring the peak
deceleration on the last drop.
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The shear strength (in kPa) was measured using a shear vane (Figure 3.9) as
per BS EN 14954:2005. The device works by inserting the vane (33 mm length
x 16.5 mm width) into the surface and then the torsion force required to cause
shearing is calculated by rotating the torque meter built into the vane head.

Measurements of moisture content and hardness were taken from two randomly
selected trays on every runway built and in every 10 trials from the FP and the
1BFP to check that the runway was mechanically consistent. Shear strength
was only measured on the force plate trays as being a semi-destructive method,
it was not possible to continually make holes in the turf that was going to be
reused for another runway as this could have been dangerous for the athletes.
Differences within conditions and between conditions were determined using
ANOVA (p < 0.05).

Figure 3.9 Soil test equipment used.
Left to right: Theta probe, Clegg Impact Hammer and shear vane.

Soil deformation was measured from the footprints that players left on the force
plate trays. Three force plate trays were selected per movement and condition
for the following analysis. Firstly, the grass was mowed as short as possible.
Then, footprint shape was manually recorded using a mechanical profile meter
along the 2 orthogonal horizontal axes in relation to the container limits, that is,
lengthwise and transversally. Transverse measurements where taken on the
rear-foot and fore-foot (heel and ball of the foot areas, respectively). A digital
camera Fuijifilm Finepix 6900Z was used to digitize the profiles measured. An
image analysis subroutine was developed in MATLAB to account for the area of
the soil deformation profiles (see the MATLAB flow diagram in Appendix B).
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3.4. Results and discussion

3.4.1. Soil characterization

The soils selected for the project are made up of a mixture of particle size
grades that indicates different textural classes as shown in the Table 3.2. A
cumulative grading curve (Figure 3.10) and a textural triangle (Figure 3.11) are
included to assist interpretation and to aid comparisons between conditions.

Table 3.2 Particle Size Distribution (PSD) and Organic Matter (OM) for the three soil conditions.

Particle (%) Size (mm) Sand Clay Loam Sandy Loam
Sand 2-0.063 98 29 58
Silt 0.063 - 0.002 1 45 29
Clay < 0.002 1 26 13
OM (%) - 1 3 2
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Figure 3.10 Cumulative grading curves for the three different soil textures.
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Figure 3.11 Textural triangle (derived from Hodgson, 1997) showing the
PSD for the soils involved in the research: Sand (1), Clay (2) and Loam (3).

In the textural analysis, the conditions were classed as ‘Sand’ (with a high
proportion of sand size fraction), ‘Clay Loam’ (with a high proportion of clay size
fraction) and ‘Sandy Loam’ (with an intermediate proportion of sand and clay
particles), respectively. The Clay Loam is dominated by fine particles and small
pores that result in a higher relative moisture content at a given matric potential.
The Sand is characterised by large particles and large interconnected pores
that drain rapidly as matric potential increases, that is, as the soil dries out. This
is illustrated in the steeper slope from the curvature of water release
characteristics measured in (Figure 3.12). In general, as relative saturation
decreases, the water retained within the soil is held increasingly tightly and the
strength of the soil increases. This is the fundamental basis for the concept of
‘effective stress' in soil of Terzaghi (1943) and will be explained in Chapter 4.
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Figure 3.12 Relationship between volumetric moisture content (VMC)
and soil water potential for the three different soil textures.

The different textural classes have varying characteristics in the context of this
study. Soil texture has a large influence on water retention. Texture also affects
the mechanical properties of the surface which at the same time is also
influenced by the water content. The high sand content present in the Sand
condition indicates an open microstructure of larger pore diameters between
particles that will allow free water drainage (high hydraulic conductivity).
However, unless fortified with organic matter, this soil presents a low nutrient
retention for the grass plant. This is due to the far lower ability of sandy textured
soils to absorb cations (i.e. its cation exchange capacity, CEC) than for clay
textured soils. This is supported by the soil chemical analysis performed that
reported a short nutrient supply for the Sand condition (see Appendix A). The
necessity for higher relative moisture content (closer to saturation) found for the
Sand condition compared to the other two can be understood by the lack of
internal cohesion between sand particles as a result from their inert mineralogy.
This implies a relatively greater amount of water is needed to improve the water
tension between the pores of the soil holding the particles together and to
provide sufficient soil strength to sustain the experiments on this condition.
However, there is a limit to this as too much water will bring particles apart so
decreasing soil strength.

The Clay Loam condition readily holds more water because of the size of the
pores and also due to a high content of clay particles that carry a charge which
also enables them to store plant nutrients. Clay particles have an electrostatic
charge derived from net substitutions in the mineral structure. Generally
speaking, clay minerals are alumino silicates composed of sheets of interlocking
silica (tetrahedral) that alternate with sheets of aluminium oxide (octahedral).
The silica layers consist of a series of silicon and oxygen atoms, in the ratio of
1:4, forming small pyramid-shaped structures called silica tetrahedra. When
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these consist of pure silicon and oxygen they form the mineral quartz (most of
the sand grains found in soils are composed of quartz). Sometimes atoms that
are similar in size to silicon combine with oxygen to form part of the silica sheet.
Although similar in size, their chemistry is different from that of silicon.
Substitution into the octahedral sheets for Al that is more common, however.
This fact often causes a charge imbalance, which results in a permanent
negative charge.

Depending on the clay mineral type, water can be allowed to penetrate between
adjacent clay minerals hydrating substituted cations (such as Mg?* and Ca?",
allowing them to swell and shrink depending on the water content. This charge
creates an inter-particle binding strength with small pore size distributions
leading to a low hydraulic conductivity. Thus, a steady release of water as the
soil dries can be expected from the Clay Loam compared to the rapid switch
that occurs for the Sand condition, as was determined in the water released
curves obtained. A lot of this water will be held in very small pores (particularly if
compacted) so the plant will not necessarily be able to access it. The Clay
Loam condition was seen to be the most sensitive to changes in moisture,
exhibiting swelling and shrinking in response to wetting and drying altering the
mechanical properties, which decreased with increasing water content because
the bonds that hold the particles together in structural units due to Van der
Waals forces (attraction between oppositely charged surfaces and organic
matter) are weakened as more water is absorbed.

The results obtained from the Proctor test on the Sand and Clay soils showed
that starting from a dry condition, the attainable dry bulk density at first,
increases with increasing soil wetness, then reaches a peak of maximum
density at optimum moisture (Table 3.3, Figure 3.13). Beyond this point, the
density decreases again to a point where the soil is fully saturated. The Sand
reached saturation at around 15% (8) presenting a bulk density close to the
maximum density achievable by compaction whereas the Clay reached
saturation at around 25% (6) at much lower bulk density.

The Sandy Loam presents an intermediate size of particles The wide range of
particles sizes present in the Loam suggests an intermediate texture and so an
intermediate behaviour in terms of water and nutrient retention capacity. A sign
of this is the moderate water release gradient which that retains a median
amount of water compared to Sand and Clay Loam.

Table 3.3 Optimum dry bulk density (p,) and gravimetric moisture content (6,,) from a Proctor
test.

Variable Sand Clay Loam
Py (g cm”) 1.80 1.80
B (%) 11.50 15.00
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Figure 3.13 Relationship between dry bulk density (p,) and gravimetric
moisture content (6,,) following compaction during a Proctor test.

3.4.2. Mechanical data

The results from the ANOVA (p < 0.05) performed on the moisture content,
hardness and shear strength measurements taken for each movement and
surface are presented in Table 3.4.
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Table 3.4 Group mean and standard error data for 9 players running (RN) and turning (TN).

Variables Sand Clay Loam Sandy Loam
Running
0, (%) 30.29 + 0.68 30.10 = 1.89 30.83 = 0.72
% Saturation 81.78 61.66 71.13
Initial Hardness (G) 58.56 + 1.81 60.64 + 3.58 61.22 + 1.92
Final Hardness (G)* 63.12 + 2.73 71.21 + 4.98 65.47 + 2.91
Initial Shear (kN m?) 21.74 £ 1.26 24.56 + 1.57 24.09 + 1.07
Final Shear (kN m?) 23.32 + 1.23 25.79 + 1.64 2479 + 1.24
Turning
0, (%) 30.12 + 0.73 29.51 + 1.67 30.31 + 0.87
% Saturation 81.27 60.26 69.76
Initial Hardness (G) 57.85 + 2.93 61.81 + 3.18 60.11 = 3.01
Final Hardness (G) 53.12 + 5.93 63.24 + 6.98 59.12 + 6.02
Initial Shear (kN m?) 20.94 = 1.19 24.56 + 1.57 22.56 + 1.57
Final Shear (kN m) 23.61 = 1.71 22,92 + 2.23 23.20 + 2.05

*Significant at p < 0.05

The volumetric moisture content (6,) remained constant at around 30 % for all
the surfaces however, that percentage corresponds to levels of saturation of
approximately 80, 70 and 60 % for the Sand, the Sandy Loam and the Clay
Loam condition, respectively. Measurements of hardness and shear strength
before player testing were no different across each surface and between
different surfaces, regardless of the movement performed. From a
biomechanical point of view, uniform surface mechanical properties are required
along the runway. This allows players to perform their movements without
interruption from variation in surface properties that could cause undesirable
adaptations in movement performance. The measurements taken on the turf
trays in the runway before playing testing (initial hardness) proved that the
surfaces were maintained consistent across each condition and that the force
plate trays were representative of each condition. This adds confidence to the
biomechanical findings of the study.

After player running testing, and accounting for the change in moisture of the
different treatments, values for final hardness were significantly higher for the
Clay Loam compared to the Sand and the Sandy Loam as is shown in Figure
3.14. Nevertheless, according to the calibration certificate of the Clegg hammer
used (see Appendix C), £ 10 G is assumed as a typical error that suggests that
the differences in compaction occurred, although statistically significant, were
small in practical terms. The Clay Loam condition presented the lowest
resistance to compaction under the running load for a wider range of moisture
content (see Proctor test in Figure 3.13). This was supported by a significantly
greater difference in hardness for this condition.
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Figure 3.14 Group mean hardness values for running before and after player testing.
Errorbars represent means and standard errors, respectively.

As mentioned before, different textures and densities would suggest surfaces
with different mechanical behaviours (cushioning and frictional properties) for
the variety of natural turf conditions tested. It could have been that despite the
mentioned differences, the turf conditions were too similar and the mechanical
differences too subtle for detection. It may be that the devices from the standard
techniques used for assessing NTPs, such as the Clegg hammer and the shear
vane, were limited for assessing the mechanical properties of the range of
NTPs within the experiment.

The 0.5 kg Clegg hammer measures maximum deceleration for a relatively light
missile which does not penetrate the soil and hence may be influenced more by
the grass and thatch than the soil when measuring ground hardness. A heavier
hammer such as the 2.25 kg version might have been more suitable. The shear
vane device used appeared sometimes to be only half-sunk in the ground due
to an uneven thickness of soil, especially after the turning movement was
performed where the players left an inclined plane on the trays as a result from
the change in running direction. This would explain why for turning, the surfaces
gave more inconsistent and greater readings of hardness and shear strength
after player testing compared to before testing. A lower area in contact with the
ground implies a smaller shear strength measured by the device. Higher shear
strength would have been expected from a more compacted surface after
playing testing otherwise. The lack of a flat surface could be reason to also
explain the inconsistent data measured from the Clegg hammer for turning.
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Footprint analysis

The analysis performed on a single Clay Loam force plate tray used for running
is presented next to show the methodology that was proposed in Section 3.3.4.
A set of three digitalized footprint profiles is shown in the Figure 3.15.
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Figure 3.15 Digitized profiles (lower images) to determine soil deformation of a Clay tray (top)
after player running. The blue lines represent the profile measurements taken. Ordinate and
abscissa axes represent depths and longitudes, respectively (all measurements in mm).

Table 3.5 shows the different deformation areas calculated from the image
analysis of the digitized profiles shown in Figure 3.15.

Table 3.5 Soil deformation areas.

Traversally to the Foot Lengthwise to the Foot
Rear Foot Fore Foot
Area (mm?) 1530 2940 2910

The profiles show the depressions in the soil created by the boot sole and some
of the studs. This soil deformation was found to be greater for the fore-foot (ball
of foot and toes area), up to 30 mm depth, compared to the rear-foot (heel
area), up to 20 mm depth. This suggests that greater pressure was applied on
the fore-foot for this particular player running on this particular condition. A huge
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variation in the location of the footprints across the trays was found regardless
the surface condition. Ten different footsteps were performed on each force
plate tray and a single foot depression did not consistently occur during a
particular movement sequence for a player. This caused the footprint areas
above ending in an indefinite number of area values leaving the soil deformation
undetermined. Unfortunately, it was not possible to develop a systematic
methodology to decide which references to take in order to compare the
different profiles in a consistent way. Therefore, the analysis was terminated
and the approach was considered to be unsuccessful.

3.4.3. Biomechanical kinetic and kinematic data

Force plate: ground reaction forces

The movements performed were described in terms of the vertical (z) and
horizontal (y) ground reaction forces (GRF). For running, analysis of the 'group
mean player' revealed that two different vertical ground reaction forces time-
histories typically occurred. As shown in Figure 3.16, for some players, a two
peak profile with first an accentuated passive peak (that relates to foot impact
on landing) occurred, followed by a second active peak (that relates to foot
push-off). For other players, a single active peak profile took place between the
initial ground contact and the foot-off phase. The peak vertical force for running
(RN F,) yielded an average of just over 2.5 BW. The analysis of the anterior-
posterior horizontal force for running (RN Fy), revealed a first passive peak (that
refers to foot braking) followed by an active peak (that refers to the change in
the running direction) of just less than half of the player bodyweight. The ground
reaction contact time for running was approximately 0.25 seconds.
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Figure 3.16 Typical vertical (Fz) and horizontal (Fy) GRF-time history profiles for running (RN).
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For turning, analysis of the group mean revealed that a single vertical force (TN
F.) time-history typically occurred. As shown in Figure 3.17, first an accentuated
passive peak (that relates to foot impact on landing) occurred followed by a
second active peak of a lower magnitude (that relates to foot push-off). The
peak vertical force magnitudes for turning (TN F,) yielded an average of just
over two times the player bodyweight. The anterior-posterior horizontal force for
turning (TN Fy) showed a similar pattern to running in that a first passive peak of
just less than the player bodyweight (that refers to foot braking) occurred
followed by an active peak of a lower magnitude (that refers to the change in
the running direction). The ground reaction contact time for turning was
approximately 0.6 seconds.
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Figure 3.17 Typical vertical (Fz) and horizontal (Fy) Ground Reaction
Force-time history profiles for turning (TN).
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A summary of the GRF results from an ANOVA (p < 0.05) for each movement
and surface based on selected variables is presented in the Table 3.6.

Table 3.6 Group mean and standard error for force plate data for 9 players running and turning.

Kinetic variables Sand Clay Loam Sandy Loam
Running
F,"® (BW) 2.70 + 0.02 2.71 £ 0.03 2.70 + 0.02
t_ F,"(s) 0.113 + 0.002 0.114 + 0.002 0.114 + 0.002
dF,™ (BW s'1)* 105.11 + 3.05 94.96 + 4.19 98.02 + 3.76
t_dF,™™ (s)* 0.032 + 0.001 0.028 + 0.001 0.031 + 0.001
F," (BW) 0.24 + 0.01 0.22 + 0.01 0.24 + 0.01
t_ F,"(s) 0.068 + 0.002 0.067 + 0.002 0.068 + 0.002
dF,™™ (BW s'1) 3.80 £ 1.20 3.81 £ 1.66 3.83 £ 1.30
t_dF,"™ (s) 0.041 + 0.001 0.039 + 0.001 0.039 + 0.001
(Fy/F)™ 0.11 £ 0.01 0.10 £ 0.01 0.11 + 0.01
t_(Fy/F,)™ 0.067 + 0.001 0.065 + 0.001 0.070 + 0.001
Turning
F,"® (BW) 2.33 £ 0.07 232 £ 0.07 2.33 £ 0.07
t_ F,"™(s) 0.088 + 0.002 0.086 + 0.002 0.086 + 0.002
dF,™ (BW 3'1) 97.89 + 5.70 110.31 + 9.05 102.33 + 7.06
t_dF,"™ (s) 0.039 + 0.001 0.038 + 0.001 0.039 + 0.001
F," (BW) 0.87 £ 0.02 0.88 £ 0.02 0.88 £ 0.02
t_F,"™(s) 0.102 + 0.002 0.101 £ 0.002 0.103 + 0.002
dF,"™ (BW 3'1) 14.13 £ 0.66 15.86 + 1.14 15.36 + 0.77
t_dF,™ (s) 0.045 + 0.001 0.046 + 0.001 0.045 + 0.001
(Fy/F)™ 0.38 £ 0.01 0.37 £ 0.01 0.38 £ 0.01
t_(Fy/F)™ 0.085 + 0.001 0.083 + 0.001 0.086 + 0.001

*Significant at p < 0.05
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Analysis of group mean data revealed that F,"* and the (F,/ F,)™ ratio were
found to be more than three times higher, on average, for turning than running.
The peak vertical force (F,"®), the peak horizontal force (F,"*), the peak ratio
between horizontal and vertical force (F,/ F,)™ and their times of occurrence
did not vary significantly with changes in surface. However, significant
differences were noticed between surfaces for peak vertical rate-of-loading
(dF,™®) and its time of occurrence (t_dF,™®). The Sand condition resulted in a
significantly greater (10%) vertical rate-of-loading occurring later in time
compared to the Clay Loam and Sandy Loam as illustrated in Figure 3.18. The
peak horizontal rate of loading (dF,"®) remained consistent between surfaces.
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Figure 3.18 Group mean peak vertical rate-of-loading (dF, ") for running from the force plate.
Errorbars represent means and standard errors, respectively. * represents means separated by
the LSD at p = 0.05.
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Infrared cameras: movement analysis

A summary of the kinematic data with mean and standard error values from an
ANOVA (p < 0.05) for running on each of the surfaces based on selected
variables is presented in Table 3.7. An angular convention is also presented to
assist data interpretation.

Table 3.7 Group mean and standard error data for joint/segment angles and angular velocities
for 9 players running.

Kinematic variables Sand Clay Loam Sandy Loam
¢ (deg) 15.24 + 0.65 13.97 + 0.60 14.70 + 0.63 \
do™ (deg s™) 238.39 + 515  238.50 + 572  249.64 + 6.30 _/':
dh,' (ms™) 0.51 + 0.10 0.50 + 0.10 0.54 + 0.10
o (deg) 2.36 + 0.83 0.62 + 0.88 1.18 + 0.81
o™ (deg) 13.90 + 0.90 14.22 + 0.89 14.01 + 0.91
t_a™™(s) 0.147 + 0.002  0.149 + 0.002  0.147 * 0.001
oM (deg) 11.54 + 0.32 13.60 + 0.41 12.83 + 0.36 .
do™™ (deg s™) 231.47 + 343 24350 + 229  237.20 + 2.86 g
t_da™™ (s) 0.099 + 0.001  0.095 + 0.001  0.092 * 0.001
k' (deg) 10.89 + 0.43 10.53 + 0.60 10.60 + 0.48
K™ (deg) 34.64 + 0.51 35.30 + 0.63 34.86 + 0.41
t K™ (s) 0.118 + 0.001  0.115 + 0.001  0.114 * 0.001
kFM (deg) 23.75 + 0.63 24.76 + 0.57 24.26 + 0.53
dk™™ (deg s™) 311.11 £ 515  305.95 + 6.87  310.54 + 5.72 (o
t_dk™™ (s) 0.060 + 0.001  0.054 + 0.001  0.051 * 0.001

No differences were measured for the initial foot angle (¢'), peak foot angular
velocity (de™) and heel impact vertical velocity (dh,) across surfaces. Initial
and peak ankle and knee joint angles (a', o™, k', k™) and angular velocities
(da™®, dk™®) also remained at similar levels with change in surface. Ankle
range of movement (ROM) appeared to be lower on the Sand surface
compared to the Clay Loam surface however this reduction was not significant
at a confidence level of 95%. All of which indicates that no apparent kinematic

adjustments took place with the change in surface.
All the results presented in this study have been obtained following a group

player analysis, this carries the disadvantage that individual features are lost
when one value is used to represent a number of individuals (Bates, 1996).
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However, the use of group mean analysis is justifiable in order to generalize
research findings to a wider population.

The kinetic and kinematic data presented demonstrate that typical mean force-
time history shape and magnitudes of ground reaction forces together with knee
and ankle joint variables have been achieved from players performing typical
sports movements on a variety of NTPs in the biomechanics laboratory. These
values compare well to those obtained from the pilot experiment (Stiles et al.,
2006) and the studies presented in the literature (Miller, 1990; Coyle and Lake,
1999), confirming that the kinetics and kinematics of running and turning have
been satisfactorily reproduced in this experiment.

Vertical force components can be linked to the cushioning properties of the
surfaces, whereas the horizontal ground reaction forces can be related to the
frictional properties. The fact that values of peak vertical and horizontal force
were maintained constant with the change in surface can be related to the
hypothesis that the GRFs represent the acceleration of the total-body centre of
gravity and, it appears that this acceleration is kept at consistent levels despite
changes in the impacting interface (Bobbert et al., 1992). Despite the fact that
no kinematic adjustments were observed on the different surfaces, it has been
suggested in the literature that similar impact forces across conditions are
achieved by adjustments in running kinematics, compensating for changes in
stiffness of the impact interface, varying the lower extremity geometry and
impact velocity of the body immediately before ground contact (Dixon & Stiles,
2001).

Loading rates, as seen for the peak vertical rate-of-loading (dF,"®), have been
found to be more sensitive to changes in surfaces than ground reaction forces
alone. The use of the loading rates simplifies the loading phase of the GRF and
it overcomes the difficulty of choosing between active and passive forces (not
always present) to develop the kinetic analysis. Loading rates represent how
fast the forces are applied by the player over a specific surface and also how
quick the energy is returned back to the player. The results so far suggest that
the loading rates may have an important role controlling the occurrence of injury
in running. A more cushioning surface will work to decrease the forces between
the body and the surface by increasing the time of collision, i.e. reducing the
loading rate. Likewise, the shorter the impact time, the greater the loading rate,
the smaller the cushioning is and so the bigger risk may be for the player. It is
hypothesized that the NTPs tested in the project present different resistance
to deformation by an applied force, that is, different elastic stiffness and
plastic deformation and that this is the cause why players alter their loading
rates for different surfaces.
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Insole devices: in-shoe forces and pressure

In addition to analysis of the ground reaction force profile, the pressure under
the foot was analysed to aid kinetic characterisation, showing the progression of
load per unit of time during ground contact. A description of a running step
follows next based on Figure 3.19 that illustrates typical force, contact area and
pressure-time histories during running. The variables are split into two
components corresponding to the rear-foot and fore-foot. Total values of force,
area and pressure come from to the contribution of the two areas at any given
time. When a player impacts the surface, first, the rear foot (heel area) strikes
the ground and the force in the heel area increases reaching a maximum of
1 BW at around 50 ms. This creates a first peak pressure around the heel area
occurring at approximately the time of heel peak force (the time of peak passive
force where present). By the time the rear-foot peak force decreases, the force
in the fore-foot (ball of the foot and toes area) begins to increase and greater
peak force and peak pressure occur at the point of foot push-off. The maximum
contact area is reached when the rear-foot coincides with the fore-foot. Then
the fore-foot remains in contact for longer time until foot-off. The pattern
described is typical of a heel-toe running style. The lack of the peak passive
force usually seen in heel-toe strikers may be due to a lower data capture rate
of the insole system compared to the force plate as was illustrated in Figure
3.16. In general terms, the average and peak force and pressure around the
fore-foot is bigger than for the rear-foot.
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Figure 3.19 Force, contact area and pressure during running
for two anatomic parts within the foot from a typical player trial.
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Kinetic pressure data were collected for 3 conditions and 2 movements, but due
to the limited resources and time available, the pressure analysis was only
carried out on the Sand and Clay Loam conditions for the running movement.
These surfaces represented extremes in terms of the mechanical properties of
the NTPs involved in the study. Running was selected on the basis that the
force plate data for running, unlike for turning, revealed significant differences. A
preliminary analysis showed no significant differences between conditions in
terms of pressure (ANOVA (p < 0.05), see Appendix D).

3.4.4. Biomechanical integrated analysis

The treatment structure revealed very few differences among soils in the
ANOVA. What is causing variation in the data and what is that variation related
to? Alternative statistical techniques make it possible to explain the variation in
the data. Hierarchical cluster analysis explores the structure of the variation.
Further statistical analysis integrated kinetic and kinematic data. All the data for
running (Sand and Clay Loam conditions only) were normalised to have a mean
of 0 and a standard deviation of 1, thus maintaining the variation in the variables,
and then a distance matrix was generated. The clusters were assigned based
on the biggest difference resulting in the largest Euclidean distances in this
matrix (‘Dissimilarity’, Figure 3.20).

Di=s=imnila rity

Figure 3.20 First data partition for running on the Sand and Clay Loam conditions showing
Player (subject) 9 is different. For each subject, Sand and Clay Loam conditions were found to
be different (S and C, respectively).

The analysis of the variation in the peak foot pressure data (PkP) presented in
Figure 3.21, revealed that the range of PkP for Player 9 was unlike the typical
pressure range for all the other players. It is believed that insole might have
worn out and failed for Player 9 who the last subject using the pressure
systems.
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Figure 3.21 Player box plots for peak foot pressure data (P™).

Player 9 was therefore excluded from any post-hoc statistical analysis as his
mean values were significantly different from the whole group. Data for the 8
remaining players were divided again into Subgroup A that included players
1,2,3 and 7 and Subgroup B that included players 4,5,6 and 8 as shown in
Figure 3.22. Table 3.8 details the group mean data derived from the GLM
developed following the clustering analysis.
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Figure 3.22 Second data partition for running on the Sand and Clay Loam conditions showing
how the data can be grouped into Subgroup A consisting of players 1,2,3 and 7 and Subgroup
B consisting of players 4,5,6 and 8.
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Table 3.8 Group mean and standard error kinetic and kinematic data for 8 players running split into

Subgroups using hierarchical cluster analysis.

Players 4,5,6 & 8.

Subgroup A: Players 1,2,3 & 7. Subgroup B:

Sand Clay Loam

Subgroup A Subgroup B Subgroup A Subgroup B
Force Plate
F," ™ (BW) 2.57 + 0.03 2.73 + 0.03 2.61 + 0.03 2.71 + 0.03
t_F,"™(s) 0.112 + 0.003  0.117 * 0.002 0.118 + 0.002 0.116 + 0.002
dF,™™ (BW s')* 116.42 + 5.72 88.08 + 5.54 95.59 + 4.63 92.27 + 5.24
t_dF,™™ (s)* 0.036 + 0.005  0.035 + 0.001 0.031 + 0.001 0.031 + 0.003
F," (BW) 0.32 + 0.01 0.36 + 0.01 0.32 + 0.01 0.34 + 0.01
t F," (s) 0.066 + 0.002  0.068 * 0.002 0.068 + 0.002 0.065 + 0.003
dF,™™ (BW s™) 3.78 £ 2.02 3.82 + 1.69 3.80 + 2.09 3.78 + 2.98
t_dF,"™ (s) 0.048 + 0.006  0.049 * 0.004 0.043 + 0.002 0.044 + 0.004
(Fy/ F)™ 0.119 + 0.007  0.133 + 0.005 0.121 + 0.008 0.134 + 0.005
t (F,/F,)™ 0.065 + 0.001  0.071 * 0.001 0.065 + 0.001 0.068 + 0.002
Insole System
F,m® (BW) 2.54 + 0.03 2.69 + 0.03 2.58 + 0.03 2.67 + 0.03
t_F,"™(s) 0.105 + 0.007  0.107 * 0.005 0.108 + 0.007 0.102 + 0.005
dF,™™ (BW s™)* 153.18 + 7.17 61.48 + 4.62 125.05 + 6.49 60.18 + 6.01
t_dF,™ (s)* 0.036 + 0.002  0.033 + 0.004 0.027 + 0.001 0.031 + 0.002
A™ (mm?) 415161 + 97.40 4676.92 + 141.03 4269.32 + 107.18 4550.41 + 181.35
A (mm?) 2577.11 + 58.87 3116.24 + 97.51 2629.32 + 58.47 2994.54 + 118.93
P™ (BW mm) 19.56 + 0.88 16.95 + 1.35 19.24 + 1.08 17.77 £ 1.32
t P™ (s) 0.167 + 0.009  0.151 * 0.005 0.162 + 0.009 0.161 + 0.006
dP™ (BW mm?2s™)* 0.78 + 0.06 0.29 + 0.06 0.61 + 0.06 0.30 + 0.04
t dP™ (s)* 0.033 + 0.001  0.035 * 0.003 0.026 + 0.002 0.025 + 0.004
PR™ (BW mm?) 11.08 + 0.95 8.93 + 0.87 11.69 + 0.87 10.17 + 0.84
t_Pr™ (s) 0.048 + 0.001  0.044 * 0.007 0.052 + 0.001 0.054 + 0.007
dPR™ (BW mm?2s™)* 0.75 + 0.07 0.28 + 0.11 0.56 + 0.07 0.26 + 0.09
t_dPR™ (s)* 0.016 + 0.001  0.014 * 0.001 0.016 + 0.001 0.015 + 0.004
P (BW mm?) 14.54 + 0.80 15.16 + 1.25 13.39 + 1.04 13.97 + 1.28
t_Pe™™ (s) 0.122 + 0.004  0.147 + 0.004 0.131 + 0.003 0.151 + 0.004
dPE™ (BW mm?2s™)* 0.64 + 0.18 0.24 + 0.03 0.49 + 0.15 0.20 + 0.03
t_dP™ (s)* 0.053 + 0.003  0.057 + 0.007 0.051 + 0.002 0.053 + 0.006
Infrared Cameras
o (deg) 19.24 + 2.27 14.05 + 1.94 17.09 + 2.82 13.24 + 1.70
do™™ (deg s™) 262.69 + 25.85 230.00 + 25.70  273.34 + 33.00  222.19 + 17.00
dh,' (ms™) 0.57 + 0.02 0.49 + 0.06 0.46 + 0.03 0.56 + 0.02
d (deg) 21.52 + 2.42 1.74 £ 7.71 20.09 + 2.56 0.77 + 7.61
a™ (deg) 33.83 + 3.82 13.63 + 7.49 33.59 + 3.18 1421 + 8.24
t a™™(s) 0.146 + 0.002  0.147 + 0.002 0.149 + 0.002 0.147 + 0.002
a™M (deg) 12.24 + 212 11.73 + 0.44 13.45 + 1.91 13.59 + 2.32
do™ (deg s™) 240.05 + 10.64 235.82 + 17.65  250.23 + 12.59  240.23 + 9.69
t da™ (s) 0.098 + 0.001  0.099 * 0.001 0.094 + 0.001 0.095 + 0.001
k' (deg) 16.69 * 3.70 10.47 + 3.85 16.36 + 4.05 10.85 + 3.41
K™ (deq) 4415 + 3.18 33.45 + 5.98 43.67 + 2.93 34.72 + 574
t K™ (s) 0.118 + 0.001  0.116 * 0.001 0.114 + 0.001 0.115 + 0.001
KM (deg) 27.60 + 1.34 23.12 + 2.33 28.35 + 1.46 23.85 + 2.03
dk™™ (deg s™) 349.26 + 13.97 299.51 + 16.28  352.95 + 23.81  282.18 + 30.63
t dk™ (s) 0.060 + 0.001  0.058 * 0.001 0.054 + 0.001 0.056 + 0.001

Significant level at *p < 0.05 for surface x subgroup interaction
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In the force plate data, the peak horizontal force (F,"®), the horizontal rate-of-
loading (dF,™®), the ratio (F, / F,)™ and their times of occurrence were
maintained at similar levels across surfaces and subgroups (A and B). No
significant difference was found between surface types for peak force (F,"%),
however Subgroup A players yielded significantly lower values of F,”™® than
Subgroup B. The time of F,"® was however maintained at similar values
between surfaces and subgroups. A significant interaction between surface type
and subgroups was found in terms of the peak vertical rate-of-loading (dF,™).
Thus, significantly higher values of dF,"® occurring later in time were found for
the Sand condition and for the Subgroup A players.

From the insole system data, the same pattern that was observed for dF,"® in
Figure 3.18 was determined after performing the cluster analysis as shown in
Figure 3.23. No significant difference for the peak contact area (A™®) and the
mean contact area (A) was found with the change in surface. However contact
areas yielded significantly lower values for Subgroup A players. The peak
pressure (P™®) and its time of occurrence (t_P™®) remained consistent across
conditions and subgroups. The peak pressure rate-of-loading (dP™*) presented
a similar surface x subgroup interaction showing a trend to mimic vertical
loading rate (dF,"®) patterns. Thus, dP™® took place later in time and was
found to be significantly higher for the Sand condition and for the Subgroup A
players. This trend was also confirmed for fore-foot peak pressure rate-of-
loading (dP™®). The rear-foot peak pressure rate-of-loading (dPr™®) showed a
significant difference between subgroups but did not show any with the change
in surface. The respective pressure times of occurrence (t_dP™ and t_dPg™*)
for each mask showed that the peak pressure rate-of-loading (dP™) occurred
earlier in time for Subgroup B players and for the Clay condition. The times for
the remaining variables were non-significant although still consistent with the
plots presented in Figure 3.19. The insole systems were proved to match the
findings derived from the force plate and typical values from other research
(Hennig, 2002; Fork et al., 2006).
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Figure 3.23 Peak vertical rate-of-loading (dF,"*) and peak pressure rate-of-loading (dP™) for

the Sand and Clay conditions and for subject Subgroups A and B from the insole system.
Errorbars represent means and standard errors, respectively.

As mentioned before, no significant kinematic differences were measured
between surfaces which indicate that no apparent kinematic adjustments took
place with the change in surface. Instead, there were significant differences in
the subgroups that the cluster analysis assigned. Thus, initial and peak joint
angles for the ankle and knee (a', a™, k', k™), knee ROM and peak angular
joint velocity for the knee (dk™) were significantly higher for Subgroup A as
can be appreciated in Figure 3.24. The respective times of occurrence for those
variables were significantly longer for Subgroup A. All of which indicates that the
intrinsic running style of these two subgroups was different. The mean mass of
players in Subgroups A was not found to be significantly different from
Subgroup B.

‘ B Subgroup A @ Subgroup B ‘

25.00
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Figure 3.24 The initial knee angle was significantly higher for Subgroup A.
No significant difference was found between surfaces.
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There is also kinetic evidence to support the hypothesis that players changed
their way of running depending on the surface condition and so that it is the
surface that is controlling the rate of loading (passively). Thus, Subgroup A
showed higher loading and pressure rates (dF;"®, dP™®) and they vyielded
higher initial joint angles compared to Subgroup B. The low relative magnitude
of initial ankle joint angle presented by Subgroup B suggests they represent
mid-foot strikes running flat-footed compared to Subgroup A players who
present a much higher initial ankle joint angle suggesting they were running
heel-toe. However of those kinetic and kinematic differences between player
subgroups, there was no kinematic evidence that different subgroups modified
their running behaviour based on the surface they performed on.

Based on the study hypotheses, a greater initial knee flexion, lower initial foot
and ankle flexion, lower heel and peak foot angular velocities would be
expected on the surface showing the greatest rate-of-loading and pressure rate,
that is, the Sand condition. The fact that similar joint angles and velocities were
observed across surfaces and that no indication of leg geometry adjustments
when running on different surfaces that could explain the different loading rates
were found, suggests that players prefer to maintain similar leg geometries and
stiffness when running on a variety of NTPs which would leave the differences
in loading rates found unexplained.

Alternatively, the mechanical properties of the NTPs selected for the research
may not have been sufficiently different to elicit changes in player response
during running. There is further related evidence from other research that
seems to suggest that within the range that NTPs is normally modified to
provide a well managed playable surface, all NTPs behave similarly. A study by
Dixon et al. (2008) did not show any pressure differences when running on a
sandy loam soil (similar to the Sandy Loam condition used for the current study)
that ranged from a very lose state to a highly compacted state. However, the
presumption that the occurrences of injuries through proposed, and still poorly
understood, mechanisms of increased levels of impact and altered joint
movement patterns, as a consequence of playing on NTPs, is still prevalent
(Hamill et al., 1992; Stergiou and Bates, 1997; Stiles et al., 2006) and so further
research is required to completely understand this issue.

3.5. Biomechanical study summary, evaluation and links
to the soil Mechanical study

The present study provides a foundation on which to investigate player
behaviour with changes in surface using running and turning movements. Two
sports-specific movements were analysed in the biomechanics laboratory using
a group subject experimental design. Biomechanical analysis allowed
characterisation of each movement determined by kinetic and kinematic
variables with change in surface to determine whether changes in human
response could be detected and wear and degradation differences in surface
type determined.
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The literature usually cites a lack of correlation between biomechanical and
mechanical test findings to relate running to changes in surface properties (Nigg
and Yeadon, 1987; Dura et al., 1999; Dixon and Stiles, 2003). In the present
study however, mechanical findings showed that Clay Loam appeared to be the
softest surface deforming more than the other two conditions during running.
Furthermore, biomechanical findings showed that Clay Loam yielded lower
loading and pressure rates, which suggests that the stiffness of Clay Loam
condition is lower compared to the Sand condition, from which a smaller
deformation could therefore be expected, matching again the mechanical
findings.

From the time the experiment was designed, special attention was paid to the
tray edges. At first it was thought that they could affect the biomechanical
experiments since contact with the edges of the turf trays, an event likely to
occur given the type of studded footwear used, could cause the players to
adjust their natural running or movement behaviour either to avoid the tray edge
or to respond to some discomfort noticed and possibly the risk of injury. The
turfgrass was left growing over the ends of trays to minimize the adjustments
that subjects could still perform affecting their running style in preparation for
contact with a different surface. An attempt to cut the edges off resulted in the
integrity of the trays being risked which made their manual handling difficult in
the laboratory. It could be that the tray edges are the reason why the kinematics
did not show any differences between surfaces. But it seems unlikely according
to the kinetic findings presented and from observation of running foot-fall in the
laboratory. It may be that changing the loading and pressure rate is a
mechanism easier to perform by the players or, easier to detect than altering
the joints geometry. However, a greater variation in the mechanical properties
of the conditions seems to be a more likely cause here.

Nevertheless, to overcome the issue, the use of a non disruptive surface facility
similar to the soil bin used by Dixon et al. (2008) where turfgrass could be
introduced would be preferred for further research on the subject. It is proposed
that future work will assess kinematic response when performing similar
movements with changes in natural turf condition from a very wet and very dry
Sand and Clay Loam conditions, respectively that will provide a very hard and
soft surfaces, with hopefully enough mechanical property range to enable to see
kinematic differences. Such extreme conditions may introduce more ethical
issues to ensure the safety of players at all times providing, for instance,
sufficient stud penetration preventing them from sliding and getting injured.

Surface mechanical data were inconsistent and, although no pressure or
kinematic analysis was performed for the turning movement, no agreement with
the biomechanical data was determined. However, turning movements that
result in a change of direction of the player have been found to yield
approximately four times the magnitude of horizontal (braking) forces and
loading rates compared to when running. Compared to running, turning imparts
greater horizontal forces and rates of loading on the turf thus placing greater
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reliance on the shear strength properties of the surface in order for the
participant to successfully and consistently perform the movement in a stable
manner. Given the increased need for the participant to utilise mechanical
properties of the turf surface when performing a turning manoeuvre, it is
suggested that this movement would provide more scope to study kinematic
measures of human response with changes in natural turf condition. Therefore,
it is proposed that future work for this project will also assess kinematic
response to different turf surfaces when performing turning movements. This
analysis has not been possible in this thesis because the determination of the
biomechanics parameters is outstanding at this point and falls outside the limit
of this thesis.

The mechanical in situ tests utilized have not been found to be accurate enough
for the purposes of this study and it is therefore necessary further
characterization of the surfaces in a way that enables to fully explain the
biomechanical player findings presented. With regards to the mechanical
devices used, it is suggested that the use of a heavier hammer (2.25 kg less
influenced by the grass instead of 0.5 kg) and a soil penetrometer (instead of
the shear vane) would provide more accurate results for further research that
wishes to assess mechanical properties of NTPs, specially for turning
manoeuvres. Unfortunately, at the time of the experiments were performed
however, only the devices used were available.

The chapter has quantified the stresses applied by players when running on
NTPs and has been focused on the effect of NTPs on players using the
biomechanical laboratory facilities provided at University of Exeter. However,
the attempts to monitor surface mechanical properties and its wear and to
degradation (such as compaction) have not supplied sufficient information to
draw a definitive conclusion about the different behaviour observed for the
players and surfaces. More controlled mechanical testing equipment that will
reproduce the player inputs measured in the present study (real rates of loading,
force and pressure) in the soil dynamics laboratory at Cranfield University will
be presented in Chapter 4. Chapter 4 will focus on the effect of the player on
NTPs and will provide further information about stiffness differences under
typical human stresses when running. This will increase the understanding of
the player-surface interaction. The complete mechanical and biomechanical
combined approach will define this research study as novel and unique.
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4. SOIL MECHANICAL STUDY

4.1. Introduction

The player stresses when performing typical sports movements were recorded
in the biomechanics laboratory and reported in Chapter 3 where the effect of
different NTPs on player behaviour was discussed. In this chapter, the effect of
players on different NTPs was studied by simulating player loadings in the soil
dynamics laboratory (Objective 3). The key question was to find out whether the
greater rate-of-loading measured in the previous chapter was caused by greater
soil stiffness. Following the discussion presented in the biomechanical study
(Sections 3.4 & 3.5), the interaction will be focused on the running movement.
From a soil mechanical point of view, running is a complicated process where
turf and soil are compressed and sheared simultaneously and it is difficult to
mimic in a soil laboratory. The present chapter divides player-surface interaction
into a vertical interaction where soil is compressed and a horizontal interaction
where soil is sheared. Horizontal interaction was approached in accordance
with the Mohr-Coulomb theory of soil failure in shear and vertical interaction by
means of the response of different NTP construction materials (soils) in uni-
axial and tri-axial compression tests with cyclic loading based on layer loading
data recorded in the biomechanics experiment.

4.2. Materials and experimental methods

4.2.1. Tri-axial compression

Strength is the ability to carry stress and a measure of the maximum stress
state that can be induced in a material without failing. Strength can be referred
to in terms of compressive stress or tensile stress but fundamentally it is the
ability to resist shear stress that provides strength in soils. In hard, brittle soils,
failure may lead to the formation of shear slip surfaces over which a sliding
movement takes place. In softer, more plastic soils, failure occurs as a result of
internal particle flow (Whitlow, 2001). Soil shear strength is commonly
measured in the quasi-static tri-axial compression method, in which a cylindrical
soil sample contained within a thin rubber membrane is subjected to an axial
load while confined laterally by water at a pressure o, (or minimum/minor
principal stress, 03). Then the load is increased until the soil fails at an axial
stress 0, (or maximum/major principal stress, o4) as illustrated in Figure 4.1.
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Ua

Figure 4.1 Principal stress diagram to which the sample inside the tri-axial compression
apparatus is subjected. o, and o, represent the minimum and maximum principal stresses,
respectively. o and T represent the normal and shear stresses at failure.

Samples can be either drained or left un-drained. In the present study, un-
drained tests were preferred, in keeping with player dynamic loadings,
assuming loads are applied so quickly as to not allow soil drainage during
loading. The soil is normally found in an un-saturated state in an NTP as a
mixture of soil particles together with air and water which is essential to ensure
the survival of the grass plant. If such conditions of air and water presence are
reproduced in the laboratory when drainage is prevented, then when load is
applied to the system, pressure develops in the air, the water and in the solid,
and so the applied load will not be wholly supported by the soil particles
(Terzaghi, 1943). The effective stress (0’) represents the stress on the solid
phase of the soil, that is, on the soil skeleton. To cover un-saturated conditions,
Bishop and Blight (1963), assuming the particles and water incompressible,
proposed a modified effective stress:

o'=c+xu,-u,) (Equation 4.1)

Where o is the applied total normal stress, u, is pore air pressure, uy is the
water pressure and y is a parameter related to the degree of saturation (1 for a
saturated soil, 0 for a dry soil), determined experimentally from tri-axial
compression tests. As an extension to the above work, Fredlund and Rahardjo
(1993) based all of their analysis on unsaturated soils on the theory that soil is a
four phase system: soil particles, air, water and contractile skin (the air-water
interface). They suggested three possible normal stress variables: 1. (o - uy)
and (Ua- Uy); 2. (0 - Ug) and (ua- uy) or 3. (0 - uy) and (o - uy), of which any two
could be used to define the stress state of the soil. The pore air pressure (u,) is
required for any case.

Unfortunately, the modifications available to conventional tri-axial equipment to
control pore air pressure are not particularly appropriate when dealing with the
high strain rates applied by humans as the time for air pressure to move
through and equilibrate along the sample takes too long (GDS Instruments, per.
comm.) and so no measurement of the pore air pressure was carried out in the
present study. Therefore the experiments performed should be viewed as total
stress type tests rather than effective stress tests. The material only “feels” the
effective stress and not the external or total value of the stress state. The total
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stress is a contribution of the effective stress, the air and the water pressures as
described by Equation 4.1 and therefore the results derived from such tests will
only serve as an indication of the soil shear strength since the actual stresses at
failure will be unknown (Fredlend & Rahardjo, 1993).

Dynamic Tri-axial Testing System (DYNTTS) overview

The DYNTTS system consists of the following major subsystems (Figure 4.2):

Actuator unit (1), cell top and balanced ram (2)

Back pressure controller (3) and cell pressure controller (4)

PC, High Speed Data Acquisition and Control Card (HSDAC) (5)
Signal conditioning unit / Digital Transducer Interface (DTI) (6)

e

Figure 4.2 The DYNTTS comprises the following separate items: a tri-axial cell (2) integrated on
an axial dynamic actuator (1), a back pressure (3) and a cell pressure (4) controller, a PC-
resident data acquisition and control card (5) and a data interface unit for signal conditioning (6).

A soil sample specimen can be seen in place.

As described by Menzies et al. (2002), the actuator unit is the main cabinet
which houses the axial actuator and on which the cell base is fixed. It consists
of a servo-motor which drives a ball screw via a toothed belt and gives dynamic
control of axial deformation or axial force to 2 Hz / 10 kN. The axial ram is
attached to a thrust-cylinder and ball-nut which is driven by the ball screw. The
thrust cylinder is prevented from turning by means of a linear guide connected
to the centre plate. The thrust cylinder is connected to the axial ram which
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passes through the balanced ram arrangement and then through the base of
the cell. The base pedestal is connected to the ram. The cell top is fixed on the
top of the actuator unit by six tie rods. The actuator unit houses all of the
hydraulic connections to the cell, which are back pressure, pore pressure, cell
pressure and cell fill / empty connections.

The cell top is removable to allow the test specimen to be put in place. Test
specimens of diameter 38, 50, 70 and 100 mm can be accommodated by
interchangeable base pedestals and tri-axial extension top caps. The cell
includes an internal axial load cell, a pore pressure digital transducer of capacity
2 MPa, and it is connected to a cell pressure and back pressure digital
transducers of capacity 2 MPa. Each of them senses pressure from a pressure
transducer inside the controller pressure cylinder, converts this into digital form
and then turns the motor to increase or decrease the pressure as required.

The cell is provided with a balanced ram to eliminate disturbance to constant
cell pressure during dynamic tests. The cell fluid is water. This compensates for
the volumetric displacement of the loading ram into or out of the cell. Down the
centre of the hollow ram, the cell fluid is hydraulically connected to a chamber
through which the ram passes. In this chamber the ram has an annular piston
attached to it. The annular area is exactly equal to the area of the ram. When
the ram moves in the cell and causes a volume change, the annular piston
causes an equal and opposite volume change. In this way the net volume
change in the cell is zero. In addition, cell pressure acting on the annular ring
automatically compensates for the effect of cell pressure acting on the ram. This
means that the axial force capacity of the cell is independent of cell pressure.

The signal conditioning units consist of both analogue and digital signal
conditioning. The analogue signal conditioning consists of an eight channel
board which supplies excitation to each transducer. This card is installed in a
free-standing unit (DTI) which is placed next to the computer. All outputs are
conditioned to +/- 10 V for input to the High Speed Data Acquisition and Control
(HSDAC) card installed in the computer. The digital signal conditioning is
contained in the DTI unit and it consists of a board containing eight channels to
interface from the HSDAC card to the motor controller and vice-versa. The
HSDAC card is used to control axial controller. For closed loop load control,
feedback is taken from the internal load cell output. For closed loop deformation
control, feedback is taken from the axial motor high speed shaft encoder. Thus,
the system control is shared between the control software (GDSLAB) and the
control firmware which resides in the HSDAC card which has an internal
memory of 64 kb (Hooker, 2002).

On-board computer control is via one synchronised self calibrating PC-resident
16 bit data acquisition and control card monitoring the input. This card has a 50
kHz capacity digital-analogue conversion rate. The card is dedicated to the
logging and control of axial displacement and axial force. All required signal
conditioning and motor drive control sub-systems are housed in the integral
base unit. The GDSLAB control and data acquisition software package runs on
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a compatible PC. The software provides on-line graphics and real time logging
to hard disc. Saved data may be analysed later by transferring the ASCII text
file directly to a spreadsheet or to MATLAB.

The dynamic capability of the system is described in terms of the maximum
double amplitude of the axial actuator. The maximum double amplitude when
cycling a sinusoidal waveform at 2 Hz is 5 mm, at 1 Hz is 14 mm and at 0.1 Hz
is 100 mm. The system performs at speeds defined by these frequencies and
double amplitudes. How this translates into axial stress control depends entirely
on the soil stiffness and specified axial stress double amplitude. For stiff soils at
low axial stress double amplitudes, higher frequencies will be possible than for
soft soils at high axial stress double amplitudes. The axial displacement
accuracy is 0.07 % and the resolution for displacement and force is 0.08 ym
and 0.1 % FRO (Full Range Output), respectively.

4.2.2. Stiffness moduli

The tri-axial stress and strain variables were defined by Whitlow (2001) as
follows:

q=o0, -0, (Equation 4.2)

= ; o, +20,) (Equation 4.3)
o, = AFI (Equation 4.4)
£, = _[Lol” = InllO (Equation 4.5)
£ = g(ea ~s,) (Equation 4.6)
&, =&, +2¢ (Equation 4.7)

Where q is the stress difference or the deviator stress; p is the mean normal
stress; 0, is the axial stress; o; is the lateral or radial stress; €, is the axial strain;
€s Is the shear strain and ¢, is the volumetric strain. The relationship between
the stress and the strain that it causes is termed the stiffness of the material.
From the definition of the above parameters, it is possible to express the
stiffness moduli and the following relationship between them:

K= dp. (Equation 4.8)
de,

p-d9 (Equation 4.9)
de,

G-= dq (Equation 4.10)
deg
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G= E (Equation 4.11)
2(1+v) '
E
K= Equation 4.12
3(1-2v) (Eq )

For isotropic elastic deformation, each material has a property that defines its
volumetric stiffness (bulk modulus, K) and its shape stiffness (shear modulus,
G). These properties determine the constrained elasticity modulus, D and the
Poisson’s ratio, v. For an un-confined test (o, = 1 kPa), the constrained modulus
represents the elasticity modulus or Young’s modulus of the material.

In this study, Poisson’s ratio and shear modulus were calculated from the
Young’s modulus and the bulk modulus from Equations 4.15 and 4.16,
respectively. True strain was replaced by the engineering strain to simplify
calculations. Therefore, every o-¢ relationship that appears in this report is in
fact an engineering o-e relationship:

o= "lo (Equation 4.13)

ly

On the other hand, unlike Hookean materials, the stiffness of soils is not
constant for a range of stress-strain values. Soils present a non-elastic
behaviour and the stress-strain curve is not straight as the elastic constants
vary with stress. Thus, the above described stiffness constants originally
defined as tangent moduli were redefined as secant stiffness moduli as follows:

K=2P (Equation 4.14)
Ag,

D= Ad (Equation 4.15)
Ag,

The change from elastic to plastic straining is marked by a change in slope of
the stress-strain curve. In this study, this point will be called the yield plastic
point and the stress at which occurs, the yield stress. Based on a statistical
analysis of the linearity of the data, the yield point in this work represents the
end of the linear phase with a tolerance limit of 5% (95% confidence) in both,
the isotropic compression and shearing stages. MATLAB scripts were
developed for calculating the secant stiffness moduli according to the
expressions described above.
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4.2.3. Mohr-Coulomb modelling

As mentioned in Section 4.2.1, shear strength is essentially due to the
development of frictional resistance between adjacent particles, and the
analysis of soil strength is thus normally based on frictional models such as the
Mohr-Coulomb model (Fredlund & Rahardjo, 1993). This model replaces the
complexity of real soil behaviour by a simplified representation of its shear
strength in a linear relationship between normal and shear stresses at failure
(Figure 4.1).

_2ccosg 1+sing (Equation 4.16)
1-sing 1-sing

The axial stress at failure (o) and radial stresses (o;) are usually plotted on the
abscissa against shear strength, t and a Mohr stress circle is drawn through
these points. Further tests are then run with a range of values for o, and circles
are constructed as before. As explained by Terzaghi & Peck (1948), Mohr
proposed that the envelope tangentially to those stress circles defines the
material strength at failure.

T=C+o-tang (Equation 4.17)

The angle between a strength envelope and the normal stress axis is termed
the angle of friction, ¢ and the ordinate value for a zero normal stress is called
the cohesion, ¢ (Scott, 2000). The internal friction contribution, that is, the
interlocking of particles or the resistance to sliding of one particle over another,
is proportional to the normal stress applied. The angle of the plane of failure (a)
is a function of the angle of friction (¢):

o =45° +g (Equation 4.18)

Mohr-Coulomb stress theory was implemented into MATLAB on a stand-alone
application that was developed to analyze tri-axial compression data. The piece
of software works from a set of up to five axial stresses at failure, at a set of
given confining stresses, and it provides the soil strength (t) as a linear model of
the applied vertical stress (o).
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4.2.4. Dynamic compression

Real foot-surface impact implies a continuous change in the contact area during
the time of the impact as it was shown in Figure 3.19. The available
compression equipment does not allow for a changing loading area. Moreover,
there is a rolling movement when running that would require a rotation of the
principal stresses that cannot be achieved with the standard compression
apparatus available. The DYNTTS system used for the project allows loading a
soil sample at a certain rate-of-loading applied over a fixed flat area (a ® 70 mm
cap with an area, Acap= 3900 mm?) that compresses the cylindrical soil sample
placed underneath.

The aim of the simulation is to replicate the measured loading rates up to the
loads applied by the players maintaining the actual stress values. Therefore, not
only do the ground reaction forces have to be taken into account in the
simulation, but also the contact area involved. From Table 3.8, a representative
mean running contact area of around 2900 mm?was worked out for simulation
purposes. It is important to note that all area values were derived from the
pressure insole systems and so they represent the foot area of contact within
the boot. The contact area between the outside of the boot and the soil is
however required as this is the actual surface in contact with the ground.

To determine the external area of the boot, a stand-alone MATLAB image
analysis script was specifically developed. The subroutine assumes total stud
penetration and calculates the external contact area of a size 11 boot from a
black and white photograph of the boot sole used for the biomechanical
experiments (Figure 3.4). A maximum boot contact area of around 5800 mm?
was calculated (Figure 4.3). Then, for the mentioned mean foot contact area (A)
of 2900 mm?, and again from Table 3.8, a mean outside boot contact area (Apoot)
of approximately 3800 mm?was calculated by comparing the maximum outside
boot contact area (Apoot™ = 5800 mm?) and the maximum foot contact area
(A™ = 4400 mm?) as expressed in Equation 4.19.

Aboot = K-AbL =2900 -@mm2 ~3800 mm?  (Equation 4.19)

A 4400

Figure 4.3 Sole of the mean size 11 boot used for the biomechanical experiments (left). The

photo was turned into a black and white image, split into two half and then the profiles (right)

were digitized in MATLAB and the total area was calculated by adding up the number of pixel
between the two profiles.
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As mentioned before, in order to simulate player dynamic loading of soil, some
other input parameters were required: the peak vertical force (F,"®) and the
peak vertical rate-of-loading (dF,"®*) applied by the players. These parameters
were determined in the biomechanical study presented in Chapter 3. From
Table 3.8, a mean maximum vertical force of 2.60 BW and a mean maximum
vertical rate-of-loading of around 95 BW s were converted from body weight to
units of force / time and taken as representative mean values for the dynamic
simulation of running. This determined that, for a given mean player weight of
0.78 kN, peak vertical force and rate-of-loading were approximately 2.10 kN and
75 kN s™', respectively. Thus, from Equation 4.20 it was derived that the axial
force for compression (Faxiai-comp) required to mimic a running strike calculated
was approximately 2 kN.

_ A 2
SE,m Do o gk 2900MM 0N (Equation 4.20)
Aboot 3800 mm

F

axial—-comp

The effect of the fore-foot and the rear-foot on surface deformation could be
studied for the different running styles found (mid-foot and heel-toe) and also for
the different player subgroups, following the approach performed in Chapter 3.
In practical terms, this approach would require several different dynamic
simulations to be carried out for the NTPs involved in the project. Due to time
constraints of the project, a single simulation for the whole group using the
mean stresses and contact area values presented was used to develop the
methodology.

With regards to the rate-of-loading, due to limitations of the soil mechanics
equipment it was not possible to replicate the peak loading rates above
mentioned. It is known that a change in strain rate implies a change in the
amount of strain experienced by the material (Herrick and Jones, 2002). The
working hypothesis was that stiffness increases with loading rate as soil
particles would not have enough time to reorganise and accommodate plastic
strain at the greater strain rate. This highlights the importance of determining
the mechanical properties of sports surfaces at the actual strain rates that
players perform in sports. To test soils with the actual player loading rates, a 20
Hz machine is required. Unfortunately, the available equipment was only a 2 Hz
machine. A maximum peak loading rate of 6.5 kN s was possible, although 10
times less than human loading, this is still four orders of magnitude faster than a
typical quasi-static strain rates of 5 x 10 kN s used in ‘quick’-undrained Mohr-
Coulomb type strength testing of soils described in previous sections (BS
1377:1990 7/8).

Tri-axial compression: lateral stress issue
In soil granular materials, internal frictional resistance is developed between

adjacent grains. Thus, the horizontal pressure is not usually equal to the vertical
pressure at the same point, although one is still a function of the other. The
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magnitude of lateral (horizontal) pressure is dependent on the shear strength of
the soil, the lateral strain conditions and the state of equilibrium of the soil.

The strain state relating to lateral pressure calculations refers to elastic
equilibrium with no lateral strain taking place (Whitlow, 2001). If the stress state
in a soil mass is still below the Mohr-Coulomb failure envelope, the soil is still in
elastic equilibrium. The soil mass is said to be in an at-rest state and the
horizontal stress is:
o, =K,0o, (Equation 4.21)

Where, o, and o, are the vertical and horizontal stresses and Ky is the
coefficient of lateral pressure described as a function of the angle of friction (¢)
of the soil by the following relationship:

K, = 1—s!n¢
1+sing

(Equation 4.22)

To simplify the tri-axial testing procedure, a stress condition similar but not
identical to the “in situ” condition is often approximated by a mean stress (Head,
1998) and the soil can be subjected to an equal all-round pressure equal to:

o,(1+2k,)

3 (Equation 4.23)
In terms of total stresses, the vertical stress can be described as the weight of
soil vertically above together with any force acting in the soil surface.

(Equation 4.24)

vhuman

o,=p9L+o
F

2 kN
O_V ~O _ " vhuman __

= —vhuman _ =500 kN m~ Equation 4.25
vhuman A 40X10,4m2 ( q )

Dynamic tri-axial compression was attempted on the Sand soil material,
assuming that the gravity stress term in Equation 4.24 was negligible, a
maximum vertical stress of 2 kN, a boot mean contact area of 3.8 x 10° m?
(calculated in Section 4.2.4) and a typical internal angle of friction of 31.81°
(shown in Section 4.3.1) as reasonable values. Thus, following Equation 4.22, a
value of mean stress around 250 kPa was obtained as the radial pressure
needed for simulation.

1-sing
1+sing

500 (1 +2

3 J ~ 250 kPa (Equation 4.26)
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Preliminary tests carried out at confining stresses of 100 and 200 kPa failed in
the first cycle of loading and it was confirmed that a minimum stress of 250 kPa
as calculated by Equation 4.36 was required to perform the tests.

Stress-strain behaviour

Energy can be described as the ability to do work. More work can mean running
faster or for longer and therefore relates to sports performance. Energy is
transferred in sports from the player body (Wanete) to the surface (AEsyrface) and
back again (Stefanyshyn et al., 2001). The performance is influenced by the
balance between energy return and energy lost during surface deformation.

W
E

= [F.dr = AE
—E,,—E

(Equation 4.27)
(Equation 4.28)

athlete surfave

returned input — “lost
Despite the fact that energy return or the elasticity of NTPs has not been widely
investigated (Martin et al., 1993), under repetitive loading it could be expected
that the soil will undergo certain unrecoverable or plastic strain in addition to
some recoverable or elastic deformation that will be a function of the complex
interaction of all the components comprising the NTP. The elasticity of the
surface represents the capacity to absorb energy when it is deformed and to
return it, and directly correlates to performance and injury prevention: the
quicker and greater the energy dissipation, the more shock-absorbent the
surface. A too compliant surface can lead to early leg-muscle fatigue (Millet et
al., 2006) while a stiffer surface can result in cartilage damage (Orchard, 2001).

400

o'max

smax

u] 0 0.z 0z 0.4 0.5 06 or oz
Strain (%4

Figure 4.4 Example of a hysteresis energy deformation loop. Blue and red represent plastic
energy dissipated and elastic energy recovered during deformation respectively. €° . and €°ax
represents the maximum elastic and plastic strain, respectively in the cycle after a repeated
axial cyclic stress (0nax) Was imposed.
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Soil mechanical stress-strain behaviour is known to be visco-plastic, in that it is
partly elastic or reversible in time if the load is removed, but mainly plastic or
non-reversible (Hamza et al., 2005). Therefore, under repetitive stressing it
could be expected that soil will undergo certain unrecoverable or plastic strain in
addition to some recoverable or elastic deformation. The limits and relative
proportions between the elastic and the plastic behaviours depend on the
complex interaction of all the components comprising the NTP and also on the
strain rate at which the soil is deformed, which is a function of the load
magnitude and the rate-of-loading (Karmakar & Kushwaha, 2005).

There is no unique way of defining dynamic stress-strain behaviour of soils
(Schneider et al. 1999; Assimaki et al., 2000). In the present study, soil
response under cyclic loading conditions was characterized in sufficient detail
by a dynamic modulus associated with the energy dissipated in one cycle of
deformation. This modulus defines soil stiffness and can be seen as a simple
estimation of the dynamic elastic modulus. With reference to the hysteresis
energy loop (Figure 4.4), a secant dynamic stiffness modulus (kg) can be
calculated as the ratio between the maximum axial stress (Omax) and the
maximum strain (€max) in the cycle after a repeated axial cyclic stress of fixed
magnitude.

ky = 9 max (Equation 4.29)
&

max

It is expected that after a number of cycles, the soil will reach a steady-state
dynamic stiffness, where an increase in load will be required to compact the
surface further. The steady-state stiffness will be defined as the maximum
dynamic stiffness, kg™

4.2.5. Experimental design

Quasi-static testing

In order to characterize the compressive and shear behaviour of different NTPs,
under static and dynamic player inputs from running, the Sand and Clay Loam
conditions previously presented in Chapter 3 were replicated in the soil
laboratory and further investigated by means of compression testing. The soils
were reconstituted in a cylindrical mould (d 70 x 140 mm) in 8-10 layers of
equal depth depending on the initial target density and moisture content.

In addition, some of the Sand samples were seeded with rye grass (Figure 4.5)
and maintained following the same process described in Section 3.3.1 until a
proper rooting system was developed. The excess of grass was cut off from the
both sample ends to ensure good settlement. The removal of the sample from
the mould was carried out directly onto the tri-axial platform to minimize sample
handling.
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Figure 4.5 A total of twelve Sand grass-rotd smples were prepared (left) and tested to
assess the effect of grass rooting (right) on shear strength.

The results obtained from the Proctor tests presented in Figure 3.13 were used
to select the set of dry bulk densities (pp) and gravimetric moisture contents (6r,)
that define the treatments presented in Table 4.1, which consider the effect of
moisture, density and grass rooting in soil shear strength. The S2 treatment
represents the maximum density attainable for the sand soil at an optimum
moisture content (Table 3.3), whereas the C2 treatment represents a slightly
lower density than the Proctor optimum (89%) because the mechanical effort
required to achieve the proctor optimum could not be replicated without damage
to the sample preparation equipment. S1 and C1 and S3 and C3 treatments
represent very dry and very wet conditions, respectively. S4 and C4 treatments
represent lower density conditions at the moisture at which the maximum
density can be achieved.

Table 4.2 Dry bulk densities (p,) and gravimetric moisture contents (8,,,) for the quasi-static tri-
axial compression experiments performed. The S5 condition represents a grass-rooted
treatment.

Variable Sand Clay Loam
S1 S§S2 S3 S84 S5 Cl C2 C3 C4
Py (g cm™) 1.75 175 175 160 1.75 1.60 1.60 1.60 1.30
Om (%) 6.00 11.50 17.00 11.50 11.50 12.00 15.00 18.00 15.00
% Saturation 30 50 80 46 50 40 50 60 42
Grass - - - - V - - - -

The compression tests were carried out using an electromechanical dynamic tri-
axial soil testing system (GDS DYNNTS 2Hz 10kN, GDS Instruments Ltd.,
Hampshire, UK). The experiment proceeded in two stages. For the quasi-static
approach, first an isotropic compression was applied and then a deviator stress
was applied at a constant axial strain rate of 1 mm / min up to 25 % of the
sample length.

For the S2 treatments, the following confining pressures were tested: 50, 100,
200 and 300 kPa. Due to resources and time restrictions only 100 and 300 kPa
were tested for the rest of the treatments. Un-confined tests (1 kPa) were
carried for all the treatments. The approach was intended for the measurement
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of total stresses in not completely saturated soil samples, where drainage was
not permitted either during the application of the confining stress or during the
application of the deviator stress. Each experiment was replicated three times.

A pressure-volume controller regulated the confining pressure by increasing it at
a constant rate of 5 kPa / min with a resolution of 1 mm?® of water exchanged.
During the first test stage, the isotropic confining pressure applied, and the
volumetric strain achieved (from the volume of water exchanged), were
recorded. Deviator stress and axial displacement were recorded during the
second stage of the tests. It was assumed that there was no shear failure until
the applied stress exceeded the soil yield stress at the point of the maximum
deviator stress (the peak stress, q™®). During shearing, a correction was made
to the major principal stress in the sample to compensate for the membrane
resistance to the applied loads, using the Equation 4.30 (Head, 1998):

Ao, = AgbLE (Equation 4.30)
Do (1 — &y )

Where, €, and ¢, are the axial and volumetric strain respectively, measured from
the beginning of shear, t, is the thickness of the membrane and D, is the initial
diameter of the sample.

Dynamic testing

In order to investigate the effect of player repetitive loading on soil deformation,
two different dynamic approaches were carried out. Initially, following a similar
sample preparation as described for the quasi-static approach, dynamic tri-axial
compression was intended on the soil treatments S2 as per Table 4.3. First, an
‘in situ’ field stress condition of 250 kPa was set. Then, testing was un-drained
and load-controlled using a user-defined waveform (Figure 4.6) to simulate a
repeated axial cyclic stress of 2 kN at the maximum peak rate-of-loading of 6.5
kN s™ up to 50 cycles.

If the test is load controlled the equipment requires an estimate of the load
stiffness. This is used to set the servo loop gain for load control. If the value
chosen is too low, the system would start oscillating. The following trial and
error procedure suggested by the equipment designer was followed to work out
this estimated value. First, a static cyclic test using the same load and rate-of-
loading inputs was carried out. Using this data, an average stiffness value (x,
say) was estimated. Afterwards, a dynamic cyclic test with only one or two
cycles, using a stiffness of 5x was carried out. Then, the waveform of force
against time was examined, if it was poor (not reaching targets or not sinusoidal
in shape) then another dynamic cyclic test using a stiffness value of half of the
previous value (making the system more responsive) was carried out and the
waveform was checked again. The procedure was repeated until the waveform
looked appropriate and the load amplitude targets were met for an estimated
value of the soil initial stiffness of 1 kN mm™. To ensure full contact between the
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soil sample and the equipment, a minimum pre-load of 0.01 kN was maintained
between cycles.
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Figure 4.6 User defined waveform to assess the effect of the rate-of-loading on soil stiffness
under dynamic compression. The impulse wave was scaled up to 2 kN and run at 2 and 0.2 Hz
to achieve 6.5 and 0.65 kN s™, respectively.

On a second dynamic compression approach the compression system was
modified. The soils were confined in a quasi-rigid plastic tube (& 115 x 150
length x 5 mm wall thickness) and then mounted between an electromechanical
ram and a @ 70 mm Perspex cap fitted to a 10 kN force transducer.

The plastic container was made to have the biggest size to be safely fitted
within the DYNNTS system chamber. This modified approach overcomes the
handicap of the water pressure controllers to respond quickly enough to the
dynamic load to maintain cell pressure. Moreover, it minimized border effects
that could affect soil lateral deformation and removed sample dilation effects
that can occur when using compressed water (as with the standard approach).
Testing was un-drained and load-controlled using a user-defined waveform
(Figure 4.6) to reproduce a repeated axial cyclic stress of 2 kN up to 30 cycles.
To test the effect of the loading rate on stiffness, peak rate-of-loadings of 6.5
and 0.65 kN s were tested on S2 and C2 treatments. Moreover, to test the
effect of moisture on stiffness for the material that was seen to be particularly
sensitive to changes in moisture, the Clay Loam, an extra C1 treatment was
tested as outlined in Table 4.4. All experiments were replicated three times.
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Table 4.4 Sand and Clay Loam treatments used for dynamic testing.

Variable Sand Clay loam
S2 S2 cC2 C2 1
Py (g cm™) 1.75 1.75 1.60 1.60 1.60
Bm (%) 11.50 11.50 15.00 15.00 12.00
% Saturation 50 50 50 50 40
dF,"™™BWs") 6.5 0.65 6.5 065 6.5

INIVERSITY

Radial pressure, water volume, axial force and axial displacement during
loading were logged at 100 Hz and converted to stress and strain respectively.
The quasi-static and dynamic stiffness moduli and Mohr-Coulomb parameters

were calculated in MATLAB from the data recorded. Differences

within and

between different treatments were determined using ANOVA (p < 0.05).

4.3. Results and discussion

4.3.1. Quasi-static tri-axial compression

Stiffness moduli

The results from the ANOVA (p <0.05) performed on the stiffness moduli data
derived from the tri-axial compression experiments carried out on the different
Sand and Clay Loam treatments presented in Table 4.5 are presented in Table

4.6 and Table 4.7, respectively.

Table 4.6 Elastic moduli in (MN m'2) for the set of Sand states defined in Table 4-2. The
subscript index represents confining pressure. S5 treatment represents a grass-rooted condition.

S1 S2 S3 S4 S5

b (g cm™) 1.75 1.75 1.75 1.60 1.75

B (%) 6.00 11.50 17.00 11.50 11.50
E 25.70 £ 0.18 31.96 + 0.11 1459 + 0.10 12.87 £ 0.10 6.51 + 0.11
D100 158.77 + 2.13 191.58 + 2.24 121.17 + 2.75 96.94 + 2.27 57.47 + 1.52
Daoo 298.56 + 4.53 355.10 + 4.08 231.73 + 3.98 205.59 + 3.82  201.50 + 3.67
K1oo 19.20 + 0.36 25.47 + 0.25 14.03 + 0.27 9.86 + 0.38 5.02 + 0.34
Kaoo 19.90 + 0.51 26.60 + 0.41 14.56 + 0.20 10.15 + 0.44 5.10 + 0.43
Gioo 16.49 + 0.11 20.79 + 0.11 9.72 + 0.33 8.30 + 0.32 417 + 0.18
Gago 16.40 + 0.10 20.65 + 0.10 9.68 + 0.62 8.26 + 0.35 4.19 + 0.23
V100 0.26 + 0.01 0.29 + 0.01 0.33 + 0.01 0.28 + 0.01 0.28 + 0.01
Va0 0.27 + 0.01 0.30 + 0.01 0.33 + 0.01 0.29 + 0.01 0.28 + 0.01
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Table 4.7 Elastic moduli in (MN m'2) for the set of Clay Loam states defined in Table 4-2. The
subscript index represents confining pressure.

C1 C2 C3 C4

oy (g cm™) 1.60 1.60 1.60 1.30

O (%) 12.00 15.00 18.00 15.00
E 6.01 + 0.25 4.56 + 0.18 2.95 + 0.15 1.46 + 0.17
D190 8.42 + 0.36 6.31 + 0.23 437 +0.21 215 £ 0.12
D390 9.74 + 0.31 8.29 + 0.24 6.93 + 0.28 410 + 0.19
Kioo 4.86 + 0.15 4.87 + 0.16 3.89 + 0.12 1.45 + 0.17
K3o0 5.03 + 177.47 498 + 0.20 419 + 0.13 1.47 + 0.16
Gioo 3.92 + 0.10 3.02 + 0.41 2.04 + 0.22 1.00 + 0.15
G0 3.89 £ 0.24 3.07 + 0.11 2.03 + 0.18 0.98 + 0.35
Vioo 0.29 + 0.01 0.34 + 0.01 0.37 + 0.01 0.33 + 0.01
V300 0.30 + 0.01 0.35 + 0.01 0.38 + 0.01 0.33 + 0.01

The Young’s modulus (E), the bulk modulus (K) and the shear modulus (G)
were found to increase with the applied confining pressure and mean normal
stress for both soils. This was caused by the decrease in soil specific volume
(Figure 4.7) and so the increase in dry bulk density that takes place as a result
of the shrinkage caused by the increase in the isotropic confining pressure.
Little variation was found for the Poisson’s ratio, which remained relatively
unchanged. Some hysteresis (or energy loss) occurred during the process. It
was noticed that a compressed sample, once the confining stress was released,
did not totally recover its original size. This revealed that sample was subjected
to elastic but also plastic deformation during the isotropic process. An initial
elastic response takes places, then air pores are compressed and partially
removed (into solution) and the material is compacted.

78



Cranﬁeld

INIVERSITY

300 kPa

-4 | I 1 i 1 1 1
0 a0 100 150 200 250 300 350 400

pkPa)

Figure 4.7 Isotropic compression lines for the S2 treatment. The soil compresses and becomes
more dense, and therefore stiffer, so that the specific-volume / stress line is curved and getting
less steep.

Different patterns were found between soils when assessing the effect of
moisture in the stiffness moduli, keeping a constant initial dry bulk density. For
the Sand treatments, the moduli initially increased significantly with the increase
of moisture (S1 < S2) to finally decrease at greater moisture contents (S3 < S1
< S2). Following the discussion presented in Section 3.4.1, increasing water
content increases the water tension between the pores of the soil due to
adhesive (solid-water) and cohesive (water-water) forces holding the particles
together and so increases soil strength, up to a point where too much water will
bring particles apart and so decreasing soil strength again. For the Clay Loam,
the moduli decreased significantly with moisture in a progressive way (C3 < C2
< C1), because the bonds that hold the particles together are weakened as
more water is absorbed between adjacent clay minerals.

For both soils, at a constant moisture content, the stiffness moduli decreased
significantly with a decrease in the initial dry bulk density (S4 < S2 and C4 < C2)
as a result of less friction developed between adjacent particles. Poisson’s ratio
increased with initial dry bulk density and moisture content because the material
is less compressible and allows axial stress to be more easily transmitted
transversally. In general and for the treatments tested, the stiffness of the Sand
was greater than the Clay Loam which is in good agreement with other data in
the literature (Kulhawy and Mayne, 1990) and also reinforces the idea that was
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suggested in Chapter 3 that the intrinsic stiffness of the Sand is greater than
Clay Loam condition.

Significantly lower stiffness moduli were measured for the grass-rooted
treatment (S5) compared to the bare soil (S2). If a material with high strength in
tension, such as grass roots, is placed in soil, then the reinforced composite
material could be expected to resist bending and other tensile actions created
by players, such as a reduction in horizontal strain (Shipton, 2008). In this
sense, grass roots system can be seen as a moment resisting reinforcement for
soil. However, the inclusion of these relatively elastic elements (grass roots) can
be expected to cause a reduction in the vertical composite stiffness (Zheng-Yi
and Sutter, 2000). As typically found for fibre-reinforced plastic, the load in
compression can make the fibres become loose gradually as the soil is
compressed, especially at low confining pressures. The heterogeneity
discovered in the root system developed (Figure 4.5) and the impossibility to
achieve a smooth surface free of grass that could motivate an early failure
during compression testing due to an inappropriate setting of the sample on the
tri-axial platform could also contribute to the lower stiffness found out for the
rooted samples. Due to these uncertainties and that it represents a very time-
consuming process the approach of testing grass-roots samples was not
performed on any Clay Loam treatment.
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Mohr-Coulomb models
The results from the ANOVA (p <0.05) performed on the deviator stress data
obtained from tri-axial compression testing and the subsequent Mohr-Coulomb
parameters worked out for the different Sand and Clay Loam treatments tested
are presented in Table 4.8 and Table 4.9, respectively.

Table 4.8 Mohr-Coulomb parameters in (kN m™) for the set of treatments defined in Table 4-2.

S1 S2 S3 S4 S5
oy (g cm™) 1.75 1.75 1.75 1.60 1.75
O (%) 6.00 11.50 17.00 11.50 11.50
qm 63.24 + 3.82 72.79 + 3.51 57.64 * 4.13 22.56 + 3.04 69.62 + 6.65

Qoo ¥ 262.04 + 16.01 283.84 + 14.81 221.74 *+ 16.36 173.40 + 13.27 272.85 + 12.95
G300 " 658.51 + 28.73 687.87 + 29.53 615.16 *+ 28.15 503.85 + 26.60 680.55 + 26.26

c 17.92 + 0.92 2112 £ 0.76 13.15 + 0.68 5.34 £ 0.89 21.87 + 1.62
¢ (° 2791 £ 0.29 31.81 + 0.24 3.79 £ 0.33 26.54 + 0.27 29.35 + 0.18

Table 4.9 Mohr-Coulomb parameters in (kN m’z) for the set of treatments defined in Table 4-2.

c1 c2 C3 c4

o (g cm™) 1.60 1.60 1.60 1.30

B (%) 12.00 15.00 18.00 15.00
qm 100.86 * 6.27 77.96 + 1.69 53.60 + 3.64 24.85 + 1.63
Qo™ 176.89 + 17.44 15554 + 13.45 84.43 + 13.07 60.83 + 12.91
Qaoo™* 44338 +28.43  226.34 +29.06  107.22 + 2452  114.38 + 23.19
c 39.79 + 1.02 35.71 + 1.04 26.43 + 1.51 11.64 + 0.11
Y 17.54 + 0.34 11.53 + 0.32 4.92 + 0.40 7.45 + 0.23

The experiments showed that regardless of the soil, the deviator stress (q) at
first increases quickly while the strain increases slowly, but as the soil yields the
strain increases dramatically while the stress difference levels off and then
begins to fall (Figure 4.8). It was observed that changes in the applied mean
normal stress have a remarkable effect on the strength of soils, resulting in
greater peak stresses (Qmax) With increased confining stress. Moreover,
materials with higher confinement were stiffer at smaller values of strain, and as
the confining stress was increased, the curvature of the deviator stress
decreased and its maximum strength (Qmax) Occurred, on average, at a greater
level of axial deformation. This is because as the surrounding stress is
increased the material gets more compressed, increasing the contact area and
the friction between the particles within the sample leading to a greater final
macroscopic soil strength.
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Figure 4.8 Typical quasi-static axial stress-strain behaviour of S2 treatment after tri-axial shear
failure at five different confining pressures. Plastic yield points (qmax) Mmarked in red.

A different trend was found between the two soils when assessing the effect of
moisture on the peak stress and Mohr-Coulomb parameters. For the Sand,
peak stress initially increased significantly with the increase of moisture (S1 <
S2) until finally decreasing (S3 < S1 < S2) when water lubricates in excess and
separates the adjacent particles. For the Clay Loam no initial increase was
found instead a steady decrease in the strength parameters was measured with
increasing moisture content (C3 < C2 < C1).

A decrease in the initial dry bulk density caused lower strength parameters (S4
< S2 and C4 < C2) as a result of less internal frictional resistance developed
between adjacent grains. This is clear evidence that shear strength is strongly
dependent on dry bulk density and moisture content, especially for the Clay
Loam treatments where the difference in angle of friction was more acute.

Greater axial deformations at the time of peak stress were measured for the
grass-rooted samples (S5) compared to the bare soil treatment at a constant
moisture and initial dry bulk density (S2). This may suggest that the integrity of
the system is maintained for longer when a root reinforcing system is present.
However, significantly lower values of ¢ and ¢ were measured for the grass-
rooted treatment which, again, is suggested to be due to method limitations
explained in the previous section rather than a real trend. The literature has
shown that a well root-permeated soil will cause an increase in shear strength
(Jennings-Temple, 2005).

Samples were observed to fail in either a compressive or brittle manner (Figure
4.9) which was related to two different soil behaviours: strain hardening or
softening. Compressive failure was considered to have occurred when the
deviator stress remained constant at the maximum value and brittle failure when
the curve showed a decline from the maximum. Strain hardening was the
general rule observed along the experiments and was especially noticeable at
low confining stresses (1 kPa) and low initial dry bulk density (S4 and C4). The
disturbance during shearing causes the grains to move closer together,
especially with loosely packed grains (low densities and confining pressures),
implying an increase in soil density during the deformation process and failure
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occurrence along an infinite number of planes (Godwin and Spoor, 1977). Strain
softening was observed for some of the treatments submitted to higher
confining pressures (300 kPa). In this case, the disturbance during shearing
forced highly packed particles in one layer to climb over the particles in the
underlying layer, distorting the boundary of the soil sample and causing dilation.
As a consequence, brittle failure occurs along a few well defined failure planes,
the rest of the soil tends to move as solid blocks. A transition from compressive
to brittle failure as the cell pressure was increased can therefore be suggested
from the discussion above.

Figure 4.9 Compressive (left) and brittle (right) failure
following quasi-static tri-axial compression testing.

As an illustrative example, the average Mohr-Coulomb strength linear model for
the S2 treatment is presented next following Equation 4.17.

7=0.620+21.12 (Equation 4.31)

Where the cohesion is 21.12 kPa and the angle of internal friction is 31.81° as
shown in Table 4.8. The failure criterion allows predicting the maximum axial
stress that can be applied before the material fails in shear. This can be
described as a particular limiting condition of the ratio between shear and
normal stress:

7—-21.12
o

<tan31.81° (Equation 4.32)

Where t is the un-drained total shear strength, that is, the is the maximum
stress that can be applied tangentially on a plane within a soil before sliding
occurs on that plane at angle of approximately 60° (Figure 4.9) as per Equation
4.18; o is the stress normal to the shear plane; and tan ¢ is the slope of the
corresponding Mohr-Coulomb failure strength envelope (Figure 4.10). Points
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below the envelope represent stress ratios possible prior to yielding, whereas
points on the envelope represent the stress ratio at yielding. Real points above
the envelope cannot exist.
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Figure 4.10 Mean Mohr-Coulomb stress failure envelope for peak stress (qmax) Obtained
for S2 treatment. The red line represents the best straight line through the plot points.

The main disadvantage of the Coulomb’s equation is that it ignores volume
changes. Loading of an unsaturated soil does induce changes in its volume that
will make soil denser, moving the particles closer together and increasing the
friction and interlocking between them and therefore making the soil stiffer,
which will modify the final shear strength. However, the major limitation in
relation to this Mohr-Coulomb modelling approach in this study is that the model
makes no statement about rate of strain. The quasi-static approach, although
very time consuming, was found to be useful for comparing basic mechanical
properties for different soil treatments. It was hypothesized that soil mechanical
properties will change if the strain rate is increased from a typical quasi-static
compression test run at 5 x 10 kN s™ to a typical sport movement performed at
70-80 kN s™'. Therefore, an alternative methodology to the Mohr-Coulomb
strength models for predicting the stress-strain dynamic behaviour of soils is
necessary.

4.3.2. Dynamic tri-axial compression

When a cyclic loading was imposed during standard tri-axial compression
(using pressurized water), a confining pressure drop of around 40 kPa occurred
in the chamber at the start of the loading process (Figure 4.11). As a
consequence, it took a large number of cycles for the system to reach the initial
confining pressure target (250 kPa).
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Figure 4.11 Cell pressure drops at the beginning of the axial compression stage. The control
system does not meet the 2kN target for the first few cycle. The cell pressure dropped around
40 kPa and the variation in maximum axial stress was around 75 %.

It is believed that the pressure drop was caused by the great change in soll
stiffness when the first load was applied. Soil stiffness changes every cycle as
the sample gets more and more compacted, but the magnitude of change is
particularly significant during the first cycles when the soil can undergo more
compaction. The DYNNTS is provided with a balanced ram that compensates
for the volumetric displacement of the thrust piston into or out of the water cell.
The control system could not react by pumping water quickly enough into the tri-
axial cell to counteract sample compaction and so pressure dropped. This drop
caused a decrease in soil stiffness, the more compacted the sample gets, the
less water is needed to be pumped into the system to counteract the decrease
in cell pressure created by that compaction and the process becomes a vicious
cycle until suddenly a break-even point is reached, where the stiffness change
is small enough to be compensated by the apparatus.

A control software limitation was found when trying to select a delay time
between cycles. The current control system does not allow the user to do that,
which means that running at 2 Hz, the load is applied over less than 0.1 s and
the only delay between cycles is about 0.40 s, which raises the question of
whether or not that is enough time for the soil to recover fully from the previous
loading. Another difficulty was found in that the un-saturated samples were
initially less stiff than the minimum stiffness estimated value that could be
selected at the frequency tested (1 kN mm™). Despite the fact that parameter is
frequency dependent, it was simply input into the control system as a constant
value which was not accurate enough to properly control the process.

It is acknowledged that the current equipment has been used to do tests for
which it was not originally designed. The DYNNTS system may be satisfactory
when dealing with saturated soils, where the change in stiffness will be a lot
smaller, but it was not when dealing with un-saturated soils and the load range
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required for this study. As a consequence, not only did this change the cell
pressure but also the shape of the load waveform and the load target were
massively altered (Figure 4.11). The load applied within the first few cycles was
around 75 % smaller than for the following cycles at the target stress level. For
the cycles that the target stress is not reached the energy accumulated in the
soil will be also proportionally less than for the rest of the cycles. Soil
deformation was required to be produced within fixed stress boundary
conditions that ensured a constant level of impact energy and so a proper
reproduction of a running movement.

It was also difficult to select the correct value for the confining pressure to be
used. This value was calculated based on calculations for saturated foundations
and will probably differ from an in-situ measurement on an NTP. It is thought
that the selected value overestimates the lateral in-situ pressure. Lower
confining pressures were unsuccessfully tested, because the change in soil
stiffnress was greater and the dynamic maximum amplitude Ilimit of the
equipment was exceeded. The amplitude and frequency are interdependent. If
one is increased, the other one is decreased and vice versa. Under dynamic
loading, as frequency increases, more and more torque is required to
accelerate and decelerate the drive system. This means that less torque is
available for axial force and so axial force capacity reduces. When dealing with
frequencies of about 1-2 Hz, as is the case here, the performance of the system
is limited by the maximum velocity or speed of the motor. The maximum
amplitude is inversely proportional to frequency and is, according to the tri-axial
device supplier about 5 mm at 2 Hz. This amplitude limitation can be added on
to the above explanation of why the load targets could not be met. If for the first
cycles, where the soil is found at its weakest condition, the velocity needed to
achieve the load is not sufficient and the system needs to deform the sample
more than the maximum amplitude limit allowed, then the load targets will not
be reached. The motor in the DYNNTS system was found to be insufficiently
powerful to be able to achieve the speeds required.

However, even if the right rate of loading could be achieved, the water used to
confine the sample in the tri-axial method would not be able to transmit the
shear stresses that the surrounding soil would do in the field under dynamic
loading. This would make a running simulation difficult to justify via standard tri-
axial compression testing. Moreover, the fact that the soil is isotropically
pressurized implies that a positive pore pressure is developed in the sample,
which is not usually the case in the field near the surface, where water is
retained under a negative pore pressure. It is also unknown how the membrane
will affect the measurement of dynamic properties, and no correction was found
in the literature for dynamic testing. With consideration of all the above
limitations, it was concluded that the standard method generates a lot of
unknowns that reduce confidence in the robustness of dynamic, high loading
rate, tri-axial compression testing for assessing NTPs in this project.
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4.3.3. Dynamic uni-axial compression

Figure 4.12 illustrates the non-linear visco-plastic stress-strain behaviour
typically exhibited by the soil treatments tested using the modified uni-axial
method described in Section 4.2.5. After a cycle, the system absorbed the
energy represented by the area enclosed by the loading and unloading curves
in the cycle (Figure 4.12) and accumulated a certain amount of permanent
strain. After the loading, however, there was also a certain elastic strain
accumulated, that was recovered in the unloading but only to a limited extent.

For the initial cycles, plastic behaviour dominates as the soil is compacted.
Subsequently over cycles more strain is recovered and less plastic strain is
accumulated, therefore the response becomes more elastic. As the soil gets
more and more compacted, its microstructure changes, particles get closer
together increasing their frictional contacts resulting in a macroscopic increase
in stiffness. Reversible elastic strain in soils is associated with minimal
rearrangement of particle contacts and is relatively limited when dealing with
traditional strain rates (as was presented in Section 4.3.1). However elastic
strain becomes more significant at high strain rate levels. Regardless of the
treatment, after about 30 cycles it was assumed that no real further compaction
took place and that a nearly elastic response was obtained.
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Figure 4.12 Non-linear visco-plastic stress-strain soil behaviour: cyclical stress loops (upper).
The S2 treatment was loaded up to 2 kN at 6.5 kN s™ for 50 cycles. The variation in maximum
axial stress remained below 10%. The deformation energy balance (lower) shows that
reversible elastic behaviour became more significant at high strain levels and, plastic
deformation decreased over cycles. The recovery process takes time causing a viscous
behaviour.

87



Cranﬁeld

INIVERSITY

This modified approach overcame some of the main problems found with the
standard tri-axial approach: a target level of stress around 500 kPa was
maintained consistently over the 30 cycles. The load applied within the first few
cycles was only around 10 % smaller than for the following cycles. Again, it is
believed that this variation was due to the changing stiffness of the soil as it was
loaded repeatedly. It was considered that the stress applied exceeded the
strength of the material and therefore shear failure should have occurred
producing irrecoverable plastic strains as shown in Figure 4.12. Soil
displacement was accompanied over cycles by lifting of the ground surface
adjacent to the footing which made it difficult to work with a large number of
cycles. Traditionally, when a pile is driven into a homogeneous soil mass, the
supporting ground is expected to fail in shear during loading along a log-spiral
(Whitlow, 2001). If this theory may be applicable to the present case, a shear
failure taking place with slip surfaces extending on a log-spiral from the side
edges of the footing downward through the soil and then upward to the ground
surface (Figure 4.13) could be suggested as the failure mechanism.

Figure 4.13 In the modified dynamic compression approach (upper) soils were confined in a
quasi-rigid plastic tube, mounted between an electromechanical ram beneath and a plastic cap
fitted to a force transducer and subjected to a cyclic dynamic normal stress (0,). Suggested log-

spiral failure mechanism sketch (lower).

The steady-state dynamic stiffnesses, ks"2* achieved are detailed in Table 4.10.
Dynamic stiffness was greater at the greater rates of loading for all the
treatments (p < 0.05). Moreover, overall dynamic stiffness was significantly
greater for the Sand soil than for the Clay Loam soil (p < 0.001). The Clay Loam
treatment with lower moisture content also significantly increased the stiffness
with respect to the dry clay soil (p < 0.001). This is due to increased friction
within the drier clay soil as moisture content decreases, as discussed for the
quasi-static testing in previous sections.
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The faster the soil is deformed, the less it will be compressed because the time
for the normal deformation mechanisms to occur reduces — this confirms the
hypothesis stated above. The results highlight the importance of the elastic-
plastic behaviour of soils (or the soil-turf matrix) and the difference in dynamic
mechanical behaviour between soil types. Soil yield intensity has been cited to
be related to the strain rate; soil volume change decreases and soil strength
increases with increasing strain rates (Vucetic and Dobry, 1991; Horn, 2004).
Traditional quasi-static soil testing such as tri-axial compression testing,
involves very low strain rates that allow enough time for the soil to deform
through irreversible fracture mechanisms that imply large amounts of plastic
deformation (Fredlund et al., 1997). However, as the stress is applied more
quickly to the soil, the time to deform reduces and the overall soil strength
increases as a result.

Table 4.10 Mean steady-state dynamic stiffness ky"

tested. All means separated by the LSD (0.05)

and standard error for the soil treatments

Treatment Py (g cm’) 0 (%) dF,™™ (kN s™) k™™ (MN m™)
S2 1.75 11.5 0.65 58.1 + 0.9
S2 1.75 11.5 6.5 844 + 0.9
Cc2 1.6 15 0.65 253 # 0.2
Cc2 1.6 15 6.5 335 # 0.2
C1 1.6 12 6.5 505 0.2
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Figure 4.14 Change in mean dynamic stiffness with increasing cyclic loading. The effect of
loading rate and soil type on stiffness is evident.

4.4, Soil Mechanical study summary and evaluation

A quasi-static tri-axial compression approach was performed on several
different treatments using the Sand and Clay Loam materials used for the
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biomechanical study described in Chapter 3. This enabled evaluation of the
effect of moisture, density and grass rooting on the elastic moduli and the shear
strength of the materials. In general, the values of the mechanical parameters of
both soils increased with increasing the bulk density. The Sand material
presented more elastic behaviour than the Clay Loam material for the range of
density and moisture content conditions tested. The Clay Loam presented a
more acute change in mechanical properties with moisture content. Quasi-static
stiffness of the Sand soil followed a negative-quadratic model shape behaviour
with moisture, presenting the maximum stiffness at an optimum moisture
content. The Mohr-Coulomb strength analysis revealed greater frictional and
cohesive components for the Sand and Clay Loam material, respectively as
would be hypothesised for these soil types. The effect of grass rooting was not
clearly determined due to approach limitations and alternative methods to tri-
axial compression such as the use of a penetrometer are suggested for further
research (Jennings-Temple, 2005).

A modified uni-axial dynamic compression approach was found to provide more
reliable results than standard dynamic tri-axial compression. Thus, it allowed
evaluation of the dynamic stiffness evolution of the soil materials involved in the
project as a function of the rate-of-loading. Sands were found to be stiffer than
clay soils in this study (again, subject to the range of conditions tested). This
has direct performance implications in elite winter sporting surfaces which are
increasingly sand based. It also explains the difference found in biomechanical
loading. It was discovered in Chapter 3 that loading rate of a soil by a player
running in the biomechanics laboratory was significantly greater on the Sand
soil than the Clay Loam soil.

At the time of this study, it was not possible to locate equipment in the UK to
perform at the 20 Hz frequencies required to carry out such tests. The trend of
increased dynamic stiffness as loading rate was increased from 1/100 to 1/10 of
the loading rate determined in the running experiments confirmed the
hypothesis that the stiffness of the Sand soil was significantly greater than the
Clay Loam soil, however. The closer the loads used to test mechanical
properties of the surfaces in the lab are to those performed by the player, the
better the understanding will be on how an NTP will behave in response to
player action. It is therefore, recommended that further research characterizes
soil dynamic behaviour at the closest possible stress-strain rates that they will
be subjected to in real sport.

The data presented are of direct significance in the understanding of human-
surface interactions. Historically, studies of NTPs have been concerned with the
plastic deformation of soils, using parameters such as ‘wear and tear’. In order
to understand the impact loads on the body and surface, however, it is essential
to study and model dynamic behaviour. It is this that reveals the elastic stiffness
of a surface when loading within the range of those loads applied by humans in
sport. The plastic component of soils, or the soil-turf matrix, increases the
contact time between the human and the surface (or the ball and the surface),
reducing the peak impact loads on the body (or moderating ball rebound
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behaviour). The elastic component is essential for energy return to the player
(or ball) and for resilience or recovery of the grass-soil matrix material and it is
proposed to test the grass-soil matrix as it is presented in the real sport field. A
high sand content surface, unlike a high clay content surface, will present a
higher intrinsic stiffness that will imply an increased elastic behaviour and that
will benefit sport performance. In turn, a reduced plastic deformation could imply
greater peak load being transferred to the players and so it may imply a greater
risk of injury for them. Therefore, the present study furthers the understanding
of how visco-plastic soil behaviour affects the player-surface interaction in sport.

91



Cranﬁeld

INIVERSITY

5. RELATIONSHIP BETWEEN THE BIOMECHANICAL
AND SOIL MECHANICAL STUDY AND RESEARCH
SYNTHESIS

5.1. Introduction

The analysis carried out so far demonstrates that the interaction between player
and a natural turf surface is complex. The human body responds to changes in
surface condition by changing its way of running. The surface, in turn, deforms
under load from the player but as the surface deforms and its mechanical
properties change, there is a change in the applied stress from the player. The
present chapter links the player biomechanical behaviour observed in Chapter 3
with the surface mechanical behaviour discovered in Chapter 4 into a
conceptual model (Objective 4). The whole project approach is evaluated and
some recommendations for future research proposed together with a summary
of the publications derived from the present study.

5.2. Conceptual model

On the one hand, highly impact cushioning or low stiffness surfaces will yield to
the player, reducing physiological stress but increasing the energy consumption
of the player and so fatigue due to a greater compressibility of the surface. At
the same time, compliant or low stiffness surfaces will present a higher risk of
compaction and unevenness, creating an undesirable low oxygen condition for
the grass plant and increasing surface wear. A stiff surface, in turn, may
increase physiological stress to the human but will result in more efficient
energy balance due to a limited surface deformation. At the same time, greater
stiffness implies less surface compaction and so a more homogenous and even
surface.

On the other hand, low surface shear strength will cause player instability due to
the lack of traction, with the consequent risk of injury for the player. A low
strength surface will be more susceptible to wear and degradation. Excessive
shear strength will imply little deformation of the surface and will cause too
much traction with the subsequent higher risk of injury for the player.

An optimum state should exist in between such surface stiffness and shear
strength extreme conditions where injury risk and surface wear would be kept at
a minimum level while allowing for a reasonable level of sport performance.
This is conceptualized in Figure 5.1.
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Figure 5.1 Conceptual model diagram. Stiffness and shear strength are the mechanical
properties that determine the surface impact cushioning and traction, respectively. Player stress
it is the stress on the player as a consequence of interaction with the surface. Generally, a
decrease in moisture content would cause and increase in surface stiffness and shear strength,
although as the percentage of sand is increased, there is minimum amount of water below
which those properties decrease.

Kinetic biomechanics evidence was found to support the hypothesis that it is the
surface that controls player rate of loading when running. The peak vertical rate-
of-loading (dF,™®) and the peak pressure rate-of-loading (dP™®) increase as
the stiffness of the surface increases, as a result of a reduction in surface
deformation. Subgroup A player, dF,"* increased from 125.05 + 6.49 to 153.17
+ 7.17 BW s and dP™ increased from 0.61 + 0.06 to 0.78 + 0.06 BW mm™ s™
when changing from a clay-based to a sand-based surface condition. This rate
increment allows for the energy to be transmitted more quickly from the player
to the surface and then back to player again.

Soil mechanics evidence was found to support the hypothesis that the level of
compaction and the stiffness of the surface are controlled by player-applied
stress. Surface stiffness increases as the surface is compacted from player-
applied loads. The Clegg Hammer showed that the stiffness of the surface was
greater in general for a compacted surface after player testing and that the
magnitude of the difference in stiffness depends on the surface type. Hardness
increased from 58.56 + 2.93 to 63.12 £ 2.73 G and from 60.64 £ 3.58 to 71.21 £
4.98 G for the sand-based and clay-based pitches, respectively. The steady-
state dynamic stiffnesses (kq™®*) increases non-linearly with the number of
player impacts and the loading rate of the surface, again differently depending
on the surface type: ks™*increased from 58.1 + 0.9 to 84.4 + 0.9 MN m?and
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from 25.3 + 0.2 to 33.5 + 0.2 MN m™for the sand-based and clay-based pitches,
respectively, when the loading rate was increased from 0.65 to 6.5 kN s™. The
increase in dynamic stiffness with loading rate is because the faster the soil is
loaded the less it is deformed as the time for the deformation to occur reduces.
For running, the amount of time that the surface is allowed for deformation is
about a quarter of a second. In such a small lapse the capacity for internal
particles rearrangement within the soil becomes limited as the usual soil
deformation mechanisms require longer times to take place. The greatest the
loading rate, the lowest the time for surface deformation and the more restricted
the movement within the soil which makes soil skeleton to become stronger,
increasing surface stiffness.

The set of soil dynamic compression energy loops presented in Figure 4.12
show that for a constant amount of player energy, the energy dissipated by the
surface in plastic deformation is reduced as the soil is compacted. As the
surface compacts it becomes stiffer and starts behaving more elastically,
returning more energy to the player. For surfaces of the type tested in this study
(primarily for soccer) a sand-based surface, unlike a clay-based surface will
present a higher intrinsic stiffness that will imply an increased elastic behaviour
and that will benefit sport performance. The elastic-plastic mechanical
behaviour of NTPs depends on the raw soil material that they are constructed
from but also on the turf plant and moisture content at which the surface is
maintained. The plastic component of soils, or the soil-turf matrix, represent a
necessary loss of energy that increases the contact time between the human
and the surface (or the ball and the surface), reducing the peak impact loads on
the body (or moderating ball rebound behaviour). The elastic component is
essential for energy return to the player (or ball) and for resilience or recovery of
the grass-soil matrix material. This has direct performance implications in elite
sporting surfaces which are increasingly sand based.

The elastic and plastic hybrid behaviour of NTPs demonstrated in this project
links to what Kolitus (2003) stated — that performance aspects of sports are
always compromised by safety aspects of the player (and grass plant).
Performance can be increased if the loss of energy is minimized and the energy
return is maximized and returned at the right location, at the right time and with
the right frequency (McMahon and Greene, 1984; Stefanyshyn, 2001). The
present study highlights that it is as important to increase the elastic component
of the surface, to increase energy return and reduce energy losses as it is to
ensure some plastic deformation. Player physiological stress is related to the
amount of plastic deformation experienced by the surface and so this could be
seen as a necessary energy loss to increase safety.

The findings from the present project support the differences in player comfort
levels observed by other researchers such as Nigg et al. (1988a) when
investigating the deformation of different surfaces. They observed that stiffer (or
less deformable) surfaces were the least comfortable, although the most stable
to perform the sport movements, compared to more deformable surfaces. Stiffer
surfaces were associated with larger forces acting on the body which were
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suggested by Fiolkowski and Baur (1997) as a possible cause of overloading
injuries. Compressible surfaces increase player energy cost (Lejeune et al.,
1998) which may cause of fatigue injury (Millet et al., 2006).

The soil stiffness relationship discovered also explains the biomechanical
findings that showed a greater player loading rate for a sand-based pitch
compared to a clay-based pitch. In turn, a reduced plastic deformation could
imply greater peak load being transferred to the players and so it may imply a
greater risk of injury for them. For example, if a collision between player head
and surface is considered, the stiffness or compressibility of the surface
determines the shock attenuation which is a decisive factor when investigating
the risk of potential brain injury (Shorten & Himmelsbach, 2002). As an NTP is
loaded, it becomes stiffer (less compressible) and so more likely to produce
higher impact accelerations (gmax) to absorb the energy involved in a head fall,
which may increase head injury risk.

The conceptual model proposed is supported by the biomechanical and
mechanical findings of the present research, which are also consistent with
existing literature. Therefore, the present study furthers the understanding of
how visco-plastic soil behaviour affects the player-surface interaction in sport.

Some authors have suggested several kinematic adaptations with the change in
surface cushioning properties of for example, STPs (Dixon & Stiles, 2000; Ferris
et al. 1998; 1999; Kerdok et al., 2002). However, in the present study there was
no kinematic evidence that different players modified their running behaviour
based on the surface they performed on. Therefore the present model
described does not present any changes in player stiffness depending on
surface. This suggests that either players prefer to maintain similar leg
geometries and stiffness when running on a variety of NTPs which would leave
the differences in loading rates found unexplained, or alternatively that the
mechanical properties of the NTPs selected for the research may not have been
sufficiently different to elicit changes in player response during running despite
the difference in magnitude of dynamic stiffness determined.

Young's modulus for sand-based pitches was found to be between 6 and 32
MN m™, whereas for clay-based pitches was between 1 and 6 MN m2which are
values of the same order of magnitude as styrene butadiene rubber (SBR)
materials typically used to construct polymeric running tracks but still well bellow
concrete stiffness under compression (40 x 10®° MN m™). This shows that the
magnitude of the difference between the conditions tested for this present study
was much smaller compared to the difference between running on a polymeric
track or on concrete. This lack of difference in the surface mechanical
properties is hypothesise that is suggested to be behind the lack of kinematic
adaptations evidence found in this study.

The conceptual model described above presents dry bulk density and moisture

content as important parameters affecting surface stiffness and shear strength
depending on surface type. An increase in initial dry bulk density increases the
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initial stiffness and shear strength of the surface as a result of more internal
frictional resistance developed between adjacent grains within soil due to
greater surface area contact. Moreover, pressure is distributed within an
unsaturated soil through the particle-particle contact. A greater dry bulk density
implies a lower void ratio (i.e. a larger volume of solids to voids) and will
distribute pressure to a greater extent (both down a soil profile and laterally
across the soil profile) because of the close arrangement of particles. This way,
player energy will be transferred to a larger soil mass that will be more likely to
resist against player loading and so increasing surface stiffness and shear
strength.

Traction increases in the same way that cushioning decreases as a surface is
compacted, up to a point where the surface becomes too hard to be penetrated
by boot studs and so the traction actually decreases. Such properties are more
sensitive to changes in moisture in clay-based surfaces due to an intrinsically
predominant cohesive behaviour. Stiffness and shear strength of clay
decreases with increasing moisture content because the internal bonds that
hold the particles together in structural units are weakened as more water is
absorbed. This water penetrates between adjacent clay minerals hydrating
cations and allowing them to swell (and subsequently shrink on drying). Sand-
based surfaces, in turn, present an intrinsic greater frictional behaviour where
stiffness and shear strength follow a negative-quadratic form of behaviour, with
moisture presenting a maximum stiffness at an optimum moisture content due
to increased cohesion at that optimum moisture content. For increasing sand
content (or strictly, decreasing clay content) there is a decrease in sensitivity to
moisture content.

5.3. Contribution to knowledge

As set out in Chapter 1, this PhD project forms a component part of an EPSRC
funded project between Cranfield University and the University of Exeter (grant
ref EP/C512243/1) and represents the foundation research for future work on
the assessment of human-natural turf pitch interaction.

This research project represents a pioneer study of human biomechanical
behaviour simultaneously with surface mechanical behaviour via a novel
integrated approach. This was a two stage methodology: firstly, laboratory-
based biomechanical testing to assess the stresses of human players
performing typical sports movements on a variety of NTPs; and secondly,
laboratory-based dynamic compression testing of surface materials to
determine surface elastic-plastic behaviour in response to those stresses
applied by players. Such an integrated approach is a development towards a
more accurate, and complete, human-natural surface behaviour model.

The practical significance of this finding for future research is important as it

increases awareness of how biomechanical parameters of human movement
may also respond to changes in mechanical properties of a natural turf surface
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when they are modified to alter wear and degradation characteristics. Despite
the fact that within the range of soil properties tested there was no modification
of movement, it has been suggested that such alterations can affect not only
sports performance but also potentially injury risk (Stover, 2003). The research
project sets a precedent assessing the behaviour of a variety of NTPs, showing
that the difference in soil type must be understood when dealing with NTPs. The
research shows that it is not sufficient or appropriate to amalgamate all NTPs in
studies of injury or biomechanics and separation by soil type and moisture
content must be considered.

The project has a wide-ranging impact upon the disciplines of sports surface
engineering, biomechanics and sports equipment research. This impact applies
to end-users ranging from sports engineers, surface managers and players. In
addition, the present study provides a background that will assist future studies
to assess important aspects of human-natural turf interaction. The increased
understanding of how humans interact with NTPs will help sports engineers in
future surface and footwear design to improve performance and reduce the risk
of player injury. A better understanding of the relationship between natural turf
surface strength and moisture will provide a significant benefit to research in
biomechanics and sports injury medicine and also to sport governing bodies
and facilities providers who will benefit from improved surface quality that will
attract viewers and assist international competitiveness from athletes. Players
of both elite and recreational levels will benefit from improved surface
performance, durability and safety, which will help promote participation in
sport, which in turn should improve the health, wellness and well-being profile of
the nation.

The project has generated a unique dataset and developed MATLAB code to
analyse how humans respond to changes in natural turf properties underfoot.
The code that allows user improvements and represents a powerful tool
compared to the standard commercial software and provides loading and
pressure rate data. The Mohr-Coulomb soil parameters and the surface
stiffness data are an important input for the development of soil models that
could be used for the development of footwear design and also to be inputted
into models of the human body. Ideally, an ideal model of soil-turf system would
include dynamic data (not quasi-static data) to account for the rate-dependent
aspect of behaviour in response to player load. The project provides two
specific data sets for two of the most common soils in sport from which
empirical models to predict soil shear strength and stiffness as a function of bulk
density and moisture could be developed. This database could be expanded by
gradually reducing the soil percentage of sand starting from the current sand-
based condition until the clay-based condition is reached. Such data can be
applied in soil models of traction and stiffness. For example, the traction model
developed by Godwin et al. (2007) predicts peak shear force at the point of
shear failure as a function of soil parameters and implement geometry. This
model could be fed with the Mohr-Coulomb soil mechanics data and adapted for
a set of studs (interacting tines) to be used to determine the shear force on the
boot sole, which will help footwear design. Project soil stiffness data could also
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be used to be inputted into models of human body to study the effect of how
different natural turf surfaces affect the biomechanics of players.

5.3.1. Publications from this study

e Stiles VH, Dixon SJ and James IT (2006) An initial investigation of
human-natural turf interaction in the laboratory. The Engineering of Sport
6, Vol 3: Developments for Innovation, 255-260. In: Proceedings of the
6th international conference on the engineering of sport, 10-14 July 2006,
Olympic Hall, Munich, Germany.

e Stiles VH, Dixon SJ, Guisasola IN and James IT (2007) Biomechanical
response to variations in natural turf surfaces during running and turning.
Science, Technology and Research into Sport Surfaces (STARSS 2007).
Loughborough, 2007.

e Stiles VH, Dixon SJ, Guisasola IN and James IT (2008) Kinematic
response to variations in natural turf during running. In: Proceedings of
7" ISEA Conference, 2008 June 2-6 Biarritz.

e Stiles VH, Dixon SJ, Guisasola IN and James IT (2008) Natural turf
surfaces: the case for continued research. Sports Medicine. Accepted, in
press.

e James IT, Guisasola IN (2008) Soil Management for Turf and Player
Performance. Presented to the Australian Turfgrass Conference, 2008
July, Melbourne, Victoria.

e Guisasola IN, James IT, Llewellyn C, Stiles VH and Dixon SJ (2008)
Human-surface interactions: an integrated study. (In progress)

Full copies of these papers can be found in the Appendix E.

54. Evaluation of the research and further work

5.4.1. Research limitations from the biomechanical study

As exposed in Chapter 3 this research study incorporated different types of
natural turf soil media into the biomechanics laboratory through the use of
portable plastic trays in order to analyse biomechanical human response during
sports performance with changes in natural turf mechanical properties. From a
biomechanical perspective it is of primary importance to establish whether the
natural turf conditions produced and incorporated into the laboratory are
representative in terms of how humans perform typical movements on them
compared to an outdoor sport pitch. In this sense, the incorporation of natural
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soil media into the biomechanics laboratory presents a difficult challenge when
it comes to providing suitable rooting depths to produce required turf stability
and frictional coefficients that will allow players to perform properly. The
portable natural turf runway solution was a reasonable attempt to overcome the
limitations of incorporating natural turf soil media into the biomechanics
laboratory. The approach required natural turf to be transplanted into plastic
trays (0.60 m x 0.40 m x 0.05 m), adequate to obtain the minimum rooting
network to provide enough stability to simulate NTPs found outdoors. However,
the limitations of this natural turf runway design include turf material shrinkage
with variation of moisture content resulting in uneven runway aesthetics and
increasing the risk of sporadic encounters with tray edges by the players, which
could lead to variations in player step stride patterns affecting the biomechanics
parameters. To overcome most of these problems, the use of a non disruptive
surface facility similar to the soil bin used by Dixon et al. (2008) where turfgrass
could be introduced would be preferred for further research on the subject.

The use of bigger containers to construct the natural turf runway such as the
turf modules (1.2 m x 1.2 m x 0.2 m) supplied by GreenTech Systems (Bridgend,
UK) would provide a more robust natural turf runway in the laboratory that could
overcome the edge problem encountered in the present design, in that the new
tray walls will fold down to join the neighbour producing a modular system
without disturbing edges, improving the runway aesthetic and reduce stride
pattern variations. However, due to the bigger size of the container some
modification should be worked out in order to accommodate the force plate (0.6
m x 0.4 m). The extra depth will allow for a greater rooting system development
and a more reliable determination of the soil mechanical properties ‘in situ’
however, these dimensions imply that each one of the modules will weight
approximately 500 kg, 25 times more than the trays used for this study. The
extra weight will increase the weight over the force plate tray from 20 kg to 80
kg, which may reduce the sensitivity of force measurement and increase the
concerns about to what extent the measured force is representative of that on
the player. Manual handling will not be possible and a special pallet fork/truck
will have to be used, making the access to the force plate more difficult and
reducing the mobility in the laboratory. Compaction by manual rolling will not be
suitable and a mechanical press would need to be used to achieve an even
compaction throughout the whole tray, increasing cost and making the process
of incorporating and sustaining turf in a biomechanics laboratory environment
potentially more complex and more time consuming.

In this study, human-surface interaction was assessed using laboratory-based
natural turf surfaces. The reasons explained above demonstrate the difficulty of
introducing natural turf in a laboratory environment. Moreover, sustaining
natural turf growth in a laboratory environment is complicated due to the
reduced capacity for natural turf to survive indoors away from fresh air and
direct sunlight. When using a portable surface system it is very difficult to
replicate a field conditions for anything but sand-based pitches as the real soil
structural units (the soil aggregates) cannot be mimicked for such limited depths
and settling times. It would be better to test outside the laboratory using field-
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based natural turf surfaces which represent a more sensible approach to the
problem of assessing human-natural surface interaction. An outdoor approach
would allow reconstructing natural game-play movements together a greater
degree of freedom of movement. In this sense, it is recommended that the
bigger containers described above are used for outdoor biomechanical testing
as an existing sports field could be difficult to control in terms of soil properties.

The motion analysis hardware used in this experiment is based on infra-red
technology which limits its capability outdoors due to reflections and lighting.
An alternative method to collect 3D motion in outdoor conditions could use high
sampling rate digital cameras (Carré and Kirk, 2007). To avoid manual digitising
and making use of image analysis techniques, similar identification and tracking
algorithms of anatomical markers to those used by conventional motion analysis
systems could be designed in a commercial software package such as
MATLAB to determine kinematic data in three dimensions.

The pressure insole devices are portable and can be used either in or outside of
the laboratory. This study has shown the ability of such devices to detect subtle
changes in pressures under the foot in response to variations in natural turf
mechanical properties and player running behaviour. If synchronised force data
in three dimensions needs to be determined, a device capable of measuring the
other two horizontal orthogonal components, which the insole system cannot
account for, would be necessary. There are commercial portable platforms for
force and timing measurements such as the Accupower (AMTI, Watertown,
Massachusetts) that have been proved to be valid and reliable (Walsh et al.,
2006) that could probably be installed in an outdoor natural turf runway to give a
more complete representation of player behaviour.

5.4.2. Research limitations from the mechanical study

Despite the fact that significant differences between surfaces were not
determined using such portable mechanical devices, the theta probe and the
Clegg Impact Hammer (CIH) used during the biomechanical testing provided
useful information to control the state of the NTP at all times and are
recommended in any further research on NTP. The different textures and
densities selected suggested surfaces would have different mechanical
behaviours (cushioning and frictional properties) for the variety of natural turf
conditions tested, however it is uncertain whether those mechanical differences
were too small to be detected using the CIH as it is was found out with player
kinematics.

The devices were limited for assessing the mechanical properties of the range
of NTPs within the experiment. The Clegg Impact Hammer (0.5 kg) could have
been too light to penetrate the turf and soil and so could be influenced more by
the grass than the soil and so that could explain why the greater differences
expected from a soil texture point of view were not detected. It is suggested that
the use of a heavier hammer (2.25 kg) could be more suitable to determine the
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soil-turf matrix hardness without causing too much damage to the surface. The
lack of a smooth surface was seen to produce inconsistent data from the Clegg
hammer in the study of turning movements and so it is not recommended its
use in this case without modification of the device.

The shear vane device used to measure shear strength suffered from the depth
limitation of the portable system selected to build the turf runways. The
compaction of the surfaces over time reduced the soil volume available for the
correct operation of the vane, which needs to be inserted in the soil completely.
It is suggested that unless the depth of the portable system is increased, a soil
penetrometer (instead of the shear vane) would provide more accurate shear
strength results, although these are very sensitive to moisture content
(Bachmann et al., 2006). It would also provide information on stud penetration
depth where studded footwear is used. As mentioned in Chapter 3, at the time
of the experiments were performed only the devices used were available for the
project.

The modified dynamic approach developed for determining soil dynamic
stiffness discussed in Chapter 4 was sensible in that it overcame the incapacity
to perform complete dynamic tri-axial testing with the available equipment for
this study. This was due to the water pressure controllers that could not respond
quickly enough to soil dynamic compaction by pumping water to maintain a
constant pressure. The inability to carry out dynamic tri-axial testing prevented
from calculating dynamic shear strength parameters. However, the dynamic uni-
axial compression approach used demonstrated the effect of moisture and
loading rate on stiffness, although peak loading rate was limited by the
maximum axial actuator velocity in the soil mechanics equipment. The
maximum peak loading rates obtained were one order of magnitude below the
actual human loading rate when running which is in the range of 70-80 kN s™.
That rate dependency of soil strength reinforces the importance of determining
the mechanical properties of sports surfaces at the actual strain rates that
players perform in sports. For the purpose of testing with the actual player
loading rates, a 20 Hz machine at least would be required. Such equipment is
rare world-wide and expensive. There are a few extremely expensive devices
capable of simulating this kind of stress/strain dynamic rates on the market, with
operating frequencies of up to 50 Hz, such as the Dynamic Hollow Cylinder
Testing System (GCTS Testing Systems, Tempe, USA). A dynamic tri-axial
approach will enable determination of not only impact cushioning parameters
such the dynamic stiffness but also frictional parameters as a function of shear
strength.

It is recognized that the approach followed in the present study suffers from
border effects that could affect soil lateral free deformation. In this sense, a
larger diameter plastic container would be advisable where possible to allow for
free lateral movement as soil is compacted. Due to time constraints, the effect
of grass rooting on dynamic stiffness could not be tested. It is suggested that
further research introduces grass into the system so that a full description of the
actual soil-turf matrix that makes up an NTP can be determined.
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As proposed in Chapter 3, it is suggested that future work should determine
kinematic human response when performing similar sports movements but with
natural turf surface conditions that range from very wet to very dry sand and
clay conditions. By creating a greater range of hardness or stiffness, it is
hypothesised that kinematic differences would be observed. Such extreme
conditions may introduce practical surface construction issues due to swelling
and shrinking of clay-based surfaces, together with ethical requirements to
ensure the safety of players at all times. By examining the full range of surface
conditions of NTPs, the kinetic (vertical and horizontal) and kinematic
differences of human interaction can be determined. If no more significant
differences are found, then there would be more evidence to support the
hypothesis that humans tend to maintain similar kinetic responses and
movement characteristics with changes in natural turf surface, which would in
turn permit the modification of surface mechanical properties of NTPs without
increasing the risk of injuries.
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6. CONCLUSIONS

The aim of the present research project was to increase understanding about
the human-natural turf pitch (NTP) interaction. To achieve this aim, four key
objectives were stated in Chapter 1. The following conclusions are aligned with
those objectives:

1.

Two natural sports surfaces, a high sand content rootzone material used
in the construction of natural winter sports surfaces as modern elite sand
construction soccer pitches, and a clay loam used in the construction of
elite cricket pitches and similar to many local authority winter sports
surfaces, were successfully reproduced using a portable pitch system
and tested in the biomechanical laboratory to study the effect that
changes in natural turf has on the performance of human participants
when performing typical running and turning sports movements.

The stresses applied by nine participants and the human body geometry
revealed changes for running on the above mentioned natural sports
surfaces.

a. Two subgroups within the nine participants were identified using k-
means cluster analysis.

b. Significantly greater (p < 0.05, n = 8) kinetic values for peak
vertical rate-of-loading (dF,™®*) and peak pressure rate-of-loading
(dP™) were measured for Subgroup A running on the sand-
based (153.18 + 7.17 BW s™, 0.78 + 0.06 BW mm?s™") compared
to the clay-based NTP (125.05 + 6.49 BW s, 0.61 + 0.06 BW
mm™ s). The change measured in the previous variables for
Subgroup B was non-significant with the change in surface.

c. Subgroup B yielded significantly lower (p < 0.05, n = 8) initial
ankle joint angles (a') compared to Subgroup A which revealed
they were running flat-footed compared to Subgroup A who were
running heel-toe.

d. Although kinetic and kinematic differences between player
subgroups were determined, there was no kinematic evidence that
different subgroups modified their running behaviour based on the
surface they performed on. This suggests that either players
prefer to maintain similar leg geometries and stiffness when
running on a variety of NTPs or alternatively, that the mechanical
properties of the surfaces selected for the research may not have
been sufficiently different to cause changes in player response
during running.
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In the same study, no significant kinetic differences were
determined for the specific turning movement studied.

3. The effect of moisture, density and grass rooting on the elastic moduli
and the shear strength of the soil materials studied in the above
mentioned natural sports surfaces were determined using quasi-static tri-
axial compression.

a.

In general, the values of the mechanical parameters such as the
bulk, Young’s and shear modulus of both soil types increased
significantly (p < 0.05) with increasing the bulk density.

The clay-based soil presented a more acute change in mechanical
properties with moisture content.

Quasi-static stiffness of the sand soil followed a negative-
quadratic model shape behaviour with moisture, presenting the
maximum stiffness at an optimum moisture content, as a result of
the cohesion that water adds to the material.

The Mohr-Coulomb strength analysis revealed greater frictional
components for the sand whereas greater cohesive components
were determined for the clay-based material.

4. Dynamic soil behaviour was studied to determine material stiffness
evaluated in response to the applied stress from the human participant
over successive passes for running.

a.

The steady-state dynamic stiffnesses (kg"®) measured at the
highest rate-of—loading achievable with the equipment used for the
experiment (6.5 kN s™') one order of magnitude lower than the one
recorded in the biomechanical study, was significantly greater (p <
0.001) for the sand-based soil (84.4 + 0.9 MN s™) than for the
clay-based soil (33.5 + 0.2 MN s”) as a result of a larger
deformation of the clay-based material within the normal moisture
content range for sports such as football.

The stiffness was significantly increased with greater rates of
loading for all the conditions, as the stress is applied more quickly
to the soil, the time to deform reduces and the overall soil strength
increases as a result.

The dynamic results highlight the importance of the elastic-plastic
behaviour of soils (or the soil-turf matrix) and the difference in
dynamic mechanical behaviour between soil types. The plastic
component of soils, or the soil-turf matrix, increases the contact
time between the human and the surface (or the ball and the
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surface), reducing the peak impact loads on the body (or
moderating ball rebound behaviour).

The elastic component is essential for energy return to the player
(or ball) and for resilience or recovery of the grass-soil matrix
material. A high sand content surface, unlike a high clay surface,
will present a greater intrinsic stiffness that implies an increased
elastic behaviour that should benefit sport performance (within
limits). In turn, a reduced plastic deformation could imply greater
peak load being transferred to the players and so it may imply a
greater risk of injury.

Therefore, the present study furthers the understanding of how
visco-plastic soil behaviour affects the player-surface interaction in
sport and will inform engineering and management of how a
biomechanical and mechanical integrated approach is the way
forward to improve natural turf sports surfaces for greater
sustainability, maximum usage at minimum risk of injury.
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Contact :

DR IAIN JAMES
LECTURER IN APPLIED
SOIL SCIENCE NSRI
CRANFIELD UNIVERSITY
SILSOE

BEDFOERD MEK45 4DT

Tel - 01525 863037

G147

Client -

Please quote the above code for all enguiries

Sample Matrix

. Agricultural Soil

Card Number

Lakoratory Reference

06626/06

Date Received
Date Reported

24-Apr-06
28-Apr-06

Samples will be stored unhil 24-MAY-2006

SOIL ANALYSIS REPORT

Field Details Index mag/l (Available)
Laboratory
Sample Mame or 0.5, Reference Soil
Reference | No. with Cropping Details pu | P K Mg P K Mg
C
v}
27922006 | 1 78| 4 3 3 |492 367 142
No cropping details given
27923106 2 R
93 , _ o 72| 1 0 0 122 17 13
No cropping details given
o s
27824106 13 _ o 78| 3 2+ 3 |328 234 109
No cropping details given
if general fertiiiser and lime recommendations have been requested, these are given on the following sheets.
The analytical methods used are as described in DEFRA Reference Book 427
The index values are defermined from the DEFRA Fertiliser Recommendafions RB209 7ih Edition (Appendix 4).
Fa .
V Castle 28/04/06

Released by ... 0 e

g
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MICRO NUTRIENT REPORT

DATE 18th April 2006

SAMPLES FROM

INIVERSITY

DF. [AIN JAMES
LECTURER IN APPLIED
SOIL SCIENCE NSEI

CEANFIELD UNIVERSITY

SILSOE

BEDFORD ME45 4DT
Tel: 01525 863037

Fax: 01325 863366

Report reference - 06626/27922/06-1 Field Name : C Field Size :
Crop : S0il Type: Medium ScilpH: 7.8
+ Very r 3 Norms Becoming
COPPER Result Lo Low Risk Normal Prcosains
EDIA Extractable Copper mg/1 6.8 “

- Very 7 ol I Becoming
BORON Result Low Low Rizk Normal Encessive
Hot Water Soluble Boron mg1 1.7 q

o Very . s Norms Becoming
ZINC Result Lo Low Rizk Nermal Excessive
EDTA Extractable Zinc mgA 8.4 *

organic manure applications.

Comiments - High available zinc levels in soil can ocowr naturally or may be as a result of sludge, sluory or
manure applications year on vear. The soil should be tested for the total zince level (and any
other potentially toxic heavy metals) to check that levels have not become excessive due to

Very Low Risk

120

T I Becoming
IRON Result Low Nermal Excessive
DPTA Extractable Iron mgd 82.7 “

A AT A Very . s Norma 1g]
ORGANIC MATTER Eesult Low Low Busk Normal Hish
Ovganic Matter (TWet Oxtdation) % 28 —

Report continued......
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MICRO NUTRIENT REPORT

DF. IAIN JAMES
LECTUREER. IN APPLIED
SOIL SCIENCE NSEI
CERANFIELD UNIVERSITY
SILSOE

BEDFORD ME45 4DT

Tel: 01525 863037

Fax: 01525 863366

Report reference - 06626/27922/06-2 Field Name: C Field Size :

Crop :

So1l Type . Medium SoalpH: 7.8

SULPHATE

Result Very Low Risk Normal | Becoming
Low Excessive

Coniments .

Available (Phosphate Buffer Soluble} Sulphate mg/1 3099 *

Plants absorb sulphur as the sulphate ion. Sulphates are not retained in the seil. to any great

extent, they are soluble and tend to move with the soil water and are readily leached by lugh
rainfall or irrigation. This is particularly true for low capacity (sandy) soils. Sulphur behaves

very much like nitrogen. the largest pool of sulphur is contained within the organic matter. The
sulphate sulphur becomes available to the plant via bacterial breakdown of the organic matter,
atmospheric sulphur and other forms of reduced sulphur. Intensification of agriculture, improved
crop varieties, the use of sulphur free fertilisers and control of atmesphene pollution have
aggravated the sulphur deficiency problem. In many UK soils, the distribution of sulphate sulphor
may not be consistent throughout the soil profile. A profile test down to 9em should be considered
before using the soil test levels alone to caleulate fertiliser sulphur requirements. If the soil

has relatively high sulphur levels at lower depths, the amounts can be reduced. The best method of
building soil sulphur reserves is by adding organic materials and maintaiming an adegquate organic
matter content. Where satisfactory organic sulphur reserves cannot be maintained, certain
fertilisers or amendments have to be used to supply the crop with its sulphur requirement.

MANGANESE

Result Very Low Risk Normal | Becoming
Low Excessive

Coniments .

DPTA Extractable Manganese mg/l 6.0 ]

Some soils are naturally low in manganese. However, the availability of manganese may be reduced
due to high seil pH (7.0 or above). very high or very low organic matter content, wet and/or

poorly drained soil or a combination of these factors. Manganese 1s the most common trace element
deficiency in UK field crops. Manganese deficiency is common but generally not severe on this type
of so1l and is usually associated with a high soil pH. Over liming is often the cause of induced
manganese deficiency and symptoms may disappear after a rainfall. Beans, Oats, Onions, Wheat, Peas.
Potatoes and Oilseed Rape respond well to applications of manganese when deficient.
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SAMPLES FROM

DFE. IAIN JAMES
LECTURER IN AFPLIED
SOIL SCIENCE NSRI
CRANFIELD UNIVERSITY
SILSOE

BEDFORD ME45 4DT

Tel: 01525 863037

Fax: 01325 863366

Feport reference ©  06626/27923/06-2 Field Name: R Field Size -
Crop : Soil Type:  Medium SeilpH: 7.2
g Very r I Becoming
COPPER Result 1oy Low Risk Normal TororE
EDTA Extractable Copper mg/1 1.0 ]

Comments . Deficient soil copper status. Treatment recommended either as foliar spray or seil application for
cereals and break crops.
- Very . I Becoming
BORON Result Low Low Risk Nermal | gEE2000E
Hot Water Soluble Boron mg/1 0.3 |

Comments -

Comments . Low soil boron status. Treatment recommended either as foliar spray or soil application for cereals
and break crops.
T Very r I Becoming
ZINC Result 1o Low Risk Normal pocomiTe
EDTA Extractable Zinc mg1 1.9 —

Zine deficiency in UK soils is fanrly uncommon. Symptoms may be seen if the spring growing

condittons are cool and wet. However, crops sensttive to zine will require erther a foliar spray or
o1l application when the so1l level is low. Beans, Maize, Fruit Trees (Apples) and Onions have a
high response to zine. Root Crops (including Potatces and Sugar Beet), Barley, Strawberries and
Tomatoes may be responsive to zinc under certain conditions.

IRON

Result Very Low Risk
Low

Becoming

Normal
Excessive

DPTA Extractable Iren mg/1

4

h

9

I
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SAMPLES FROM

DF. IAIN JAMES
LECTURER IN APPLIED
SOIL SCIENCE NSEI
CEANFIELD UNIVERSITY
SILSOE

BEDFORD MEK45 4DT

Tel: 01525 863037

Fax: 01525 863166

Report reference - 06626/27923/06-3 Field Name :

Crop : Soil Type :

ORGANIC MATTER

R Field Size -
Medium SeilpH: 7.2
Result Very Low Risk Normal High
Low

Organic Matter (Wet Oxidation) %

T

3 B Very r 3 I Becoming
SULPHATE Result A Low Risk Normal Fotnesme
Available (Plosphate Buffer Soluble} Sulphate mgA 577.7 “

TANC AN Very . 5 Morms Becoming
MANGANESE Result Lo Low Risk Normal Excessive
DPTA Extractable Manganese mg/1 1.7 [ ]
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DF. IAIN JAMES
LECTURER IN AFFLIED
SOIL SCIENCE NSRI
CRANFIELD UNIVERSITY

SILSOE

BEDFORD ME45 4DT

Tel: 013235 863037
Fax: 01525 863366

Eeport reference - 06626/27924/06-3 Field Name : 8§ Field Size -
Crop : So1l Type:  Medium SoillpH: 7.8
+ Very r s Norms Becoming
COPPER Result 1oy Low Bisk Normal Eocoine
EDIA Extractable Copper mg/1 4.9 *
BORON Result ‘LEE‘ Low Risk Normal Eiggg;iﬂg
Hot Warter Soluble Boron mg/ 1.2 —

T Very 7 = Normsa Becoming
ZINC Result Loy Low Risk Nommal | 2ecomung
EDIA Extractable Zinc mg/1 29 —

Comments . Zinc deficiency in UK soils is fairly uncommon. Symptoms may be seen if the spring growing

conditions are cocl and wet. However, crops sensitive to zinc will require either a foliar spray or
soil application when the sodl level is low. Beans, Maize, Fruit Trees (Apples) and Onions have a
high response to zinc. Foot Crops (including Potatces and Sugar Beet), Barley, Strawberries and
Tomatoes may be responsive to zine under certain conditions.

T Very P sl Norms Becoming
IRON Result Low Low Risk Normal Excossive
DPTA Extractable Iron mg/ 61.6 q

A NTC AT Very r 3 N 2 i
ORGANIC MATTER Result 1o Low Risk Normal High
Orgamc Matter (Wet Oadation) % 2.0 —
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SAMPLES FROM SOIL SCIENCE NSEI
CRANFIELD UNIVERSITY

SILSOE

BEDFORD ME435 4DT
Tel: 01525 863037
Fax: 01525 863366

Eeport reference - 06626/27924/06-4 Field Name: S Field Size -
Crop : Soil Type :  Medium SamlpH: 7.8

% B Very . s Norms Becoming
SULPHATE Result Low Low Risk Normal Excessive
Available (Phosphate Buffer Soluble) Sulphate mg/1 85.6 *

TANC AN Very ' s I Becoming
MANGANESE Result He Low Risk Normal Focoaive
DPTA Extractable Manganese mg/1 9.8 —
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CRANFIELD UNIVERSITY
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Tel: 01525 863037
Fax: 01525 863366

Recommendations

Field Name P Additional

Field Size ) e — MNotes

Lab Mo, Soil Type Last Crop Next Crop [P ,05( K50 [ MgO

el Gocd P status.

027522

B Potassium dsficiency may limit crop performance.
Fhosphate status low - additional nutrient
raquired. Apply fertiliser to seedbsd to help
establishment. Apply a magnesium fartiliser to

027523 correct Mg deficiency. Copper deficiency. Zoil is
daficient of boron. Use boron cnly on sensiktive
CICPS .

8

027524

Fertiliser recommendaticns are based on DEFRA RB208 (Seventh Edition - 2000) .

If a mnutrient is deficient and no recommendation

is given, either no recommendaticn is glwven in RB208 or we hawve insufficient data to give a recommendaticn.
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9. APPENDIX B: Flow diagrams for MATLAB scripts

Flow diagram for the image analysis subroutine (Digimatic.m) developed in

MATLAB to digitize footprint profiles. X and Y represent the location coordinates
within the image.

RGB
Image

Digimatic.m

A

Pixel 0 Xi=X;
value Yi=Y;i+1

\4

Store
Xi, Yi

A

\ 4

Plot digitized
Profile

Integrate
Deformation
Area
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Flow diagram for insole pressure data analysis. It includes the following
subroutines: Insole.m and insoleLR. F, A and P represent the force, contact
area, pressure and number of activated force transducer as a function of time (t)
for a right single footstep, respectively. There are 4 transducers per cm?. The
subscripts T, R and F refer to the total, rear and fore right foot.

Insole Data

.

16 30 16 30 16 20
FT(t): Xjj ] FR(t)=zzxij 1 FF(t)=szij
i=1 j=1 i=1 j=20 i=1 j=1
v v v
16 16
N (t):ij ii?Xij #0 N (t ):i:1 i=28xij #0 N* (t):i:1 Ji?xii #0

y

Ar s (1) = 0.25NT5F (1)

y

B FT,R,F (t)
PT,R,F (t) - AT,R,F (t)

InsoleLR.m
T,RF \Max T,RF \MaX
dFmaXT,R_F (t):(dth j deaXT,R,F (t):(dpdt ]
v
Plot
FI(1), FX(1), F'(t)
A'(0), A%, A(D)
P'(1), PX(1), P'(t)
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10. APPENDIX C: Clegg Impact Hammer Calibration

Certificate

(0) -
SDi’ SIMON DEAKIN INSTRUMENTATION

P.O. Box 2481, TROWBRIDGE, WILTSHIRE, BA14 9Y) ENGLAND
l'elephone +44 (0}1225 355169 Fax +44 (071225 355893

e-mail: simon@sdinstrumentation freeserve.co.uk

web site: www sdinst.com VAT Reg. No. 713 3905 52

CLEGG IMPACT SOIL TESTER

Test and Calibration Certificate

SerialNo 90973  Type CST/R82 Date 3./5/35_

The above Clegg Impact Soil Tester was tested and calibrated using an electronic
Calibration Unit set to generate an output charge pulse equivalent to 200 gravities.

The Clegg Impuct Soil Tester was calibrated to give a reading of 200 gra vities.

The performance of the Tester was checked by dropping the 0.5 Kg hammer weight
through the guide twbe. The 0.5 Kg weight was positioned such that the raised section of the
weight was flush with the top of the guide tube. The weight was allowed to Sree-full onto a
fabric tile to simulate a sports turf surface and the readings tabulated below were recorded.

Drop No [ Gravity Reading Drop No Gravity Reading I
1 /67 6 B
2 69 7 (23
3 [3H 8 [F2
i I3 9 (63
5 169 10 A

Signed for and on behalf of -

/
5
&5 =

SI)] SIMON DEAKIN INSTRUMENTATION

Calibration Valid Until : _~= /f’{fx_’."/" 5
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11. APPENDIX D

Before clustering players into subgroups, the ANOVA (p < 0.05) showed no
showed no significant differences for running between conditions in terms of
pressure.

Kinetic variables SS df MS SS df MS F p
F,"® (BW) 0.00 1 0.00 5.15 151 0.03 0.0009 0.9756
t_ F,"¥(s) 3279.25 1 3279.25 287684.25 151 1905.19 1.7212 0.1915
dF,™™ (BW s'1)* 6645.93 1 6645.93 446044.23 151 2953.94 2.2499 0.1357
t_dF,"™ (s)* 1850 1 1850 31357.03 151 207.66 0.0891 0.7657
A™ (mm?) 84.32 1 84.32 11466.21 151 7594 1.1105 0.2937
A (mm?) 4232 1 4232 5209.96 151 3450 1.2265 0.2698
P™* (BW mm™) 0.01 1 0.01 0.79 151 0.01 1.3342 0.2499
t P (s) 4904.10 1 4904.10 468181.44 151 3100.54 1.5817 0.2105
dP™ (BW mm?s™)* 0.00 1 0.00 0.00 151 0.00 1.2531 0.2647
t dP™® (s)* 152.11 1 152.11 198267.66 151 1313.03 0.1158 0.7341
PR (BW mm‘z) 0.00 1 0.00 0.62 151 0.00 0.0036 0.9522
t_ PR™(s) 4588.86 1 4588.86 183733.70 151 1216.78 3.7713 0.0540
dPR™ (BW mm?s™)* 0.00 1 0.00 0.00 151  0.00 0.0677 0.7951
t_dPR™™ (s)* 1057.02 1 1057.02 29530.95 151 195.57 5.4048 0.0814
P" (BW mm™) 0.01 1 0.01 0.72 151  0.00 2.0444 0.1548
t P (s) 1382.91 1 1382.91 95512.67 151 632.53 2.1863 0.1413
dP™ (BW mm?2s™y* 0.00 1 0.00 0.01 151  0.00 0.0242 0.8766
t_dPE" (s)* 80.89 1 80.89 144690.77 151 958.22 0.0844 0.7718
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12. APPENDIX E: Copies of Papers Published from
this project

Beprinted from: The Engineering of Sport &, Violume 3: Developments for Innovation. E F
Moritz & 5 Haake (Eds.), 2004, Springer, NY, USA ISBN-10: 0-387-34680-3, p 235-260

An initial investigation of human-natural turf interaction
in the laboratory

Victoria H. Stiles', Sharon J. Dizon' and Iain T. James®

1 University af Exeter, UK, v.bstilesghexeter.acuk
1 Cranfield University, UK

Absiract. It is essentfial to provide hizh guality, safe and affordable sports surfaces in
order to attzin the bealth and social benefits from sports participation. Investment,
construction and research imto artificial sports surfaces have increased to meet this
provision {Eolitzns, 1894; Migg & Yeadon, 1987). Full provision cannot be met
without natural tarf surfaces, which also have an important role 85 greenspaces in the
Trmilt environment. For improved access to sports facilities, there needs to be a sig-
nificant inyprovement m the durability of natural torf surfaces and thus greater nnder-
standing, of the human-nataral sports surface interaction. Fesearch into human mper-
action with natural surfaces is complicated by ntegrating nataral soil media and
snstainmg tarf zrowth m the laboratory environment  This study describes and pro-
vides data on methodelozy incorporatng the biomechamical assessment of natral
turf in the laboratory. Practicalities of using namral nurf in the laboratory were over-
come by using 10 portable plastc ways (0.57 mx 0.38 m x 0208 m), torfed with
ryegrass in a sand rootzone. Trays were positioned lengthoarays i the laboratory on
non-slip matting {§ mm thick) to form a continuous moway and cover the force plate
(AMTI, 960Hz). Ground reaction force (GRF) data were collected from two sub-
Jjects wearing football boots (artificial turfhard pitch desizn) for moning, tuming,
and accelerstion from rest. Dlean GFF values compared well with the range of mag-
nitudes presented in the literanure for similar movements (Smcke, Bandms &
Baumann, 1984; Mumro, Miller and Fuglevand, 1987; Miller, 1900} demonstrating
that the incorporaton of natural tuorf m the laborstory environment has been achieved
successfully. Compared to running (subject 1, -0.41 20.06 BW; subject 2, -0.34 -
+0.04 BW), peak horizomtal force increased for noming (subject 1, -0.50 10.06 BW,;
subject 2, -0.90 20,01 BW) and accelerating from rest (subject 1, -0.52 20,05 BW;
subject 2, -0.44 £0.09 BW), reflecting greater braking and propulsive requirements
for the respective movements for both subjects. Peak wertical impact forces were
186 BW (£0.24) and 2.01 BW (10.26) for subjects 1 and 2 respectively during mn-
ning and 1.40 BW (+0.02) and 2_57 BW (#0.37) respectively during taming. To
improve uman-namral tuof interaction, future smdies will assess nmiltple subjects,
movements, faotwear and 3 range of natural nof conditions using the methodology
developed here.
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1 Introduction

documented (Deparment of Health, 2004). Affordable, safe and appropriste sports
faciliies make an important confribution to the promotion and sttainment of a
healthy nation Participation in traditional sports such as hockey, foothall, tennis,
mghy, cricket and lacrosse at school, chab or elite level provide competitiive opporin-
nifies to resp the health and social benefits of sports participation. These opporiumd-
ties are nuach enhameced if the condition and provision of sports surfaces is appropri-
ate.

Increased nse of antificial surfaces in sport, particularly in tennis, hockey and to
some extent football, has provided an all year round playving surface. Armfical sur-
faces are also less affected by adverse weather conditdons, can require lower levels of
maintenance and provide a smaller and more cost-effective facility tolerating regular
mmilti-sport nse compared to 2 natural surface (Folitzus, 1984; Nizz & Yeadon,
1987; Cox, 2004). A patural sports surface is highly mfluenced by changes n the
weather, does not tolerate 3 frequent nmlt-sport usage (problems of wear and degra-
dation) and requires a larger area of ground to rotate pitch nse. Artificial sports sur-
faces have made an important contribution to the provision of finctional sports sur-
faces and increased sport participation. Howewver the importance of maintaining
natural tarf sports surfaces is two-fold: it 1s cracial to protect greenspaces and play-
ing fields in the built environment and to maintain the findamental playing charac-
teristics of sports such as foothall, mzby, zolf cncket and lacrosse.

Muodification of hockey pitches that started in the 197075 from natural turf to
artificial turf surfaces resulted i certzin playing skill adaptations with a loss of some
surface-related skills and an enhancement of other skills together with a faster-paced
zame (Spencer, Lawrence, Fechichi, Bishop, Dawson and Goodman, 2004). Howr-
ever, sports such as football are more reluctant to adapt the characteristics of their
zame to an artficial furf unless the surface allows complete replication of the charac-
teristics of play (UEFA, 2005). The change in playing characteristics and reluctance
encmmtered when switching from a tradinonal natural turf surface to armficial mrf
highlights the importance of mamtaming the availability of natoral turf sports sur-
faces. However, advancement in the constraction and sustamability of natural sports
surfaces is required if their provision is to be maintained for training and competitive
nse I sparts.

There is a scarcity of research incorporating namral soil media mto the biome-
chanics laboratory due o the logistical complications of inteprating and sustaining
mrfgmmhmanm—umralemrnumm This fact is highlizhted i a study that
assessed smdded footwear desizned for use on grass with participants performing on
arﬁ.ﬁ.ciulsu:faﬂsinalsl}wmyﬂﬂumg&]uhm!ﬂﬂll However, analysis of
natural tarf surfaces has been performed m the field to assess grip performance while
performing cufting manoeuvtes (Coyles, Lake & Patrit, 1998). Plantar pressures
hawe alsp been assessed during soccer-specific movements in the field (Eils, Smeyl,
Linnenbecker, Thorwestemn, Volker & Fosenbaum, 2004). However, the incorpora-
tion of nataral tarf in the laboratory is required m order to utilize biomechanical
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equipment that is either too sensitive or practically mappropriate to be nsed n an
outdoor environment

Advancement of natural sports of engineering requires increased umderstanding
of how turf responds to variations in hnman movement, ideally sports specific move-
ment Biomechanical assessment is required to provide input characteristcs regard-
ing the loading of naural mrf The first step in achieving the overall aim of a bio-
mechanical analysis of sports specific movements on natoral narf in the laboratory is
to incorporate nanmal turf in the laboratory and collect initial data. The present study
describes and provides data on methodology incorporating the biomechanical as-
sessment of natural turf in the laboratory enviTomment.

2 Methods

Ten portable plastic mays (0.57 m x 038 m x 0.08 m) were mrfed with ryegrassin a
sand rootzone (Fiz. 1), Trays were positioned lengthways in the laboratory on non-
slip matting (§ mm thick) to form 2 contimoons numway and cover a force plate
(AMTIL, Massachmssets, 860 Hz). One tray was used to cover the force plate (force
plate ray). All trays remained in place for the entire data collection period. A sur-
rounding supportive nuway of mibber matting and foam covered with an acrylic top-
surface was constructed on either side of the nurf runway for the safety of partici-
pants. Figure 2 illnstrates the laboratory lay-ont. Figure 3 presents a detailed pichare
of the leboratory set-up.

Omne female (Subject 1, 51) weighing 745 N and one male (Subject 2, 52) subject
weighing 824 M both wearing foothall boots (size 10) of an artificisl’hard pitch de-
sign performed football specific movements slong the nanral murf ronway in the
laboratory. Ten mnning trisls at a speed of 3.83 m.s™ (£5%) were performed by
each subject Contact with the force plate was made with the nght foot A second
movement involving mming, was perfonmed on the force plate with the subject exit-
The third movement required the subject to start on the force plate and accelerate
from rest using their preferred posh-off leg. Three taming and accelerating from rest
trials were performed by 51. Three tuming trisls and ten accelerating from rest trials
were performed by 52. Approval for the collection of data from bumsan participants
was obmined from the School of Sport and Health Sciences, University of Exeter
Erhics Committes.

A right-footed step was analysed for both the ronning snd taming moverments,
Push-off during the accelerating from rest movement was analysad from the appro-
prizte leg. Ground reaction force data (GBF) from the AMTI force plate (960 Hz)
‘was collected from respective movement steps. In the case of the mnning and tom-
ing manpevres, data were analysed from steps that had been made without evidence
of step alteration in order to meet the force plate. Where subjects failed o make
contact with the plate in a nataral style, data were discarded and the trial recollected.
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Fiz. 2. Labomtary lay-out Fig. 3. Laboratary s=t-up

3 Results
Mean groumd reaction force data for each subject performing each of the spors-

Eﬁm (mnning, oning and accelerating from rest) are pressnted in
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Table 1. Mean sroumd reaction force results for subjects 1 and 2.
Tumbarof | Putk Fz | PsakFr | Peak LR, | Avesags | Pazk Fr | Peak by
Triak Tims (BW.s™) LE Tz
(51 (BWs" (5}
Rumming (Peak Fy haorizoztal forca dunn i
51 10 1LE9 003 JETR] 64.83 041 0057
2 | ol 236 | @mran | oo (H0.006)
[ 1o 20 003 17525 §3.57 034 0.033
[E0.26) .01} {+51.63% (21684} {H0L04Y (HLOLT)
'HEE'% ; 1 % TEen E%{] [
.02} eooig) | zee8 1) (£0.08) (HL019)
82 1 257 0043 16993 60.02 -0.50 0051
{£0.33) {0,004 [Eeti i) (+1.57) {50,013 (H0.002)
.W' oz rest (Pask Fy FEMME propulsion)
. i)
(=) {005
[ 1o 145 044
(£0.18) (0,050
4 Discussion

The present smdy collected data from two subjects performing spons specific
movements on 3 natural mrf surface in the laboratory. Peak impact forces found m
the present smdy (1.89 BW and 2.01 BW) compared well to those presented in the
literature. Funning at a speed of 3.75 m s typically yields peak vertical inpact
forces of approctimately 1 .86 BW (Munro et al., 1987). Subjects in the present study
vielded peak horizontal braking forces representing 41% and 34% of their body-
weight, magnimdes that are also supported by values presented in the literature
(Miller, 1990).

In the present smdy although a fewer number of mials were collected for the
tuming movement, subjects yielded hizher magnimdes of pesk braking force duning
tuming (51, -0.50 0,06 BW; 52, -0.90 20.01 BW) compared to their rnning step
(51, -0.41 £0.06 BW; -0.34 2004 BW). This expected result reflects a higher brak-
ing force requirement for tming compared to running. It is suggested in the present
and firtore stodies that zroumd reaction force data derived from mming and accelerat-
ing movements may provide useful implications for turf wear and thus ot design in
the funre.

Subjects in the present smdy, when accelerating from rest yielded propulsive
horizontal force components of approcimately half their bodyweight Time histories
in the literature depicting peak horizontal propulsive forces for a similar movement
on cinder and artificial turf surfaces yield higher magnitades of approximately -0.64
BW and -0.79 BW respectively (Smcke et al., 1984). Differences in values yielded
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Biomechanical Response to Variations in Natural
Turf Surfaces during Running and Turning

V.H. Stiles ', S.J. Dixon ', I.N. Guisasola 2 and I.T. James 2

' School of Sport and Health Sciences, University of Exeter, UK
% Cranfield Centre for Sports Surfaces, Cranfield University, UK
V.H.Stiles@exeter.ac.uk

ABSTRACT

The health and social benefits from sports participation are more easily achieved if
sports surface provisions are safe, affordable and of a high quality. Investment,
construction and research into artificial sports surfaces have increased to meet this
provision (Kolitzus, 1984; Nigg & Yeadon, 1987). However, full provision cannot be
met without natural turf surfaces, which also have an important role as green spaces
in the built environment. If natural turf surfaces are to help meet the provision of
sports surfaces in the UK, advancement in the construction and sustainability of
natural turf surface design is required. Despite natural turf being a common playing
surface for popular sports such as soccer, rugby and cricket, few biomechanical
studies have been performed using natural turf conditions. This study describes a
biomechanical approach to investigating human response to changes in natural turf
playing surface. Three different rootzone conditions (clay, sandy and rootzone) were
constructed in portable plastic trays (0.60 m x 0.40 m x 0.08 m) and turfed with
ryegrass. Each turf condition was made up of 45 trays. Trays were positioned in the
laboratory on non-slip matting (6 mm thick) to form a continuous runway and cover
the force plate (AMTI, 960Hz). Ground reaction force (GRF) data were collected
from eight subjects wearing football boots (studded natural turf design) for running
and turning. Mechanical measures of surface hardness (Clegg Hammer) and shear
were taken before and after subject testing. Moisture content was also measured
prior to testing.

Whilst significant differences in peak active force and peak rate of loading across
surface conditions were found during running, ground reaction force parameters
during turning revealed similar rankings of condition as mechanical rankings of
condition using measures of shear. The present study therefore suggests that
turning provides more scope to study the relationship between the mechanical
properties of the turf and biomechanical measures of human response in pursuit of
engineering a more sustainable natural turf sports surface.
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INTRODUCTION

The Department of Health in the United Kingdom recognizes that participation in
sport and exercise activities yields important health and social benefits for the
individual and reduced dependence on community primary care health provisions
(Department of Health, 2004). Promotion and attainment of a healthy nation can be
aided by appropriate sports facilities that are affordable and safe. Benefits to health
and society can be gained via participation in traditional, competitive sports such as
hockey, football, tennis, rugby, cricket and lacrosse at school, club and elite level.
However, it is important that in order for these activities to operate with relative ease,
thus reaping the health advantages, the condition and provision of sports surfaces
are appropriate at a variety of sporting levels.

Sports such as tennis, hockey and to some extent soccer have benefited from
incorporating artificial surfaces into the game as they provide year round playing
opportunity. The influence of adverse weather conditions on a surface’s playing
ability is also less affected when playing on artificial surfaces compared to natural
turf. An artificial turf surface also requires a lower level of maintenance, can be
constructed within a relatively small space and can tolerate regular multi-sport use
compared to a natural turf surface (Kolitzus, 1984; Nigg & Yeadon, 1987: Cox, 2003).
Artificial sports surfaces have made an important contribution to the provision of
functional sports surfaces and increased sport participation. By comparison, a
natural turf surface requires a larger area of ground providing the scope to rotate
pitch usage as a method of surface regeneration, does not withstand the rigors of
frequent multi-sport use and playing properties are considerably influenced by
changes in the weather. There is a need however to continue to develop natural turf
surfaces, the reasons for which are two-fold; the protection of green spaces and
playing fields in the built environment is crucial and the preservation of fundamental
playing characteristics for sports such as soccer, rugby, golf, cricket and lacrosse is
paramount.

It may be considered that the game of hockey has benefited from its move away from
natural turf onto artificial pitches that started in the 1970's. Modification of the hockey
pitch changed the traditional playing characteristics of the game, resulting in certain
surface-related skills being lost, but replaced with heightened reaction and agility
skills encountered as a result of playing on a faster surface (Spencer, Lawrence,
Rechichi, Bishop, Dawson and Goodman, 2004). The move from natural turf
surfaces to artificial surfaces for sports such as soccer appears to be somewhat
more reluctant due to the risk of modifying playing characteristics of the game
(UEFA, 2005). Thus, in order for sports to maintain these playing characteristics,
they must remain on natural turf surfaces, placing a greater demand on natural turf
surface provision. Surface provision for training and competitive use for sports such
as soccer and rugby can only be met if advancement is made in the construction and
sustainability of natural turf surfaces.
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Despite natural turf being a common playing surface for popular sports such as
soccer, rugby and cricket, few biomechanical studies have been performed using
natural turf conditions. It is suggested that logistical complications of incorporating a
natural soil media in the biomechanics laboratory has inhibited progress on
understanding how wear and tear of a natural turf surface is achieved during sporting
activity and how humans respond to changes in natural turf properties from the
biomechanical perspectives of injury and performance. Some analysis of natural turf
properties has been achieved in the field for example during the assessment of
traction performance during cutting manoeuvres (Coyles, Lake & Patritti, 1998) and
plantar pressures underfoot during sports specific movements (Eils, Streyl,
Linnenbecker, Thorwestern, Volker & Rosenbaum, 2004). However, incorporation of
natural turf in the laboratory is important in order to be able to use biomechanical
equipment that is either too sensitive or practically inappropriate to be used in an
outdoor environment. Typical running, turning and accelerating ground reaction force
profiles have previously been derived from subjects performing sports specific
movements on a natural turf surface in the laboratory (Stiles, Dixon & James, 2006).
This work forms an initial benchmark for biomechanical analysis of natural turf
however one that requires further support and validation from more sophisticated
studies. It is suggested by the present paper that advancement in construction and
sustainability aspects of natural turf surface design requires research that uses a
two-pronged approach incorporating assessment of mechanical and biomechanical
properties of the surface using multiple subjects.

Advancement of natural sports turf engineering requires increased understanding of
how turf responds to variations in sports specific human movement. Ground reaction
force data, specifically peak impact force (vertical), peak rate of loading (vertical),
peak active force (vertical), peak braking force (anterior-posterior), peak propulsive
force (anterior-posterior), have been used extensively in biomechanical research to
characterize the ground contact phase during human movement and to monitor
human response to changes in material properties underfoot. Assessment of
mechanical properties of a surface has frequently used devices such as the Clegg
Hammer yielding a measure of ‘peak deceleration (g)' to characterize and monitor
natural surface hardness (Clegg, 1976, Holmes & Bell, 1986). The bulk shear
strength of turf can be quantified using a cruciform Shear Vane, which is used in situ
to measure un-drained shear strength by the rotation of a cruciform vane to soil
failure (1, in kN m?; BS1377-9, 1990). Soil moisture content is a key factor in soil
strength and can be measured using a dielectric probe (e.g. a Theta Probe, Delta-T,
Cambridge) that determines the volume of water per unit volume of soil as a
percentage (vol%), (Gaskin & Miller, 1996).

The present study aimed to reveal how measures of ground reaction force change in
relation to variations in natural turf properties. In addition, the relationship between
biomechanical measures of a surface using human participants and mechanical
measures of natural turf characterization was investigated. It was hypothesized that
a surface with comparatively the highest mechanical hardness, lowest moisture
content and highest shear strength would yield the highest peak impact forces and
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peak rates of loading compared to a turf surface with the lowest mechanical measure
of hardness, moisture content and shear strength.

METHODS

Ten portable plastic trays (0.60 m x 0.40 m x 0.08 m) were turfed with ryegrass in
three different soils of a 0.07 m depth (Table 1). The ‘clay’ condition was typical of
heavy clay football pitches, the high sand ‘rootzone’ condition was typical of modern,
elite natural surfaces and the ‘sandy’ condition provided an intermediate sand-
content condition. Trays were positioned sideways in the biomechanics laboratory
on non-slip matting (6 mm thick) to form a continuous runway of one surface
condition (Figure 1). Within the continuous runway, the tray on the force plate (AMTI,
Massachusetts, 960 Hz) was positioned lengthways with additional trays either side
providing a safe area for subjects to run on. Care was taken to make sure that the
sides of the force plate tray did not overhang the area of the force plate. Trays
containing the other two turf conditions were positioned inside the laboratory at the
same time as the condition constructing the runway and thus being tested. Surface
conditions were rotated during a subject testing session as required to construct the
testing runway. Before testing, the trays of turf located in the laboratory were mowed
to a length of 29 mm.

Table 1. Turf Conditions

Dry Bulk
Density
Clay (%) Silt (%) Sand (%) (ka/m3)
Clay Loam 27 44 29 1294
Sandy Loam 13 28 59 1517
Rootzone 1 1 98 1736 ]

Eight male volunteers were recruited and consented to be participants in the study.
Approval for the collection of data from human participants was obtained from the
School of Sport and Health Sciences, University of Exeter Ethics Committee, Each
participant was either a soccer or rugby player of a university or club standard and
regularly participated in fraining and match playing sessions on a natural turf surface
whilst wearing studded footwear. Participants were assigned standard metal studded
soccer boots in their size with conical stud design (UK sizes, 10, 11 & 12). All
participants wore the same model of boot. Participants were required to visit the
laboratory on two separate occasions to study two different sports specific
movements; running and turning. During a test session, boot-shod participants were
familiarized with the session’s sports specific movement on the runway whilst a spare
tray of turf was positioned on the force plate. For running, a constant speed of 3.83
m.s™ was required between two sets of photocells set 1 m away from the center line
of the force plate (2 m distance between photocell sets). Participants were required
to make a right-footed contact with the force plate during each trial without targeting
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the plate. Where subjects failed to make contact with the plate in a natural style,
data were discarded and the trial recollected.

For turning, participants were required to place their right foot on the force plate at a
90-degree angle to the direction of movement and push off to change direction and
return along their line of entry to their starting position. After familiarization, the
standard turning movement became second nature as participants were asked to
repeatedly perform the movement. Timing gates were not used to monitor entry
speed to the force plate as preliminary tests demonstrated that the photocells beams
were disrupted with quick repetition by arm action during preparation to the turn, the
turn itself and exiting the force plate. A turning trial was considered successful by
two experimenters who subjectively assessed whether there was visual or audio
evidence of changes in the time take to perform the movement, disruption to the step
pattern or whether the expected pattern of metronomic sound created by steps on
the turf was considered irregular.

Ground reaction force data were collected from 10 successful trials for both running
and turning movements for each subject on each type of turf condition (Session 1: 10
running frials on each condition; Session 2: 10 turning trials on each condition: total
of 30 successful frials per session). After 10 trials on one condition, the force plate
tray was removed and preserved for shear strength analysis. Each force plate tray
was therefore unique to a subject and the sports specific movement. If not
considerably damaged, all other trays of turf were kept for future test sessions in
order to create another runway for another subject on another day for one of the
three conditions. All trays of turf were relocated outside overnight and on occasion
rested with appropriate water maintenance for one or two days depending on
laboratory test requirements and obvious turf damage.

Measures of surface hardness (Peak ‘g) using a Clegg Hammer were performed
immediately before and after the subject testing session on the force plate tray.
Three Clegg Hammer test procedures were performed on the test tray in a diagonal
formation; corner one (bottom left), centre, corner two (top right). The mean of the
three tests was taken to represent surface hardness for each tray and was calculated
for each surface condition under each movement. Standard deviations are used to
indicate the reliability of tray hardness within each surface condition. Volumetric soil
moisture content was measured immediately prior to the test session for all trays in
the runway using a Theta Probe. Surface mean soil moisture content was calculated
and was presented for each movement. From these values, the degree of saturation
was calculated as a percentage of the saturation moisture content (maximum volume
of voids in the soil). Shear strength of the force plate tray was quantified prior to and
after the subject testing session using a shear vane inserted to a depth of 33 mm.
Shear strength is presented in kPa. Surface mean soil shear strength is presented
for each movement,
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Group mean ground reaction force data for each movement together with mechanical

test averages are presented in Tables 2 and 3.

Table 2. Running: mechanical and ground reaction force means (*sig p<0.05).
BW = bodyweights, LR = loading rate

Clay Sandy Rootzone

Peak active force 2.53 247 2.50
(BW) *sig (+0.6) (£0.5) (£0.5)
Peak LR 84,67 96.74 101.48 (£23.3)
(BW.s™") *sig (£22.9) (£29.1)
Peak braking force -0.21 -0.22 -0.22
(BW) (£0.07) (+0.09) (+0.08)
Average braking LR 3.81 3.93 3.80
(BW.s™) (£1.3) (£2.5) (£1.0)
Hardness before 59.47 67.13 58.34
(peak g) (£15.91) (£9.086) (15.75)
Hardness after (peak 70.47 72.62 64.30
a) (+13.76) (£11.83) (+9.57)
Difference in +11.00 +549 + 5,96
Hardness
(peak g)
Shear before (kPa) 24.56 23.48 21.74

(+4.98) (£2.01) (+1.16)
Shear after 24,99 25.15 22.32
(kPa) (+4.58) (+2.35) (£2.19)
Difference in Shear +043 +1.67 +0.58
(kPa)
Moisture at time of 30.96 28.67 31.63
testing (vol%) (+3.82) (£2.18) (£3.65)
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Table 3. Turning: mechanical and ground reaction force means. BW =
bodyweights, LR = loading rate

UNIVERSITY

Clay Sandy Rootzone
232 2.25 2.33
Peak impact force (x0.2) (x0.2) (+0.2)
(BW)
Pk LR 110.31 99.57 (+25.0) 97.89 (+16.15)
(BW.s™) (£25.6)
Peak braking force -0.883 -0.887 (+0.07) -0.875 (+0.06)
(BW) (£0.06)
Average braking LR 15.86 15.36 14.13
(BW.s™) (+3.2) (+3.4) (21.8)
61.81 57.38 57.85
Hardness before (£21.33) (£13.53) (+13.36)
(peak g)
Hardness after (peak 73.34 59.47 53.00
g) (+17.18) (+13.08) (£9.12)
Difference in +11.53 +2.09 -4.85
Hardness
(peak g)
Shear before (kPa) 27.53 24 .51 21.66
(+2.74) (+2.44) {+1.29)
Shear after 32.90 28.07 23.61
(kPa) (£3.71) (+2.49) (£2.27)
Difference in Shear +5.37 +3.56 +1.95
(kPa)
Moisture at time of 29.45 30.78 32.06
testing (vol%) (£3.18) (£1.93) (£3.10)
DISCUSSION

The present study collected data from eight subjects performing running and turning
movements on three natural turf surfaces in the laboratory. Turf wear and soil
deformation has been measured using standard techniques for natural turf sports
surfaces (BS EN 12231:2003 & BS EN 14954:2005). During the running trials,
compared to the other two surfaces, the sandy condition was hardest prior to testing.
Peak rate of loading that occurred during the impact phase of ground contact and
thus is used as an indicator of surface cushioning was only second highest on this
surface. Peak rate of loading was significantly lower on the clay surface that
according to mechanical hardness was joint-lowest with the rootzone condition. For
running, peak active force that represents the propulsive phase of ground contact
was significantly higher on clay compared to the other two surfaces.

For turning, the clay surface was hardest compared to the rootzone and sandy

conditions. Little difference was found with changes in condition using peak vertical
impact force or peak vertical rate of loading although peak rate of loading was higher
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on clay compared to sandy and rootzone. Average horizontal rate of loading did
however rank surfaces in a similar manner to rankings derived from measures of
shear before and after subject testing. Shear and average horizontal rate of loading
were lowest for rootzone. The shear value for rootzone indicates a lower resistance
to material failure compared to the other two conditions. Values for shear and
horizontal rate of loading were higher on sandy with clay yielding the highest values.
Correlations (Pearson) however were not significant. Previous research that
incorporated natural turf into the biomechanics laboratory found that larger horizontal
braking forces were yielded for the turning condition compared to running and as
such the turning movement may have implications for turf degradation (Stiles, Dixon
& James, 2006).

CONCLUSIONS

Although in the initial stages, a relationship between turf condition hardness, shear
strength and horizontal rates of loading appears to be apparent in the present study
using the turning movement. Data from the present study demonstrate that changes
in mechanical properties of turf are more apparent using biomechanical methods of
assessment when participants are performing the movement of turning compared to
running. It is therefore suggested that the turning movement provides more scope to
study the relationship between the mechanical properties of turf and biomechanical
measures of human response. Future research will focus on analysing additional
measures of human response using three-dimensional kinematic analysis and
pressure measurements under the foot in pursuit of engineering a more sustainable
natural turf sports surface.
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Abstract: Important health and social benefits can be zained from participation in sports and exercise. Appropriate surface
provision that sids sports participation, camnot be met by artificial surfaces alone — it requires natural nurf surfaces to be
utilised. Considersble improvement in the durability of natuoral oorf surfaces and thus, a greater understanding of the bmen-
namral sports surface interaction is required Ground reaction force data hawve been unsed to help quanafy how noman
participants respond fo changes in namral turf properties during moning snd wming. A kinematic analysis would further this
understanding. This EPSRCTUE funded stody analyses kinematic response to variatons in namral mrf during nanning.  Three
different rootzone conditions (clay, sandy and rootzone) were consmucted in portable plastic ways (0060 m x 040 m x 0.08 m)
and tarfed with ryegrass. Trays were positioned in the lzboratory on non-slip matting (6 mm thick) to form a continnons
munway. Three-dimensional kinematic data (Vicon Peak, mmmmmlmmjmmmmdm“
subjects wearing football boots (studded namral turf desizn) during moning (3.83m.5™"). Group mean das for initial and peak
mezsures (FRLIANOVA, p<0.05). Mechanical measures of surface hardness (Clege Hammer) and shear were taken before and
after subject testing and assessed using 3 paired t-test (p=20.053). Moismre confent was also assessed. Finematic data were
found to be representstive of typical nmning values presented in the literamme. While mechanical messures revealed that
namral mrf conditions were not identdcal changes i surface did mot yield amy significant kinematic differences. The
consistent production of ankle and knee joint kinematics with changes in mechanical surface properties could snggest that
Iamans prefer to maintzin similar geometTies when nimning on a vanety of natral mrf surfaces. Alternatively, the mechanical
properties of the nataral tarf conditions may not have been sufficiently different to elicit changes in laman response during

Tunning.

Key words: kinematics, natural tarf, moning

1- Introduction

‘The World Health Organization (WHO) and Department of Health (DoH) in the United Kimgdoon recognizes that participation
in sport and exercise activides yields important health and social benefits for the individual and reduced dependence on
comnnnity primary care health provisions (WHO, 2003 ; DoH, 2004). Promotion and attainment of a healthy nation can be
udadbyappmpnmspmfm]m&:tmaﬂmhhl&uﬂs&ﬁe Benefits to health and society can be gamed via participation
m tradidonal, competitive sports such as bockey, football, tenmis, mughy, cricket and lacrosse at school, club and elite lewel.
However, it is important that in order for these activities to operate with relative ease, thus reaping the health advantages, the
condition and provision of sports surfaces are appropriate at a varety of sporting levels.

Sports such as tennis, hockey and to some extent soccer have benefited from incorporating artificial surfaces into the game as
they provide year round plaving oppormnity. The influence of adverse weather conditions on 3 surface’s playing ability is also
less affected when plaving on amificial surfaces compared to natral torf  An artificial mrf surface also requires a lower level
of maintensnce, can be constmcted within a relatively small space and can tolerate repular mult-sport use compared o a
natral mrf surface (Eolitzus, 1984; Migg & Yeadon, 1987). Artificial sports surfaces have made an important confribuation to
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the provision of finctional sports surfaces and ncreased sport participatdon. By comparison, a namral tuof surface requires a
larger area of ground providing the scope to rotate pitch usage as a method of surface regeneration, does not withstand the
rigors of frequent nnlt-sport use and playing properties are considerably influenced by changes in the weather. There is a
need bowever to contfioue to develop natural nof surfaces, the reasons for which are two-fold; the protection of green spaces
and playing fields in the bailt environment is ccial and the preservation of fimdamental playing characteristics for sports such
as sprcer, mgby, golf, cricket and lacrosse is paramonnt.

It may be considered that the game of hockey has benefited from its move away from namiral turf onto arificial pitches that
started in the 1970°s. Modification of the bockey pitch chanped the tradifional playing characteristics of the game, resulting in
cemain surface-related skills being lost, but replaced with heightened reaction and agility skills encountersd as a resnlt of
playing on a faster surface (Spencer, Lawrence, Fechichi, Bishop, Dawson and Goodman, 2004). The move from namral turf
surfaces to antificial surfaces for sports such as soccer appears to be somewhat more reluctant due to the risk of modifying
playing characteristics of the game (UEFA, 2005). Thus, in order for sports to maintin these playing characteristics, they
st remnsin on namral mrf surfaces, placing a grester demand on natursl tarf surface provision. Surface provision for waining
and competitive use for sports such as soccer and maghy can only be met if advancement is made in the constmaction and
sustainability of nanral norf surfaces.

Despite nanaral torf being 3 comumon playing surface for popular sports snch as soccer, meby and cricket, few biomechanical
studies have been performed nsing namral twrf conditions. It is suzgested that logistical complications of mcorporating a
namral 50il media in the biomechanics laboratory have inhibited progress on understanding how wear and tear of 3 natral oo
surface is achieved during sporting activity snd bow bomans respond to changes in natoral torf properties from the
biomechanical perspectives of injury and performance. Some analysis of natural turf properties has been achieved in the field
for example during the assessment of traction performance during cutting manewvers (Coyles, Lake & Pamimi, 1998) and
plantar pressures underfoot during sports specific movements (Eils, Smeyl, Linnenbecker, Thorwestern, Volker & Fosenbaum,
2004). However, incorporation of natural fuorf in the laboratory is important in order to be able to use biomechanical
equipment that is either too sensitive or practically inapproprizte to be used in an outdoor enwironment. Typical nmming,
turning and accelerating ground reaction force profiles have previousky been derived from subjects performing sports specific
movements on 3 namral mrf surface in the laboratory (Stiles, Dixon & James, 2004). This work forms an initial benchmark for
biomechsnical analysis of namral nurf however one that requires further support and validston from more sophisticamed
smudies. Fecently, bicmechanical response to varistions in natral morf surface quantified nsing ground reaction force data
derived from multiple participants during muoning and funing in the laboratory has been presented (Stles, Dixon, Guisasola &
James, 2007). Analysis of groumd reaction force data, whilst usefiol, only quantifies one aspect of the human®s complex ahility
o respond to changes in tarf conditon. Mumerous studies have used a kinematic analysis to understand how umans respond
and alter their lower limb peometry when nmning with different mechanical properties of shoes and surfaces underfioot
(Bobbert, Yeadon & Migg, 1902; De Wit, De Clercq & Aerts, 2000 ; Dixon, Collop & Batt, 2000). For example, an increase in
imitial knee flexion (cushioning fleion) during numning has been yielded as 3 compenszatory adjnstment when contacting a
surface with increased stiffness (Bobbert, ef al., 1992). In addidon, a flatter foot (reduced dorsi-flexion) has been observed for
‘barefoot compared with shod nnning. Limited research is awvailsble however that reponts kinematic data for panicipants
manning on natural tarf surfaces. The present study proposes analysis of kinematic response (initial and peak ankle and knee
anples and pesk angular velocities) to varisdons in natral narf during mnning in order fo characterise patems of human
movement when nnning on natoral tarf.  Inital indications of how numans adjust their geometry when ninning on & varety of
namral tarf surfaces can also be smdied

Variations in natoral turf can be constacted wiz modifying the material properties of the rootzone.  Variations in turf
construction in-sim can be quanfified wsing mechanical tests. Assessment of mechanical properties of a surface has frequently
used devices such as the Clegg Hammer yielding a measure of ‘peak deceleration (g)" to characterize and monitor nammral
surface hardness (Clegz, 1978; Holmes & Bell, 1986). The bulk shear strength of murf can be guanfified using a cruciform
Shear Vane, which is used i sifu to messure nn-drained shear strength by the rofation of a cruciform vane to soil failare (T, in
kNm'z,' BS1377-9, 1990). Soil moisture content is a key factor in soil strength and can be measured using a dielectric probe
(e.z. 8 Theta Probe, Delta-T, Cambridze) thar determines the volume of water per unit velume of soil as a percentage (vol%o),
(Gaskin & Miller, 1994).

In keeping with literature evidence regarding changes in the shoe-surface interface, it was hypothesized that the turf condition
with the highest mechanical hardness, lowest moisture content and highest shear sorength would vield increased magnitades of
imitial knee flexion (onshioning flexion) and reduced ankle dorsi-flexion compared to a tarf surface with the lowest mechanical
mezsure of hardness, moisture content and shear soength The additional kinemaric variables of peak knee flexion, peak ankle
angle and peak ankle and knee angmlar welocities are assessed to monitor whether humans move consistently when mnming on
a variety of nataral tarf surfaces in the laboratory.
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2- Methods

Ten portable plastic mays (.60 m x 0.40 m x 0.08 m) were murfed with ryegrass in three different sodls of a 0.07 m depth (Table
1). The ‘clay’ condition was typical of heavy clay foorball pitches, the hizh sand ‘roctzone” condition was typical of modem,
elite namwal surfaces and the “sandy’ condition provided an mtermediste sand-content condition. Trays were positioned
sidewsys in the biomechanics laboratory on non-slip matting (§ mm thick) to form a contimous nmway of one surface
condition (Figure 1). Within the continnous moway, the target way upon which participants were required to confact during
mnning was positioned lengthways with additional ways on either side providing a safe area for subjects to pass over. Trays
containing the other fwo tarf conditions were positoned inside the laboratory at the same time as the condition constructng the
munway and thus being tested Swrface conditions were rotated during a subject testing session as required to constmct the
testing moway. Before testing, the trays of tarf located i the laboratory were mowed to a length of 20 mm.

Dry Bulk

Clay Silt Sand Density

{04) (%4} (%4) (kgm3)
Clay Loam 27 44 29 1204
Sandy Loam 13 28 50 1517
Rootzone 1 1 98 1734

Table 1. Turf Conditions

Start of arf

Targes may

Figure. 1. Laberatory lay-out

Mine male volunteers were recruited and consented to be participants in the study. Approval for the collection of data from
Iaman participants was obtamed from the School of Sport and Health Sciences, University of Exeter Bthics Commirtee Each
‘participant was either a soccer or mghby player of a university or chub standard and regmlarly participated in training and match
playing sessions on 8 natural turf surface whilst wearing stadded footwear. Participants were assigned standard metal smudded
soccer boots in their size (UK sizes, 10, 11 & 12). All participants wore the szme model of boot. Participants were required to
wisit the laboratory on one occasion to complete nmning trizls on all three test surfaces. Chaing a fest session, boot-shod
‘participants were familiarized with the moning movement on the numway whilst a spare tray of turf was positioned in the target
area of the moway. A constant numing speed of 3.83 m s was required between two sets of photocells s=t 1 m away fom the
center line of the target may (2 m distance between photocell sets). Partcipants were required to make a right-footed contact
with the target tray during each wrial without adjnsting their ranning stride and rhythm Starting positions were marked out in
the laboratory during the famdiliarisstion trials fo assist participants in making contact with the ray without adjusting their
mnning action. Where subjects failed to make contact with the target ray in 8 namral style or mn within the specified speed
range, data were discarded and the mial recollected.

Einematic data were collected (Vicon Peak, antomatic, opto-elecironic system 120 Hz) from 10 successful mnoning trals for
each subject on each type of nof condition (fotal of 30 successful mials per session). Afier 10 trials on one condition, the target

may was removed snd preserved for shear swength smalysis. Each target tray was therefore nnique to a subject.  If not
considerably damagzed, all other trays of turf were kept for fomre test sescions in order to create another noway for another
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subject on another day for one of the three conditions. All wrays of furf were relocated ontside overnizht and on occasion rested
with appropriate water maintenance for one or twe days depending on laboratory test requirements and obvious turf damage.
Three dimensional initsl (frame immediately prior to zround contact) and peak ankle and knee joint angles (during stance)
were assessed together with peak joint angular velocities (durmg stance) and respective times of ocoumence relative to the start
ut';g]mmdr_mmcr Kinematic data were fltered nsing a quinfic spline, (Peak Performance default optimal smoothing
tednnqnmng_‘r depree quintic polynomials; Wolming, 1985). A combined and adapted wersion of joint coordinate systems
presented by Soutss-Little, Beavis, Verstraete and Markns, (1987) and Vaughan, Davis and O Connor, (1992) was employed
o0 monitor joint movement at the ankle and knee. Joint angles were referenced to a relaxed standing position. A positive ankle
angle represents dorsi-flexion.

DMeasures of surface hardness (Pesk ‘g") using a Clegg Hammer were performed immediately before and afier the subject
testing session on the target tray. Three Clege Hammer test procedures were performed on the test fray in a diagonal
formation; corner one (bottom left), center, comer two (top right). The mean of the three tests was taken to represent surface
hardness for each way and was calonlated for each surface condition under each movement. Standard devistons are used to
imdicate the religbility of fray hardness within each surface condiion. Vohmmemic soil moistoe comtent was measured
mmediztely prior to the test session for all rays in the monway using a Theta Probe. Surface mesn soil moisture content was
caloulated and was presented for each movement From these vabnes, the degree of saturation was calculsted as 3 percentage
of the sahration moistre content {maximum volume of voids in the soil). Shear strength of the target way was quantfied
prior to and after the subject testing session using a shear vane inserted to a depth of 33 nun.  Shear strengzth is presented in
EkPa. Surface mean soil shear strength is presented for each movement.

3- Results

Group mean data for nine subjects nnning on three different namral mrf surfaces are presented in fable 2 together with
mechanical test resnlts. Inifial ankle and knee joint angles remain st similar magnitdes with changes in surface. Peak ankle
and knee joint angles are also similar across conditions. Ankle range of movement (FOM) appears to be lower on the rootzone
surface compared to the clay condition bowever this difference was not significant (p=0.05). Peak ankle and knee angular
velocities were similar across marf conditions.

IMechanical measares of hardness reveal that the rootzone condition possessed simdlar magnitudes of hardness (5834 peak g,
5.75) compared to the clay condidon (5947 peak g, £15.91) prior o biomechanical testing. However, the rootzone condition
compared to both clay and smdy conditions possessed significantly lower levels of hardness (64.30 peak g, 2967 compared to
7047 peak g £13.76 and 72.52 peak g, £ 11.83 respectively) after parficipant test sessions (p<0.05). Measures of shear
demonstrate that the rootzone conditon consistently possessed lower resistance to shear failure before and afier (significant,
p=20.05) participant fest sessions compared to clay and sandy conditions.
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[ | Clay Sandy | Footzone
Kinematic Data
[ Toinal amkle anzle DX TIE LT
(desz) (5.4 (7.75) [t
Peak amkle angle 1432 1401 1300
(degs) (+5.5) (£5.65) {+8.6)
Peak amkle angle time of 0149 0147 0187
pooumence {5) (.02} (H0.01} (H0.02)
Ankle ROM 13.60 1283 1154
(deg) 3.9 (#3.5) #.0
Tnitial knes angle 1053 10.60 10,89
[dees) {H5.00 {4.8) {41
Peak knee angle 3530 34.86 3462
[desz) {H5.00 (F3.9) {+4.9)
Teak knee angle tme of 015 [IRAE! 0118
pcoumence (3) (.01} (+0.01) {+0.01)
Tonee LOM pLNT] pI s
[desz) 35.5) 5.0 a0
Teak ankle angular velociy 1= I I
(rad.s™ H0.4) (H0.5) (H0.8)
Peak amkle angular velocity 0005 0002 0009
tima of ocoummence (5) (H.011) (0.014) (0.014)
Deak knes angular velociny 534 541 543
(rad.s™ [a ) [EaNi)] {H0.9)
Peak knea angular velociny 0054 01051 0.060
tima of ocourmence (5) (H.017) {0010y (#0.013)
Adechamical Data
3 3047 A 8%
{peak =) (15.91) (+0.06) {+5.75)
Tlardness after o7 TIoE T a0
m (13.76) (z11.83) {+0.57)
0 Hardness RN 340 300
Zl
before BN LY el By
{kPa) (4.08) (+2.01) {+1.16)
Thear atter pEX PER ER ]
{kPa) (H4.58) (+2.35) {+2.19)

Table 2. Kinematic and mechanical mean data (*sig p<0.05 compared to the clay condition)

4- Discussion

The present study collected kinematics data from nine participants performing mnning on three natural torf surfaces in the
‘biomechanics laboratory. Kinematic ninning data from the present sudy demonstrate that typical magnimdes of knee and
ankle warisbles have besn yielded from participants moning on & varety of nanmal torf surfaces im the biomechanics
labaratory. These values compare well to those presented in the nmming literature (Bobbert et al., 1992) and therefore the
dynamics of nmning have been satisfactorily reproduced. Initial indications of how humans adjust their geometry when
mnning on 3 variery of nataral torf surfaces have also been smdied.

Turf wear and soil deformation have been messured using standard techniques for namoal nof spors surfaces (BS EM
12231:2003 & BS EN 14954:2005). During the nmning wials, compared to the other two surfaces, the sandy condition was
hardest prior to and after participant testing. The shear data indicate that the rootzone condition had lower vahaes than the clay
and sandy conditions. Thus there appear to be distinct differences in the mechanical properties of the three torf surfaces.

Despite the differences in mechanical properties, kinematic results indiate similar nmning patterns on the three turf conditions.
Based on the study hypotheses, a greater initial knee flexion and lower ankle dorsi-flexion would be expected on the harder
sandy surface than om the clay or rootzone. However, similar values were observed for these kinemaric variables across all
three surfaces. The consistent production of ankle and knee jont kinematics with changes in mechanical surface properties
could suggest that bumems prefer to maitsm similar geometries when mnning on a varety of namral nof surfaces.
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Alernatively, the mechamical properties of the namral furf conditions may not have been sufficiently different to elicit changes
in human response during mnning.

‘The lack of difference in moning kinematics with changes in turf surface properties does not necessarily indicate that players
will move similarly on different surface types for all movements. For example, tuming or accelerating on the surfaces may
Tequire changes in movement patterns according to the hardness or shear properties of the surfaces. Torning and accelerating
movement tasks that result in 8 change of direction of the performer have been found to yield approximately 4.2 times the
magnimde of peak braking force and 3.8 times the magnimde of horizontal (braking) keading rate compared to when mnning
on natural turf (Seiles et al., 2007). This finding therefore supports the notion that a tuming mancewvre if performed at subject
self selected sub-maximal speeds result in the participant experiencing higher mapnimdes of horizontal loading and rates of
loading compared to running at 3.83 ms™. Compared to mmning, tming imparts grester horizontal forces snd rates of loading
on the tuf thus placing grester reliance on the shear srength properties of the surface m order for the participant to
successfully and consistently perform the mowvement in a stable manmer. Given the ncreased need for the particpant to wilise
mechanical properties of the turf surface when performing a tuming manoeuwTe, it is suggested that this movement would
provide more scope to smdy kinematic measures of homan response with changes in nanmal nurf condition. Future work will
assess kinematic response to different mrf surfaces when performing a mrning movement.

5- Conclusions

A kinematic analysis of nmning on three mechsnically distinct natoral mrf surfaces has revealed that participants maintain
similar ankle and knee joint geometries across all surfaces. Future work will assess kinemstic response when performing a
Turning manoeavre with changes in namural turf condition.
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Absiract

It is well docomented that health and social benefits can be attaimed
through particpation in sport and exerche. Participation, particolady in
aports, benefits from appropdate surface provisons that are safie, affordable
amd high quality preferably across the recreational to elite continuum. In-
vestment, constroction and research into artificial aports swrfaces have in-
creasad to mest this provision. However, not all aports (e.g. golf, rughy and
cricket) are suited to traindng ol match-play on anificial twf withowt com-
promiing some playing characteriities of the games. Therefore, Mull sport
awface provsion canmot be met without the uwe of natwal twrl seface,
which also have an important role 2 green apaces in the huilt envimnment.
Furthe more, a significant number of people paticpate in outdoor sport on
natural turl pitcles, although this iz a dechning trend a3 the number of syn-
thetic twf mfaces increases. Despite natural turl being a common playing
aurface for popular sports swch as soccer, mghy and cricket, few biomeacha-
mcal studies kave been performed wang natural twrl conditions. It & pro-
poaed that if naterm] twrf surfaces are to help mest the provision of aports
aurfaces, advancement in the construction and sustainability of natum] tuf
aurface design & required. The design of a natural turf surface should alao b
informed by knowladge of murface-related overnse injury risk factors.
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This article 1

hanical ing, s0il mechanics, turfgrass

acence, aports madicine and injury-related literature with a view to proposing
a multidisciplinary approach to engineering a more sustainable natuml tuf
aport suface. The present article concludes that an integrated approach in-
corporating an engineering and biomeclanical analyis of the effects of var-
fations in natoral o media on human movement and the effects of vania-
tong in human movement on sateral o is primanly required to address the
loneger- term development of sustainable natural tuel playing sufaces. It also
recommends that the wse of ‘matural twf” a3 2 cateh-all categorization in
injury stwdies masks the spatial and temporal vadation within and among
auch murfaces, which could be important.

The health benefits gained From participation
insport and exercise are well documented -1 Far
example, in the UK, recognizing that “spart
matters’, a detailed action plan was drawn up by
the UK Department for Culture, Media and
SportP] to modernize and integrate the aims of
impkmentation groups (Sport in Edwcation,
Sport in the Community and Sporting Ex-
cellence), to promaote and achisve physical activ-
ity for all® However, the significant henefits for
papulation health from increassd, regular parti-
cipation in sport require provision and access to
community sports Facilities in a number of dif-
ferent environments. In 2008, for the first time,
global whan population will reach 50% and is
predicted to reach 86% in 205009 Consequently,
facilitizs for sport will be subject to increased in-
temsification as land-use pressure ncreases, re-
ducing the area availahle for sports facilities.

It i meognized that participation in sporting
activity can take place on almost any surface and
within a lmited space. Howewer, at the eli-
te/professional and mcereational/community le-
vels within the developed and to some extent the
developing world, a reasonable quality, =safe
sports surface iz desirable. The provision of
quality surfaces iz also likely to encourage parti-
cipation *] The peformance characteristics of a
surface are sport specific and will vary with the
level at which a sport is played. They should al-
low a participant to perform to the best of their
ahility, without an increased risk of suface-related
injury. In addition, high-quality, high-perform ance
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sports surfaces have a direct impact on elite/
professional athlete performance and the status
and individwal rewands this brings. Provision af
such surfaces by the sports industry, sports gov-
erming badiss and national govemments is 2 key
requirement for realizing the benefit to individual
sparts and national morale and esteem from such
FUCOESSEE.

The chalkenge in sparts surface engineering iz
to meet the demand for such surfaces within the
different client expectations and budgets (both
construction and ongoing maintenance) of dif-
ferent sports faciliics. Several studies have llu-
strated, however, the danger of enginesring
sports surfaces on the haszis of surface perfor-
mance and durahility, without consideration of
human interaction. (%]

The majority of studies in this area have been
in relation to synthetic sports surfaces, with the
assumption that natural turf sudfaces are a
benchmark standard for safety. However, devel
opment inthe engineering of natural turf surfaces
Far more intensified use, and wse within enclosad
stadium environments, has resulted in significant
changes in mechanical properties that should naot
be ignored. Furthermaore, the availahility of nat-
ural turf surfaces far a number of sparts at elite
level iz necessary (e.g. golf and cricket) and the
only option in many communities Far the provi-
sion of sports facilities. In rughy wnion, new
gencration long-pik synthetic turf pitches can he
used For international rughy if both teams agree,
under Begulation 22 of the International Bughy
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Board "] To date, this has not taken place and the
current norm is for synthetic surfaces to be used
for elements of training within alite-level rughy
and for natwral turf pitches to be wed for bath
competition and training. The adoption in socosr
iz different, with a number of elite teams in Europe
playing competitive soccer on certified long-
pile synthetic turf and the surface has been wsed
for internations]l Axtures with approval from
Fédération Internationale de Football Associa-
tion (FIFA), the world goveming body Far foothall
(soccer) [l However, the majority of surfaces
for both tmining and competition remainnatural
turf.

The engineering of sports surfaces and the
understanding of surface-related injury requires
an integrated understanding of both surface me-
chanical behaviour and player hiomechanical
behaviowr. This integration is two-way: by im-
proving knowladge of surface effects on players,
the understanding of injury risk can be improved;
likewisz, through an improved characterization
{{ Auwrthor: is this the correct word? Would ‘anal ysis'
he better?)) of human movement and loading on
the surface, surface design and material selection
iz improved. This & critical in the development of
natural turf surfaces that have properties that
wary in space and time. This article considers the
extent of our current understanding and high-
lights where significant contributions are required
in the particular context of natural turf surfaces.

1. Sports Facility Provision: The Role
of Natural Turf

Affordable, safe and appropriate sponts facil-
ities are an important contribution toobtaining a
healthy nation throwgh sport and exercise parti-
cipation " A survey of houscholds in England
performed by *Sport England’ conszidered two
questions: (i) wheme do people participate in spart
for all reasons (2.g. mereation, fimess, competi-
tion); and (i) where do people participate in spart
for competition only? ((Author please confirm
that rewording is ok)) Matural turf surfaces were
impaortant for only thres (soccer, golf and tennis)
of the top ten sports when ranked by participa-
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tion in the 4 weeks prior to the survey (table T).I'
This list & dominated by individual indoor/
home-based sports. Interms of com petitive sport,
however, natural turf was important in five of the
top ten aparts in the same survey (table I).

1.1 Sports Parficipation

Synthetic turf aports surfaces have made an
important contribution to increased opporte-
nities for participation in organized competitive
sparts. Traditional sports such as hockey, snocer,
rughy, tennis, golf and cricket require consider-
able investment (bath financial and spatial) for
surface provision. Traditonally, feld hockey,
soccer and tennis were played on natural tud be-
fare the development of artificial sports surfaces
allowed year-mound playing oppornmity and in
hockey, improved standards of play[*?) The con-
tinuing growth of artificial surfaces in schoal,
community and clubaport i important to provide
a playing surface where performance is less influ-
encad by adverse weather conditions, requims
lower levels of maintenance** ' and provides the
opportunity to make relatively smaller sports
areas mare cost effective due to a higher tolerance
of mgular muli-sport wse. In comparison, a
functional ouwtdoor natural turf environment is
heavily influenced by ssaszonal and day-to-day
weather vafations, intensive maintenancs, drai-
nage, its response to wearl* 13 and the provi-
sion of space to rotate pitch usage as a method af
maintenance, restoration and damage prevention.

Caomparative data Far the costs of maintaining
syntheticand natural turf are limited. However, a
study by MeLeod[' indicated that costs were si-
milar on an *area of pitch’ hasis, but on a ‘per
hour of wse’basiz the cost of maintaining natural
turf was 36-fold greater than synthetic turf, in-
chiding the cost of synthetic turf installation.
Consequently, in some cases, traditional school
playing ficlds have bazn downsized in order to
raise capital for the rebuilding of sponts Facilities
that utilize a synthetic pitch.™ There i a danger,
however, that this approach of selling portions of
the school playing Field in return for constructing
a smaller (but fullsized for competitive spart)
synthetic pitch reduces the area available for
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general play and unorganized sports activity in
schools (Mational Playing Ficlds Association(27),
especially if the acoess to the new synthetic pitch
iz restricted during break and lunch times.

Within the TTE, the maintenancs of a natural
turf sports environment has been highlighted as
impartant for the protection of green spaces and
playing fields for recreational sport in the com-
munity.?! This is a priority for the UK and re-
flects the high wrhan population density and
competition for land in that country and the wr-
ban ecosystems services that natural turf sparts
surfaces can provide. In other countries, prio-
ritizs can he expected to differ depending on
resources (hoth capital and land) and enviran-
mental and participation strategies.

1.2 Replication of Motuml Turf: Faying
Charactedstics and Injury Pottems

The nature and propertics of matural turf are
also fundamental to the playing chameterstics of
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soccer, rughy, golf and cricket. In cricket For ex-
ample, pitch propertics influence the range of
shots played, hall speed after impact with the
surface, the amount of scam movement and hall
spin characteristice ™) While these properties
could be achieved with synthetic surfaces, con-
trolled temporal variations in such properties are
desirable and essential for the game; cricket i a
spart that can end in a dmaw after 45 days aof
play; the likelibood of a positive result (windoss)
iz increased when the deterioration of the pitch
balances the game in favour of the bowler. OF
course if this happens too soon, a 5-day game
can finish prematuely, resulting in lost evenue
from crowds and media coverage. In soocer,
such tempaoral variation and spatial variation is
undesirable and, as 8 comequence, there iz an
increasing wse of sand materials to construct sur-
Faces, with a resultant increase in maintenance
costs for water, nutrients, ete. Another impar-
tant characterstic & the matural temperature
regulation and lubrication of the surface from
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transpiration in the grass plant. Grass plants can
transpire at 110kg [HO)mYhour,* with a la-
tent heat of vaporization of 2.43MTkg at 30°C.

Maodification of hockey pitches that started in
the 197(& from natural turf to artificial turf sur-
faces resulted in certain playing skill adaptations
with a los of some surface-related skilk and an
enhancement of other skillks together with 2 fas-
ter-paced game.[™] The playing characteristics of
haockey therefore changed as a result of the move
from 2 natural turf pitch to artificial surfaces.

The development of modern synthetic turf has
focused on reproducing the playing character-
istics of natural turf. Thizs development srategy
has been mativated by expedences from the in-
troduction of the frst generation of synthetic turf
into soccer in the eady to mid 1980s. The carly
surfaces were characterized by higher stiffiness,
higher sliding friction and greater heat retention
than natural surfaces. Consequently, players ex-
perienced higher hall bounce, faster hall roll, and
significant skin damage and lower limb dis-
comfort. “First generation” describes the early
nylon surfaces of the 1970s characterized by
skin abrasions and excessive traction. Second
generation’ sand-filled swrfaces with a typical
pile length of 22-25mm, are commonly used in
recreational fizld hockey and mult-sport com-
munity facilities, but were deemed unsuitable
for soccer when trialed in the 1980s. FIFA now
permit and actively promote the we of a new
generation of synthetic trf surfaces that meet
new playing standards, commonly termed third
generation’ surfaces '3 These surfaces have in-
creased shock absorbency, longer pile length
(typically 4060 mm) and a rubber granular infill.
However, variations in injury patterns derived
from play on natwral turf and a specific thind-
generation  symthetic turf product (Field Turf
{{ Awthor: does this product require a trademark
or registered mark 7)) polyethylenepalypropylens
fibre blend with silica sand and ground rubber
infill) suggest that while the artificial turf has
been designed to closely replicate natuml turf
characteristics, injury outcomes and therefore
characteristics of play betwesn the surfaces may
not be comparahle
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A S-year study of 240 Texas (IJSA) high-
school American Foothall games found that the
artificial and natural turf surfaces yieldsd unigue
patterns of injury incidence. Whil: a greater in-
cidence of muscle-tendon ovedoad injuries,
abrasions, non-contact, running and sprinting
injurics (significant at p<0.05) occurred on the
artificial surface, lower incidences (non-sig-
nificant) of concussion and ligament tears were
reported an the third-generation artificial turf
compared with natural grass [3]

The ohasrvation that the majority of matural
grass surfaces studised wem an  owver-scoded
Bermuda gras blend, existing with <46cm (18
inches) ((Awthor: conversion to metde ok?)) aof
{(Author: annual?)) rainfall, <40% humidity in
declining temperatures and in an overused multi-
purpose environment highlights the challenges
in providing natural turf surfaces in environ-
ments with a large range in temperature and
where water resources are limited. The key point
is that natural turf surfaces am geographically
and temporaly wanable in both training and
competitive wse and sp comparzons hetween
synthetic and natural twrf will be difficult to
contral.

The monitaring of injury incidence on natural
turf and third generation artificial surfaces
during zoccer match play has revealkd a differ-
ing pattem to that occuming during training.
A comparison of injury incidence sustained by
men and women over a two-season period during
soocer matches on natural turf and third-genera-
tion artificial surfaces in Morth America was
performed by Fuller and caolkagues 4] Whik no
major differences were ohserved between sur-
Faces, it was observed that the most common
season-ending injubdes for men on artificial turf
and grass were a hamstring tear and antedor
cruciate ligament (ACL) tear, respectively. For
waomen, a tear of the ACL was the most common
season-ending injury on both surfaces. The in-
cidence of ankle spraing in men remained similar
on both surfaces, whereas for women there was a
significant reduction on artificial turf compared
with grass. The study concluded that the owerall
incidence of injury when playing matches on
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third-genemtion artificial turf was similar to that
experienced on a natural turf surface 24

The comparzon of njury incidence during
gocoer training by Fuller and colleagued®* over
the same 2-year period revealsd that for men,
mild (47 days of training missed) and moderate
(828 days of training mizzed) infuries were sig-
nificantly higher (p<0.05) an artificial turf than
on patural turf. Far women, however, the in-
cidence of mild injuries was significantly lower on
artificial turf than on grass.[**] The most common
season-ending injury for men during training was
ankle ligament tear, which was significantly mare
common on artificial turf compared with natural
turf. Foot injuries for men were also significantly
higher (p<0.05) on artificial turf than on natural
turf. Omn natural turf, the most commaen injury
sustained by men was knee ligament tear. Knee
ligament tear was the most comman season-
ending injury for women on both artificial and
natural turf?¥] Thus, whilst similar injury
patiems appear toexist on natural tud and thind-
generation turf dunng soceer match play, injuries
sustained dunng training differ for the two
surface types. In both these studies, the specifi-
cations of different synthetic and natural turf
surfaces were not specified.

A UEFA ({Author: Union of Evropean Foot-
hall AssociationsT)) funded study by Ekstrand
et al P9 compared reported injuryincidence For 290
socoer players at ten elite Eumpean clubs with
third-genemtion synthetic trf pitches with 202
players from the Swedish Premicr League playing
home fxtures on matural . The awthos con-
chuded that the overall risk of injury an artificial
turf was no higher than on grass. Howewver, the
study ohserved significantly higher incidences of
ankle spmin during matehes on synthetic turf and
significantly lower incidences of lower extremity
strain compared with matwral turf, A reduced
tendency towards severe training injurics on nat-
ural turf has been suggested to warrant further
investigation by the authors.[*] This olservation
of different patterns for training injuriss com-
pamed with match injuries is consistent with that
of Fuller and collkeagues ™! Ekstrand et al P9
also suggested that further research with larger
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sample sizes was required to confirm these find-
imgs. It was noted that not all third-genemtion
surfaces included in the study met subssquent
FIFA quality standands.

A study specifically assessing the injury risk of
young (under 17 years) female soccer players { 109
league teams; W0 players) in Narway whilt
training and playing on artificial turf (combina-
tion of sscond- and third-generation pitches) and
natural turf reported that injury incidences, cal
culated as the number of injuries per thousand
hours of training, and match-play exposure were
similar for artificialand natural turf. 27 However,
limitations of the study included a lack of contral
over the specification of both the synthetic and
natural turf studied, the maintena nee status ofall
surfaces and limited monitoring of weather con-
ditions.

A comparison betwesn artificial (undiclosed
type) and natural tud properties far soccer by
Martinez et al™ took into account anecdotal
opinions from two sets of wer groups followed
by mechanical assessment of surface properties.
Wser groups were found to prefer natural turf
perceiving that impact reduction was higher
(supported by mechanical impact test results),
ball roll was slower, the surface was more com-
fartable (reduced heat retention and improwved
myaisture retention) and leg and musce problems
were kas frequent compared with antificial turdf.
Preference for soccer play on natwral turf com-
pared with artificial turf was also found by Dick
et alP Maninez and colleagues™? supgested
that in arder for natural turf characteristics to be
reproduced in artificial form, the following
criteria needed to be achieved: increased force
reduction {kased onan artificial athlete test wwing
a fat foot with studs) yielded foom first, second
and third consecutive impacts of 10% compared
with force reduction magnitudes for each impact
on existing synthetic surfaces; increased wertical
deformation at impact by Smm and by 3 mm
during second and third impacts {{Awthor: re-
spectively?)) (artificial athlete) and reduced hall
bounce by 10% in both dry and damp climates 51

The comparizon studics availlable highlight
that the playing characterstics and injury pattems
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on artificial turf are compared against the
benchmark characteristics of matural turf. How-
ewer, several authars kave cited a lack of contral
aver and meporting of matural turf maintenance
status, temperature, humidity, soil moisture
content and frequency of wse 327 The bench-
mark for these studies has thus been a variahle
one. The continued use of natural turf surfaces in
bath training and competition for a variety of
sports requires not only guidance on optimum
maintenance technigues, but primarily an un-
derstanding of what characteristics of a natural
turf surface are desirable and bow thess can be
engincered consistently and in a sustainahle
MANDET.

The new third-generation turf has gone a
considerable way to providing an improved arti-
ficial playing surface for some sports tradition-
ally played on natumal turf and the numbers of
these surfaces will increase glohally. However,
the unsatisfactory replication of zome playing
characteristics of artificial turf highlights the im-
partance of maintaining the availahility of nat-
ural turf playing surfaces. Evidence of variations
in injury patterns (whilst not necessarily of a ne-
gative natme) when playing on artificial turf
compared with natural turf highlights the
nead for continued and further research into the
cauzal mechanisms that explain the injury on
hath types of surface, rather than just compara-
tive studies.

1.3 Anancial Consderatiors

The initial capital costs of constructing and
maintaining an artificial turf pitch are consider-
able and where capital resources (and ongoing
funds for maintenance) are not available, the
importance of and reliance on natural soi and
turf surfaces to provide a spitable area for re-
creational and club sports we within these com-
munities is increased. Just as with synthetic turf,
the modern matural turf pitch kas been developed
significantly in the last 20 years at both the elite
and, to a lesser extent, the recreational level of
the game. The principal aim in the development
of matural turf surfaces has besn to improve
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infikration and draimage of the surface. Modern
surfaces ame constructad from high sand content
rootzone materials, which ame free draining with
lower water retention’*®) and reduced sensitivity
of shear strength to increased moisture content.
This increase in the sand content of construction
materials is the largest difference between the
1970z and modem surfaces ¥ Howewver, the
consequences of using more frecly dmining,
higher zand content materiak are zsignificant. Tn
terms of environmental sustainahility, there iz an
increased wse of scarce water resowurces for ird-
gation and increased wse of fertilizer due to lower
nutricnt retention. In the dite stadium comtext,
such resources are available and necessary to
produce the acssthetic qualities requirad For tele-
vision in particular and even include the wse af
enhanced-growth light systems. It is for this rea-
son, however, that such surface construction
materials are not suitable For recreational facil-
ities, where such resources am not available.
Alternative approaches to providing sustainable
turf pitches are therefore equired, but not ne-
cessarily in an artificial form, depending upon
the sport, resources and whether an scosystem
servics is considered important.

Recreational surfaces in the TTE have devel-
oped significantly following investment from
lottery funding and professional spart (through
organizations such as Sport England and the
Foothall Foundation). For example, since 1995,
Sport England has invested (383 million in
natural turf-related projects and 6.6 million in
synthetic turf pitches and multi-use games arcas.
Since 2000, the Football Foundation has funded
199 patwral turf development projects and 163
synthetic turf projects. This is based on anaim to
increase acosss to faciliies and incmease in-
tensification of wse of facilities. The demand for
quality surfaces has risen with population in-
crease, increased pressure on land inurban spaces
and increassd expectations of surface quality
from participants through the television images
of surfaces. The chalknge for providers such as
local awthorities is to provide quality Facilities
that can sustain intensified use withowut increased
risk of injury within budgets that are often limited
or have competition for resources.
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1.4 Mew Notusal Surfoces

The demand for hard-wearing surfaces that do
nat inerease injury risk ((Awthor: rewording OK to
clarify start of new paragraph/section?)) has re-
sulted in a significant change in mechanical
properties, in particular increased stiffness (im-
partant in hall- and player-surface imteractions)
and shear strength (important in player-surface
traction). This is reflected in the fact that whilst
minimum values for traction are reparted in the
performance quality standards fior matural turf of
bath the English FA ({Awthor: Foothall Associa-
ton?)) and the Institute of Groundsmanszhip,
maximum values am not reported. This is an
historical anomaly; the concept of injury from
high traction was not considerad in the past be-
causs creating surfaces with sufficient traction far
player stability was the principal challenge facing
grounds staff.

Thus, over the past A years, thers has been a
significant change not only in the mature of sm-
thetic turf surfaces, but alzo in the development
of natural turf surfaces. New natumal turf surfaces
meet the requirements of the players for faster,
higher traction surfaces, reflecting the inereassd
fitness, strength and speed and momre advanced
technique developed over the same tme period.
With increased surface stiffness, player encrgy
cost is reduced®Y and speed differentials betwesn
players are increased. Furthermore, inereased
uniformity of surface quality allows improved
technique development, as balliequipment beha-
wiour hecomes mare predictable. In paralle]l with
this, the fitness, speed of movementt) and tum-
ing, and equipment of players have changed
{{ Awthor: rewording OK?)). To ignore these de-
velopments without assessing the inceased risk
of injury i foolhardy. The highest value players
are pliying on such ({ Awthor: stiffer?)) surfaces,
and the majority of recreational players are
playing on different surfaces with the same ar
different equipment. To study the change in
imjury risk requires an imtegrated investigation
in order to understand the changing mature
and propertics of natural turf surfaces as player
performance, movement and equipment also
develop.
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Advancement in natural turf pitch construc-
tion and enginesring contimies to be reguired to
provide sustainahle sports pitches for competitive
and training purposes in sports such as rughy,
cricketand golf where the characteristics of these
games are generally not suitable for cument arti-
Ficial turf surfaces to be used, The initial capital
costs of constructing and maintaining an arti-
ficial turf pitch are alzo top much for many
providers. Thus, the importance and reliance
on natml turf to provide a suitable ares for
recreational and dub sports use within these
communitics is increased.

2. Relationships between Sports Sufaces,
Biomechanics and njury

A relatively large amount of eszarch has been
published on the mechanical properties of artifi-
cial sports surfaces and human interaction with
these surfaces™ ¥ compared with research
documenting assessment of natural turf B340
In general, the available research does not point
towards a preferential use of cither natural or
artificial surfaces with regard to their respec-
tive asociations with injury prevalence -4
Interpretation of findings is complicated by the
varied propertics of both natural and synthetic
playing surfaces wtilized in different studies. For
example, carly work studying synthetic surfaces
was hased on first-genemtion surfaces, which, as
previously noted, have distinctly different prop-
erties to moent third-generation pitches. Results
From earlier studies are still relevant to this review
as many symthetic pitches currently used for
multi-sparts wee are similar to sscond-generation
synthetic turf sports pitches, certainly in the TTEL
Forschool and community artificial pitches it is
also not always appropriate to install a third-
generation surface because whilst suitable for
soocer play, it is not possible to play tennis or
field hockey, and consequently mult-sport wse is
restricted. Artificial turf pitches resembling the
older second-generation turf designs are thas still
in production, although with improved shock
abzsorbent layers and a new generation of shart
piled, sand-dressed surfaces for Aeld hockey.
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Increased kevels of impact®47 altered joint
movement patterns, 4% an increase in sccemric
muscle activity?®® and differences in resistance to
sliding*4-] are mechanisms that have been sug-
gested to facilitate an observed increase in injury
rates with the increased wse of older generation
artificial turf surfaces in sport. #52- However,
a direct cause-effect mlationship has not heen
cstahlished between increased artificial turf use
and a particular type af injury.

2.1 Compaoiisonof Surfoces

Evidence of natural turf injury analysis in the
literature is mlatively spame. One of the first stu-
dies to consider the impact of artificial turf on in-
jury™) meparted that studies have shown natural
turf to yicld a lower number of injuries compamed
with artificial turf, citing that deformation of the
surface was the most variable and perhaps hene-
ficial factor for matural turf over artificial turf.
While perhaps not yviclding as many injurics as ar-
tificial surfaces, injuries still occur on natural turf.
A prospective study on the astiology of soccer in-
juries rported that 24% of injuries were correlated
with playing surfaces (Ekstrand, 1982 {{Auwthor:
Mease supply full details for thisoriginal reference so
that it can be added to the reference lst)) in Nigg
and Yeadon' ). Tt was asumed that features of
a matural turf surface such as uneven playing
ground, hardness and inappropriate friction char-
acteristics weme connected with injury prevaknos
(Ekstrand, 1982)(( Awthor: please supply full details
for this original reference 5o that it can be added to
the reference Hst)). A comparison between injury
rates hased on tennis surface type using elite male
players revealed that com peting on grass yielded a
higher frequency of player medical treatments
compared with hardeourt or clay *¥ Tactical and
surface-enfonced differences wem suggested by the
author to elevate injury risk when playing on grass
(reduced siding, lower ball bounce, variations in
tall speed) com paed with clay.

2.2 Troction
Hardness and traction on natwral turdf have
been cited a5 the two main surface characteristics
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that may be related to injury incidence.[®] Acci-
dental or acute injurics asa result of itappropriate
magnitudes of traction on natural urf sports sur-
Faces have received some attention in the liem-
ture. Efforts to reduce the amount of surface wear
during sports use through soi material reinforoe-
ments, in the Form of polyester nylon meshes near
the s0il surface, have been linked with anincreased
risk of ankle and knes joint injuries if feet hocome
locked in the mesh ¥ The type of grass used to
construct pitches ako influences traction P48
Traction on the saccer pitch is a function of sail
type, 20l density, grass root density, soil maisture
content and shoesurface interaction (influenced
by the choice of stud pattem). For example,
Bermuda ((Cynodlon aloe fplon) grass is suggested to
result in greater shoe-surface traction compared
with perennial ryegras (Lodium  peremns) 5
By the nature of its growth, Bermuda grass con-
taing horizontally cresping stolons, which form
a surface mesh that increases resistance to wear
and ako traction compared with perennial rye-
grass, which is non-stoloniferous [5]

Although shoesurface traction iz frequently
cited in the literatume asan important considera-
tion in the cause and prevention of injury 541
optimal recommendations of shoe-surface fric-
tiomal characteristicsa have been difficult to
determine *5*7 According to Stcke et allf']
variations in the amount of fricdon required
depends on what type of movement is occurning
between two contacting bodies (dynamic fric-
tion). Sports movements often require a static
component of friction whereby movement sud-
denly ceases or beging from a position of rest. In
these cases of static friction, the relative move-
ment between two contacting surfaces is zero and
thizs allows large horizontal ground reaction far-
ces to he generated in either a stopping | deosler-
ating) or accelerating movement. Typical wertical
{Fz) and harizontsl (Fy) ground reaction force
data are presented in figure 1 from a participant
acoelemting from rest, on 2 natural turf surface
whil wearing studded footwear (soccer boots).
The fome-time history demonstrates the require-
ment of relatively large horizontal forces (approxi-
mately (L6 bodyweights) in order to propel the
body forward from a static standing position
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where the relative movement between the socoer
bhoot and the turf surface was ero.

When the properties of the contacting surfaces
are not sufficient to provide coefficients of Fric-
tion that meet the requirements of the movement
(insufficient foree-lacking connection), spikes in
the case of cricket and athletic track footwear ar
studs (cleats) in the case of mghy, soccer and fdd
hockey provide a ‘form-locking conmection” be-
tween the shoe and surface [*!] These studs aim to
improve traction between the boot and surface
and alzo guand against too much traction-cited
{{ Awthor: what do you mean by “tracton-cted” in
ithis context?)), for example as a potential cawse of
nan-contact ACL injury of the knee and twisting
injuries of the knee and ankl ¥ The configura-
tion and kength of thess studs have received at-
tention [#£-83] However, a definitive conclusion
regarding appropriate stud lkength and config-
umtion to minimize injury occurrence has not
been reached. Study inthiz area ishinderad by the
ethical comiderations of knowingly administer-
ing the wse of a high traction hoot to players
during a season in order to test their response,
which may be considered reckless. ] Omhard®9
suggests that modification af the playing surface
haolds the key to providing players with a wni-
versal method of reducing shoe-surface traction
and thus reducing the relative risk of injuries re-
lated to shos-surface locking. Whether this is
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realistic iz questionable due to the increased scale
of engineering and variahility when comstructing
surfaces in different environments — integrated
surface-footwear studies remain critical for re-
ducing injury risk, particularly given the com-
mercial natume of footwear design.

2.3 Seasond Viariation

Climate and weather conditions can have
a large influence on the playing conditions of
natural turf. According to Australian Foothall
League surveillance, a trend hasboen demonstrated
far higher incidence of ACL injuries on harder
natural turf ground compared with softer ground
in Australian Rules Football [¥54.8] In a review
of the influence of dimatic conditions on the
ground and the occurrence of lower-limb non-
contact injuries in football (including all codes af
football: sococer, rughy union, Amencan foothall,
Australian football league), Orchard(®) reported
that the majority of studies found an early season
bias towards a higher incidence of injury when
games were played on natural turf over a typical
autumn-winter season (harder ground in the
autumn season). In contrast, where foothall
(including all forms) was not played over an
autumn-winter season or in subtropical climates,
an early season hias was found to be non-existent.
The varation in ground conditions (traction and
hardness differences in awtumn) during a typical
autumn-winter ssason was suggested to be par-
tially responsible For the early szason injury hias
across all codes of foothall. (%]

A comparison of injuries incurred during 2-old
{{Aurthoor: what do you mean by 2-0ld™)) winter sea-
zons (typically August to Aprl) of English rughy
league, a new condensed winter league (August
2005 to January 2] and the subsequent new
summer season of rughy (March to August, 199)
has been performed 9 This asscssment of scaso-
nal variation on injury incidence revealed an in-
creawed incidence of injurizs per 1000 hours af
match play over the four playing seasons studied.
Specifically, the new summer season, which in-
wolved the least number of games played comparesd
with previous seasons, incurred the highest number
of injuries albeit ones that were less severe and
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required less surgical intervention compared with
previous seasons. The researchers suggested that
the significant increase in injury rates during the
summer season comparsd with the previous con-
densed and continuoes autumn-winter Se3500s were
due to warmer weather where pitch drying condi-
tions (svapotranspiration > precipitation) prevail,
with resultant harder ground conditions (P55
Unfortunately, measurement of surface pammetes
was not eportad in this study. A greater integra-
tion of injury monitoring, mechanical char-
acterization and biomechanical studies should
improve our understanding of injury and weather
and climate effects an natural turf pitches
Approaches to managing the changes in nat-
ural turf as a result of climate and weather con-
ditions have been suggested. Omhard**) reparted
that shoesurface traction on matural turf pitches
was likely to be higher when the ground is hard,
dry and the grass cover and root density are at
their greatest. In the early part of an autumn-
winter foothall szazon, pitch conditions are likely
to be harder and drier. Orchard®*) conchided that
measures taken to reduce shoe-surface traction
should be employed including adequate watering
andsoftening of the ground in the early part of the
season, consideration of moving the season of
play to we more of the winter months, increased
uwse of natural turf (perennial ryegrass, Lolium
perenne L) asopposed to playing on artificial turf
and the adoption of boots with shorter studs when
playing on hard ground. Acration and loosening
of the sail (the process of reducing z0i bulk den-
sity and increasing air-fillad porosity by the action
of inserting solid tines or rotary hlades) are also
proposed. Thisis resounce dependent as materials,
equipment and finances are required to manage
surfaces in this way ((Awther: please confirm that
rewording is ok)). For example, as competition foar
water increases, the ability to provide manage-
ment of surfaces in this way could be limdted,
particulady at sub-elite levels of sport.

3. @uantitying Player-Suriace Interaction
The player-surface interaction is a complex
function of surface mechanical factom, human
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perception and human hiomechanical response
(both volintary and imvoluntary). The interac-
tion B two-way, the surface appearance and
mechanical behaviour modifies the human bio-
mechanical maponse, which in tum loads the
surface, resulting in deformation that can change
the surface behaviour and appearance. This in-
teraction is variable in time (duc to factors of
player stamina, wariable environmental condi-
tions, cumulative wse effects), in space (due to
differential usage as part of the natume of the
spart played), with the level of spart played and
the age'size of the participants. To evaluate sur-
Face-related injury risk, it is necessary to quantify
this interaction in terms of both surface me-
chanical and biomechanical parameters. Histon-
cally, the technigues to evaluats such parameters
have been developed independently, but an in-
tegrated approach is proposed as necessary for
understanding injury risk, surface performance
and player performance simultaneowsly.

3.1 Surfoce Mechanical Testing

The development of methodologies for the
testing of surface mechanical properties has been
driven by: the need to benchmark synthetic turf
surface performance against natwral turf in the
improvement of synthetic surfaces; and, the develop-
ment of performance quality standards for the
specification and improvement of natural e
surfaces.

Mechanical testing methodologies for natural
turf can be divided into thee principal growps:
(i) bal-surface interaction; (i) swrface perfor-
mance and asstheties; and (§ii) playersurface
interaction. Ball-surface interaction tests comprise
vertical and angled ball bounece behaviour from
standand heights and initial velocities, and horizon-
tal ball rall characteristics {speed, decclkemtion
and deviation from straight line behaviour).
These are important for the quality of the playing
experience and are considerad a priority for many
players " Assthetics and surface durability will
wary acconding to the nature of the sport played
and the maintenance resources for the surfaces —
again this is critcal for the player and spec-
tator experience. The majority of playersurface
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interaction tests are For friction/traction or hand-
nes pamameters designed to simulate loads applisd
by the human during sports movements. Traction
izmeamumed sither by rotation ar inzar test devices.
Linear sliding devices such as the sliding traction
teat measure the distance a weighted studded
boot travels on a trolley when supported®*# ar
the force required to move a studded slad in a
zsingle direction. Such linear tests are thought to
be analogous to the type of traction megquired
when moving and stopping in a straight line, but
a single test assumes the surface is kotropic and
tests should be performed in different orienta-
tions with respect to the surface being tested.
Raotational tests typically comprise a studded
plate, weighted to represent a static human that i
rotated uzing a torque wrench that traditionally
measured peak rotational Foree 3" but have
been adapted to log torgue continuowsly as the
device i rotated ¥1] The continuous measure-
ment of torque has allowed the mte at which
torque iz developed to be quantified — termed
rotational stiffmess — revealing differences between
surfaces that wem not evident when comparing
peak torque alone ™' A number of devices, such
as the Pennfoot apparats?!'] and Stmathelyde
Sports Turf Testing Rig™ incorporate the re-
carding of both linear and rotational tests in
one device.

The described mechanical tests are sim plifica-
tions of the playersurface interaction. In ‘real’
player-surface interactions, the ofentation of the
principal stress axes is rotated during the move-
ment, the loading-rates are variahle and the
magnitude of the stresses i variable In most
surface chamcterzation tests the surface is
stresmed in only the surface-normal and parallel
directionz using either constant velocities or dy-
namic loads applisd from constant heights to
maintain constant energy. Biomechanical sub-
ject-based research can characterize the stresses
applied to a surface in both space and time and
from thiz an understanding of injury develap-
ment and risk for different player-surface inter-
actions {{ Awthor: can be?)) established. Subject
testing of surfaces is difficult, however, as the
stress paths are variable from subject to suhject
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and within suhjects ower time, and themfore do
nat provide a suitable basis for surface char-
acterization or for governing-body-led accred-
itation schemes such as these of nternational
governing bodies for foothall {zoccer) [FIFAM,
field hockey (Federation Internatiomals de
Hockey™ ) and lawn tennis (International Tennis
Federation").

Determination of the hardness and stiffness of
surfaces is impaortant for the understanding of
impact-related injuries, whether to the leg or the
head. Test devices include *Artificial Athletes’
such as the Bedin and Stuttgart Artificial Ath-
letes; cylindrical missile droptest devices of
varying complexity such as the ASTM F1702
device; and dynamic plate tests, which include the
lightweight deflectometer. In reviewing all these
devices, Young and Fleming!”¥ identified that all
hawve limitations in their replication of actual
player bading. Howewver, a key requirement was
Far future devices to be designed to incorporate a
range of loads, contact areas and load durations
to bz ahle to measure the surface response to
typical stress paths applied to surfaces of 2 parti-
cular type, particularly where surface materials
are known to be non-lingar. There are continued
efforts to develop test devices that am mare
complex and realistic in order to test surfaces, for
example the forcecontrolled traction deviee af
Caré et al[£3]

There iz a potential difference in the requine-
ments of sport injury and sports surface en-
ginecring rescarch and the requirements of sports
governing bodics, manufactumrs, ete. to char-
acterize surfaces for player safety and quality of
play (ofien termed “playability’) in the feld.
Complex test devices are small in number and
prohibitively expensive for wide-scale testing of
surfaces at current prices. Therefore, simplifisd
test devices and methodologies are mguired; a
key question is to what extent the simplifications
are valid. The challenge for engineering is to de-
velop test deviees that halanee the requirements
Far accurate, representative data to ensure data
quality and validity, with affordability and paort-
ability to encourage extensive and frequent data
caollection.
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3.2 Surfoce Blomechanical Testing

Them iz a scarcity of biomechanical research
in the fizld ar laboratory that has invalved nat-
umal turf. The nature of amlysis toals used in
biomechanics are not always appropriate for
sports-specific analysis in the fidd ") Integrating
natural 50l media and sustaining turf growth in
the laharatary environment complicates research
into human imteraction with natural surfaces,
making natural turf-specific equipment difficult
to assess and resulting in the assessment of
equipment in an inappropriate environment. Far
example, previous assesmment of studded socoer
boots has taken place in the lboratory using
artificial turf mther than matural turf 49 Tdeally,
shoes should be assessed on thesurface for which
they are intended and vics versa.["1

Biomechanical quantification of surface cush-
ioning has included the wse of force platforms,
pressure insoles and accslerometers. Whilst there
have been some attempts to site foree platforms
below matural turf in the feld [ these have
been focused on the provizion of an appropriate
environment for footwear testing, rather than the
specific testing of natural turf surfaces. The re-
cent application of pressure insoles placed within
footwear to measure loads at the foot plamtar
surface has provided a mome practical methodal-
ogy for measurement of cushioning than the sit-
ing of a force platform within the turf surface.
Patterns of plantar pressure distribution during
socoer-apecific movements have been assessed in
the fiecld on natural turf and md cinder sur-
faces. ¥ The msearchers highlighted a lack of
socoer nmning presuredata in the literature and
thus could only compare their soccer-specific
data to running activity pressure data. A study
comparing forefoot plantar pressure wearing
three different soccer studded boot models while
running on a treadmill and natwral turf has
highlighted the importance of testing Footwear on
appropriate playing surfaces ¥ This research
found that treadmill running did not reflect the
forefoot oading pattems derived when nummning
on matural turf, as ckats weme not abk to pene-
trate into the surface. The researchers therefore
suggested that amalysis of cleated footwear
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should be undertaken on surface conditions for
which the boots are intended. Peak pressures
under metatarsals ome, two and five were Found
to be related to foot landing characteristics and
surface properties rather than the location of
clkats helow these aspects of the foot, thus po-
tentially informing ({Awthor: indicating a meed
forf) footwear design for different surfaces[*9]

Tillman et a1 used pressure insoles to com-
pare resultant ground reaction foree for asphalt,
conerete, 3 running track and natural turf. These
authors detected no difference in loading hetween
the tested surfaces, concluding that surface stiff-
ness was not directly linked to injury risk through
loading. This study provided a wseful demon-
stration of the potential of pressure insoles to al
low comparizon of surfaces in the feld, but did
not wtilize the full potential of pressure insoles —
to provide detail on the distribution of fores over
the foot plantar surface. More mecently, Faord
et al¥) compared a synthetic turf surface with
natural grass using in-shoe pressure distribution.
These authors reparted peak pressum and re-
lative load at nine plantar regions of the foat
during cutting movements. They observed dif-
ferencezin loading For the two surface conditions,
with greater peak pressures at the central forefoat
and lesser ({(Author: at the ™) toss For the synthetic
turf and greater relative load at the madial fore-
foot and latzral midfoot for the grass surface.
This comprehensive assesament of pressure dis-
tribution highlights the potential of pressure data
to detect different surface cushioning. To im-
prove our understanding of matural turf, different
turf surface type and conditions require testing.
Work has commenced in this ares with compar-
izon of pressure distribution for different sail
denszities 32 Further studies using this technology
should contribute to our increased understanding
of natural turf surfaces.

The measurement of horizontal forces has ta-
ken place on natural turf surfaces to indicate
traction helaviour. An anmalysizs of borzontal
farces in soccer boot studs while performing
sports-specific movements (accelerating  from
rest, mner and outer zigrag and turming
maovements) has been performed ™ While not
detailling what surface these movements were
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performed on, the rescarcher sugpested that a
diverse pattern of stud configuration was re-
quirad hased on the wtilizaton (maximum loads
anddirection of foree applied to studs) during the
range of movements. However, an assessment of
shoe-surface traction using artificial and natural
soccer surfaces and ceated boots conchided
that aggressively clkatsd boots were not re-
commended due to their high resistance to rota-
tion during cutting manoeuvres and subsaguent
risk of injury particularly of the ACL.[#4]

Theme am few cxamples of analysiz of mowe-
ment patterns (kinematics) on natural surfaces.
A study of cutting manoewvres on artificial and
natural turf has taken place in the field using
movement spocd as a measure of gop perfor-
mance between shoe and surface and video ana-
lysis to provide information on boot-surface slip
pattem ] An analysis of body and limb accel-
emtions for a varety of surfaces in the field, in-
chiding indoor and outdoar artificial turf and
outdoor natural turf, has besn performed to as-
seas whether the characteristics of soccer-specific
maovement techmiques are adapted for different
surface conditions.®9 Maximum shank and pel-
vis acceleration were found to be similar between
natural and artificial turf. The authors conchided
that the findings were useful indicators of a
comparahle injury risk (assuming acoslerations
are correlated with injury prevalenoe) across all
surface conditions.™] Some initial kinematic
findings have also been presented from partici-
pants running on a vadety of natural turf surfaces
in the biomechanics laboratory (3] Initial and
peak ankle and knee flexion angles during run-
ning appear to he maintained at similar levels
evwen with distinct mechanical changes in turf
type. Analysis of movement kinematics in addi-
tion to nmning, however, remains to be per-
formed [

A3 Iintegrated Studiss

The mechanical deviess described abowve
{{ Awthor: in which specific section?)) fail to in-
carporate the complexities of human movement
and themfore do not consider the influence of a
variety of human movements an the behaviour of
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shoc-surface materials and frictional coefficients
during a repertoire of available movements in
sport 0 Biomechanical human assessment of sur-
Face frictional propertics using stopping, starting
and turning movements has been performed;®'
however, the inclusion of natural turf undergoing
a repeated range of tests remaing a rarity.

Some work has been performed that uwsed
biomechanically validated magnitudes of wer-
tical, shear and torque loads®) within a portahle
mechanical testing rig to characterize propertizs
ofa sports surface including linear and rotational
traction, vertical impact and a combhined vertical,
shear and torque impact test.[™ This rescarch
found that traction coefficients and peak torgue
were lower on a 3G surface (third-generation ar-
tificial turf) than on a natural grass pitch.

Az stated abowve ((Author: in which specific
section?)), the player surface interaction is two-
way and studies that provide detail of the
mechanizm by which variations in human move-
ment affect natural turf characteristics and
performanece are lacking. Whilk the sports per-
formance aspects of a surface can be assessed
(ball hounce, hall rall, hall spead ete.) in elation
to the composition and tempaoral characteristics
of zoil media, relatively little asesment of how
the natwral turf surface parameters affect the
athlete have been performed, let alone the affect
that variations in athlete movement can have on
the surface. An integrated study investigated the
effect of changing a so0i surface from a soft to a
hard condition by simultansously messuring
pressure distribution within the 20i and the shoe
when running® An increass in the dry bulk
density From 1460 to 1590kg m—? resulted in an
increase in peak G oaf 125 to 235 g measured using
a (L5 kg Clegg Hammer. Peak heel force was sig-
nificantly lower far the lower density soil condi-
tion, but vertical stress distribution within the
surface only varied significantly with depth (100 vs
200 mm depth), not between soil densities as
pradicted by a linear elastic model of soil bela-
viour. Similarly, Stiles et al. ™) and Stiles et a1 0#%
reported pilot data on the inclusion of turf
surfaces of contrasting sail types (and therefore
mechanical properties) into  the traditional
biomechanics laboratory emvironment and showed
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Fig. 2 & moc b depict ayees of S Hayer-shos-5urfas system batwesn wiich acs shadd ideally be quandfied.

significant differences in rates of loading betwezn
different surface materals in both nmning and
turningmovements. In the study of Stiles et al B9
the turf conditions were carfully controlled and
monitored. Such integrated studies and the wseof
navel labomtory environments allow the stresses
on the human and the surface to be analysed si-
multaneously. Ideally the loads experienced at
each level of the pefformershosfurface system
(figure 2) should be quantified. Thus, better in-
formed assessments of new or exigting surfaces
can then be made with regard to their effect on
the player and surface performance (figure 3).

4. The Case for Further Research

Participation in sport and exercise activities
yields important health and social benefits For the
individual and reduced dependence on commu-
nity primary care health provisions. 2 Promotion
and attainment of a healthy nation can be aided
by appropriate sports faciliies that are affond-
able and zafe. Benefits to health and socisty can
be gained via participation in traditional, com-
petitive sports such as hockey, foothall, tenmis,
rughy, cricket and lBemsse at schoaol, club and
elite level Sports such as tennis, hockey and to
some extent soccer have bencfited from in-
carporating artificial surfaces into the game as
they provide year-round playing opportunity.
The infleence of adverse weather conditions on
the peformance af a surface is alzo ks when
playing on artificial surfaces compared with nat-
ural turf. An artificial turfzurface alzo requires a
lower level of maintenance, can be constructed
within a relatively small space and can tolerate
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regular multi-spaort wse compared with a natural
turf surface [13-15]

Artificial sports surfaces have made an im-
partant contribution to the provision of fune-
tiomal sports surfaces and increased sport part-
cipation. Currently, however, artificial turf
surfaces do not adequately replicate the playing
propertics of all natural turf surfaces and thus are
not suitable for every sport. There is therefore a
need to continwee to develop natural turf surfaces,
the ressons for which are (i) the pratection af
green spaces and playing fields in the built en-
vironment i crtical for urban ecosystem Fume-
tioning; and (i) the preservation of fundamental
playing characteristics for sports such as snocer,
rughy, galf, cricket and lacrosse, which are nat
well suited to play on any generation of artificial
pitch, i pammount. There kave been significant
changes in natural turf properties over recent
years in kesping with player requirements for a
Faster surface and higher traction component.
The number of synthetic turf surfaces is increas-
ing; however, a significant number of partici-
pants continue to play on natural turf at all ages
and levels af sport. The sustainahility of natural
turf surfaces and the risk for injury they pose to
players needs to be understood. Thus, further
ressarch is required.

Figure 4 illustrates a conceptual framework
Far further maearch. Soil physical properties vary
in space and time the wariahility in natural
sparts surfaces needs to be understood and with
the development of new construction technigues
Fiar natural turf surfa ces using more frictional and
reinforoed soil media, the assumption that nat-
ural surfaces am a lower risk for participant
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safety neads to be revisited. Tt is hypothesised that
there is a mnge of shear strength for minimum
imjury rizk, which may or may not coincide with
the optimum shear strength for surface perfor-
mance. The relationship between stiffness and
injury risk is different and is shown in grey in
figume 4 to illustrate the lack of evidence as to
whether stiff surfaces pose a greater or lower risk
of injury than a compliant surface; the relation-

ship for surface quality is momr easily identified.
There iz also significant variation in complianee:
and shear strength properties among different
sports surfaces ' The exact location of
boundaries between areasinthe diagram in figune 4
are not known, butare hypothesized to vary with
constrection material, type of sport, footwear,
player characteristics and maoizstue content.
Future msearch i required to identify boundary
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locations betwesn areas on the diagmm for dif-
ferent combinations of the above fctors, eg.
pitch construction specification — a day sail will
have 2 marrower envelope of ideal tmetion ¢f.
{{ Awthor: ok to change to ‘compared with'?)) a
sandy s0i due to increased sensitivity of shear
strength to moisture content, as discwssed above
{{ Awthor: in which specific section?)).

Initially, it will be important to abtain bio-
mechanical data (e.gz. ground reaction Forces,
insole pressure data and kinematic data) that
enable a3 mumber of sport-specific movements
performed on a natural turf surface to be char-
acterized. Rumning is an imtegral activity far
socoer, rughy, lacroses and cricket. Additional
maovementsthat occur during these games include
accelerating from rest, stopping and turning
manseuwvres. During a W-minute game of pro-
fessional soccer for example, it has been stated
that each plyer performs approximately S0
turns ™ This activity is therefore of relevance if
the nature of turf wear and degradation, and its
subsaquent impact on surface mechanics and
player interaction, is to be understood Fully.

5. Conclusions

A “natural turf surface’ encompasses a mnge
of zoil and grass materials that comhbine in a
complex imeraction that varies in space and time;
to characterize a surface as natural nurf is as in-
appropriate as to lbel a surface as "artificial turf”
without specifying the length of pile, the plastic
material used for the fibre and the type of gan-
ular infill wed for shock absorbency. Future
injury studies must characterize the mature of
natural turf and its variation in space and time
through the study.

Complementary foture msearch should en-
deavour to utilize an integrated approach using
engineering and hiomechanical expertise that
will permit greater understanding of factors that
influence natural turf wear and degradation
and factors that will influence how the athlete
responds to changes in natural zoil media and
mechanizms behind injury pattems. This is a two-
way interaction that i conziderad tohald the key
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to the fture development of a more sustainable
natural turf surface for training and competitive
use for sports whose characteristics are not suited
to play on artificial turf surfaces. Furthermome,
such research would inform the contimued devel-
opment of synthetic turf.
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