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Harumi KUGE Katsuro KOKUBU

Accidents involving elderly people who slip on walkways are common. However, there has been little study of
the slip resistance of walkway paving materials. In this study, we investigate the walking characteristics of
elderly people and look into the porous properties, surface texture, and general slip resistance of various paving
materials under several surface conditions. We found that an average inclination reflects surface texture of
paving materials; that surface water absorption and surface texture correlate strongly with slip resistance; and
that an O-Y ' Pull Slip Meter is a good tool for measuring the slip resistance of walkway paving materials.
Finally, we consider the coefficient of resistance of paving materials and make proposals with respect to
anti-slip paving materials.
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1. INTRODUCTION

In recent times, a variety of new paving materials have been developed for use on pedestrian walkways, and
these offer improved aesthetic performance and a more pleasant environment. Pedestrian walkways aim to offer
amenity to pedestrians full of friendship, flavor and energy as well as safety and comfort when walking [ 1].
Good walkability depends on moderate elasticity, slip resistance, and good surface permeability. Elderly people
are prone to falls when the walkway slip resistance declines, especially as a result of deteriorating surface
permeability.

According to the results of a survey into self-induced accidents and non-injury falls among elderly people aged
60 and upward, of outdoor accidents that occur on roads and in public spaces (station plazas, bus stops, etc.) ,
falls account for about 70%, followed by slipping at about 20% [2]. Thus, these two causes account for most
of all accidents. Self-induced accidents are those in which an elderly person suffers injuries due to a fall that
involves no third party, while a non-injury fall is a tumble or fall that does not lead to injury.

Many past studies of walkway slip have investigated methods of testing slip and determining standard values of
skid resistance. It is thought important to also consider the physical characteristics of walking, pavement
material properties, and the characteristics of surfaces when wet and contaminated. However, only a few
reports have examined these factors synthetically. With the aim of determining the properties required of safe
and reliable pavement materials, the authors implemented this study in the hope of avoiding slip- and
fall-related injuries among elderly people. Slip was studied synthetically through tests of walking characteristics
to determine the physical characteristics of walking, investigations of surface geometry and water absorption
(as properties of paving materials) , and the changing slip resistance of paving surfaces under dry, wet, and
mud-contaminated conditions.

2. WALKING ANALYSIS

(1) Test Outline

Since the elderly are particularly prone to accidents causing self-injury as a result of falling and slipping while
walking, the authors examined anti-slip pavement materials and the walking characteristics of elderly people on
anti-slip pavement materials. Foot velocity and the force exerted by the foot on the floor while walking were
adopted as the walking characteristics to be measured.

(2) Analysis Method

a) Walking Analysis Equipment
To analyze walking characteristics, the ELITE three-dimensional motion analyzer and a torsion-gauge
three-component floor reaction meter were used. The three-dimensional motion analyzer records the movements
of reflective markers attached to the test subject using four infrared cameras, and uses the resulting data to
calculate three-dimensional spatial positions. The three-component reaction meter is used to find the vertical
force, Fy, exerted by the feet while walking. The horizontal force, Fx, along the walk axis and the horizontal
force, Fz, perpendicular to the walk axis can also be measured (see Fig. l). In this study, the value obtained
by dividing Fx by Fy is defined as the ratio of frictional force, as indicated by Equation (1). The bed of the
floor reaction meter is of hard rubber.

Frictional force ratio = I Fx /Fy I (1)

b) Test Subjects
The test subjects were 10 men and 10 women in their 60s. A further five men and five womenin their 20s
were also investigated for comparison. The average age of the older group was 64.2, while that of the younger
group was 24.3. Though the elderly are generally defined as those aged 65 and older, and there is a need to
study the behavior of even older people, the survey was restricted to those in their 60s, and people in their 70s
and over were omitted. Men and womenwerechosen so as to allow for comparison of the sexes.
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Fig.l Three Components Measured
by Floor Reaction Meter

600

0.5 1 1.5

Time during Swing Phase(sec)

Fig.2 Sample of Changes in Speed of Toe Tips
during the Swing Phase of a Step

c) Shoe Type
The subjects wore sneakers in the tests. This is because the elderly wear sneakers more commonly than leather
shoes. Also, the same type of shoes could be supplied to all subjects, as sneakers are available in a greater
range of sizes. Sizes ranging from 22 cm to 27 cm in size at 0.5 cm intervals were readied for the tests. The
soles of these sneakers were of a material comprising natural rubber and synthetic rubber in equal ratios.

(3) Results and Consideration

a) Walk Characteristics
Changes in speed of the toe tips during the swing phase of a step, between the toes leaving the floor and the
ankle touching the floor are shown in Fig. 2. This is a sample of data from the elderly subjects and indicates
horizontal speed in the walking direction. Examples of the vertical force exerted by the foot on the floor, the
horizontal force exerted in the walk direction, and the friction force ratio during the contact phase of a step,
between the ankle reaching the floor and the toes leaving the floor, are shown in Fig. 3. Only the horizontal
force in the walk direction is taken into account, because the force in the perpendicular direction varies greatly
between test subjects and is quite small in comparison to that in the walk direction even at its largest.

The toes accelerate rapidly after leaving the floor before falling to almost zero just before the ankle touches the
floor. Changes in speed of the ankle should be taken into consideration in the evaluation of slipping when
attempting to stop. However, the speed of the toes is adopted as a measure here because ankle speed changes
were not measured and the difference in speed in the walk direction is thought to be small. The friction force
ratio acting while stopping is closer to the static value than the dynamic value because speed in the walk
direction is almost zero at the point where the heel is about to touch the floor. R. Brungraber also reports that
slippage between the foot and the floor while walking is dominated by the static friction coefficient, though the
dynamic friction coefficient needs to be taken into consideration when the foot begins to slip [3].

A force is exerted during walking when the foot is in contact with the floor, as indicated in Fig. 3, and it is
static when the friction force ratio reaches a peak. The vertical force and the friction force ratio rise to two
peaks during the contact phase. The first peak occurs when the ankle touches the floor, while the second arises
during the pushing motion as the toes leave the floor. The friction force ratio is larger while pushing off than
when contact is made, and this tendency is commonto all test subjects.

Both vertical and horizontal forces tend to be larger as the heel comes to a halt on the floor than during
pushing off. As the heel touches the floor, the body's center of gravity shifts over the whole ankle. Once it
comes into contact with the floor, the vertical force reaches a peak and then the horizontal force reaches a
peak. During pushing off, the horizontal force reaches a peak as the body's center of gravity moves over the
toes, and the vertical force then reaches a peak. Thus, the vertical and horizontal forces reach their maxima at
different times. The time-lag between them is greater during pushing off. In consequence, the friction force
ratio, or the ratio of horizontal force to vertical force, generally tends to be larger during pushing off than as
heel contact is made. If the coefficient of friction between the foot and the floor surface is less than the friction
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force ratio during walking, then the horizontal
resistance between the soles and the surface is lower
than the horizontal force in the walking direction,
and slipping occurs. Thus, pushing off is the more
dangerous motion from the viewpoint of friction
force ratio. However, the shift in the center of
gravity of the body needs be taken into consideration
when looking at falls due to slipping. In this light,
slipping during stopping is thought to be more
dangerous because, when pushing off the center of
gravity is shifting toward the other foot, whereas in
the contact phase the center of gravity is over the
heel that is coming to a halt on the floor. It is safer
that larger friction force ratio during pushing is taken
into consideration.

b) Friction Force Ratio
Table 1 shows average values of friction force ratio
for each test group, the standard deviations ( O ),
and the 90% reliability section of average values.

The average value of friction force ratio is smaller
for elderly people than for younger, both during
pushing off and contact from one side official
approval of 5 % risk ratio. Accordingly, the young
tend to slip more easily, but the elderly suffer more
accidents through a lack of physical strength and
agility. There is no significant difference between
friction force ratios measured for elderly men and
elderly women,either during pushing off or contact,
from one side official approval of 5 % risk ratio.

Since both the floor surface (the surface of the
reaction meter used in the test) and the test
subjects' soles were of rubber, which tends to inhibit
slipping during walking, it can be considered that
horizontal forces during the walking tests were
measured without loss. Therefore, the friction force
ratios obtained in this walk analysis should be treated
as maxima for the ideal combination of materials.
The frictional coefficient of an actual road surface
needs be greater than the friction force ratio in order
to ensure that slipping does not occur. Slipping can
occur both during pushing off and heel contact, but
the required frictional coefficient at the road surface
can consider that needed to prevent slipping during
pushing off, as the friction force ratio is less during
heel contact. Phenomena does not occur when
deviation is larger than 3 a in normal distribution
but the elderly are highly likely to experience
accidents due to slipping on road surfaces. The
required frictional coefficient, assuming the average
value plus 3 o for safety, is 0.42 or more. The
value is 0.43 or more for young people, so a suitable
frictional coefficient for a slip-free road surface
should be approximately 0.45.
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Fig.3 Examples of Vertical Force, Horizontal Force,
and Friction Force Ratio

Table 1 Friction Force Ratio of Each Test Group

T e s t  G ro u p

F ric tio n  F o r c e  R a tio

A v  e ra g e S t a n d a r d

D  e v  ia tio n

9 0 %  R e lia b ilit y

S e c tio n

S t o p -

p in g

E l  d e r ly

T o t a l 0 .2 0 4 0 .0 2 5 0 .1 9 4  ~  0 .2 1 4

M e n 0 .2 1 3 0 .0 2 3 0 .1 9 9  ~  0 .2 2 7

W o m e n 0 .1 9 5 0 .0 2 3 0 .1 8 1  ~  0 .2 0 9

Y o u n g T o ta l 0 .2 3 1 0 .0 1 5 0 .2 2 2  ~  0 .2 4 0

P u s h -

in g

E l d e r ly

T o ta l 0 .3 0 6 0 .0 3 8 0 .2 9 1  ~  0 .3 2 1

M e n 0 .3 0 4 0 .0 3 6 0 .2 8 2  ~  0 .3 2 6

W o m e n 0 .3 0 8 0 .0 4 0 0 .2 8 4  ~  0 .3 3 2

Y o u n e T o ta l 0 .3 4 0 0 .0 2 8 0 .3 2 3  ~  0 .3 5 7
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3. Properties of Paving Materials

(1) Outline of Experiment

Slipping while walking outdoors is considered to be greatly influenced by the surface geometry of the paving
material, and in particular by height changes and the steepness of surface variations. Also, since paving
materials become dirty and wet outdoors, and slipping then becomes a lubricated friction problem, the water
absorption of paving materials is also considered important. Thus the water absorption and surface geometry of
paving materials were measured.

(2) Material Property Test Method

a) Materials Used
The paving materials used for tests consisted of commonly used sidewalk materials and a new material in test
production. The conventional materials included four types of cement concrete, one asphalt concrete, two types
of baked earth, and two types of natural stone for a total of nine surface types. In measurements of the micro
surface geometry of these commonpaving materials, the surface geometry of a concrete block pavement where
the granite surface aggregate had been exposed by washing was very large. One of the other materials indicated
a particularly small surface geometry. Those paving materials with a moderate surface geometry were
test-produced and used in experiments. The test-produced material was concrete. The paving materials used for
the tests are listed in Table 2.

b) Method of Material Characteristic Testing
The properties listed below were evaluated as a measure of the characteristics of the paving materials.

0) Apparent density: apparent density (g/cm3) measured by density test method for compacted asphalt
mixtures[4]

(2) Water absorption: water absorption measured by the gravity and water absorption test method for coarse
materials [5] after immersing a 10 X 10 cm cut specimen for 24 hours. Water absorption is expressed as a
value per unit volume and evaluated regardless of the characteristics of the paving materials.

(3) Surface water absorption: Surface absorption is the amount of water absorbed through a unit surface area
(g/cm 2 ) measured after applying a 15-cm water head for 24 hours on a 9-cm diameter area of the top
surface of the material. The test method used was devised during the course of this study.

Table 2 Paving Materials used for Tests
T y p e M a rk C h a ra c te r istic s S iz e fm m )

M a te ria ls
N o rm a lly
U se d

C e m e n t
C o n c re te

C P C o n cr ete  b lo c k  b y  n o rm al  c u rin E 3 0 0 X  3 0 0 X  6 0
c s C o n c rete  b lo c k  w ith  d ri p p in g s  o f  g ra n ite 3 0 0 X 3 0 0 X 6 0
c w C o n c re te  b lo c k  w ith  to p  a g g re g a te  o f

g ra n ite  ex p o se d  b y  w a s h in g

3 0 0 X 3 0 0 X 6 0

C L C o n c re te  b lo c k  b v  in sta n t  d e m o ld in E 2 9 7 X  1 9 7 X 8 0

A sp h a lt
C o  n c re te

A C A s p h a lt  c o n cre te  b lo c k 3 0 0 X 3 0 0 X 5 0

B a k e d
E a rth

B L B rick  fo r  p a v in g 2 3 4 X l 1 5 X 6 0

T P P o rc e la in  tile  fo r  p a v in g 3 0 0 X 3 0 0 X  1 7

N a tu ra l
S to n e

R N G ra n ite  p la te  w ith  s u rfa c e  d re s se d  b y
h a m m e r

3 0 0 X  3 0 0  X  4 5

R A G ra n ite  p la te  w ith  s u rfa c e  fin ish e d  b y
b u rn in g

3 0 0 X 3 0 0 X 4 5

M a te ri als
b y  T e st
P ro d u c tio n

C e m e n t
C o n c re te

N F C o n c re te  b lo c k  w ith  s u rfa c e  fin ish e d  b y

sh o t  b la stin g  a fte r  2  d a y s  o f  c u rin g
3 0 0 X 3 0 0  X  6 0B F "N F "  d re ss e d  b y  h am m e r

K F "N F "  d re ss e d  b y  2  ty p e s  o f  h a m m e rs
s c C o n c re te  b lo c k  w ith  1 .2  ~  0 .6 m m  d ri p p in g s
L C C o n c re te  b lo c k  w ith  2 .5  ̂  1 .2 m m  d ri p p in g s
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(4) Pore structure: the distribution of pores 0.2 - 7.5 mmin diameter was measured using a mercury
porosimeter at a mercury pressure of 6.5 kPa - 200 Mpa. This yielded the total pore volume (ml/cmS) and
average pore diameter ( IL m) [6]. Test specimens measuring 3-5 mmin diameter were cut from the surface
of the paving materials for this test.

c) Method of Surface Geometry Testing
A method in which the height variation of surface roughness is measured to obtain an average roughness, much
like a Doken-type roughness meter [?] , is typically used in the field to measure the surface geometry of roads.
Also possible is measurement of micro surface geometry by observations using a microscope [ 8]. Neither was
practical in this case, so surface geometry was measured using two laser-based methods. Such non-contact
methods of measuring surface roughness have become quite simple recently, using high-precision laser
displacement meters.

(D Laser displacement measuring device
A laser displacement measurement system was trial-produced for this study. The surface of the sample is
irradiated almost perpendicularly with a laser beam, and the surface roughness of the sample is measured at
0.02-mmpitch and to an accuracy of 0.001 mm.The results are directly input into a computer. This gives the
method great flexibility as regards data processing and outputs such as graphs. The measuring length was 15
cm.

0) The Mini Texture Meter
The Mini Texture Meter (MTM) was developed by TRL. It measures the surface roughness of a sample at a
0.3-mmpitch and with an accuracy of 0.01 mm.The root mean square roughness is obtained. The laser strikes
the surface of the sample at an angle of 45 , and surface roughness is measured using the laser light
reflected from the surface at an angle of 45

MTMis a device for measuring the surface roughness of an actual road surface over a long distance, so it is
not suitable for measuring the surface roughness of samples such as used in this study. However, surface
roughness measurements were obtained by repeatedly evaluating samples up to an equivalent length of 10 m.

(3) Results and Discussion

a) Material Characteristics
The results of the material characteristic tests are shown in Table 3. Incidentally, only density of the trial
production material was measured because it is made of cement concrete to obtain medium surface roughness
and the water absorption is considered similar to that of concrete flags normally used for paving sidewalks.

T a l a l  C h a r a c te r istic s  o f  P a v m e .  M a te r La is
r a v in g D e n  s ity

( e /c m 5)

W  a te r s u rf a c e T o  ta l A v e ra g e

M a te ria l  s A b s o rp tio n

(  e /c m 3)

W a te r P o r e P o re

A b so rp tio n

( e /c m 2)

V o l u m e

(m  l/c m 3  )

V o lu m e
( M m )

C P 2 .2 6 0 .1 1 2 0 .4 3 2 0 .0 8 2 4 0 .0 6 1

c s 2 .3 0 0 .0 9 4 0 .2 0 8 0 .0 3 5 7 0 .0 3 7

c w 2 .3 2 0 .0 8 0 0 .2 4 1 0 .0 1 0 2 0 .5 4 5

C L 2 .3 1 0 .0 7 7 0 .6 2 6 0 .0 9 3 1 0 .0 4 4

A C 2 .3 6 0 .0 0 6 0 .1 3 4 0 .0 0 4 7 0 .2 1 6

B L 2 .1 5 0 .0 7 1 0 .0 5 3 0 .0 5 6 9 0 .2 2 6

T P 2 .2 9 0 .0 1 1 0 .0 1 9 0 .0 1 7 4 0 .2 6 3

R N 2 .6 0 0 .0 1 4 0 .0 3 5 0 .0 1 1 7 0 .9 7 0

R A 2 .6 0 0 .0 1 4 0 .0 1 4 0 .0 1 1 7 0 .9 7 0

N F 2 .3 8

B F 2 .3 8

K F 2 .3 7

s c 2 .4 1

L C 2 .4 1

pL-oz1 0 .04 0 .06 0 .08 0.1
0.03 0.05 0.07 0.09

Total Pore Volume (ml/cm3)

Fig.4 Correlation between Total Pore Volume
and Surface Water Absorption
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The correlation between total pore volume and surface water absorption is shown in Fig. 4. Absorption by
cement concretes is generally large, while asphalt concrete, porcelain tile for paving, and granite tiles exhibit
little absorption. The surface water absorption of concrete blocks made by instant demolding is little
considering their total pore volume. The reason for this is that the pore volume of the mortar used as the
surface course is greater than that of the ultra-stiff concrete used for the base course. Paving materials may be
made of only one material, made of two layers for design reasons, or made of different materials inside and out
to give different surface finishes. Brick for paving is considered to have low water absorption after surface
treatment for this reason.

b) Representation of Surface Geometry
Two methods are used to represent the surface geometry of a road surface: one expresses longitudinal
roughness in terms such as maximumheight, ten-point average roughness, arithmetic average roughness, and
root mean square roughness; the other expresses transverse roughness as the average roughness interval,
average spacing of roughness peaks, load length ratio, and correlation length [ 9J.

Slipping while walking outdoors is considered to be affected by height changes and the steepness of surface
variations. Height changes are expressed in terms of longitudinal roughness and arithmetic average roughness
or root mean square roughness in the case of the road industry. Though both these measures are considered to
express height changes of paving materials well, root mean square roughness, as used more often in the road
industry, is adopted in this study and referred to as the "standard deviation." Also, the steepness of surface
variations is generally expressed as a transverse roughness or wavelength [ 10]. However, though wavelength
can express the average roughness spacing, the steepness of surface variations is not large when the height
variations are small even if the average roughness spacing is small, so it does not always express steepness
well.

As for the steepness of surface roughness, the surface roughness curve was divided at equal intervals along the
average course line and approximated to a broken line shown in Fig. 5. The gradients of these straight lines
with respect to the average course line were averaged. This expresses the steepness of surface roughness and is
referred to as "average gradient." When average gradient is large, roughness is sharp and the steepness is large.
Goto et al. examine the correlation with slip resistance using a digital surface roughness meter by touch with
needle and report that the average gradient as an index of roughness correlates well with slip resistance [ ll].
The average gradient is equivalent to the average gradient as adopted in this study and expresses the steepness
of surface roughness. Indeed, it is called surface roughness by Goto et al.

The profiles of samples used in this study, measured by laser displacement measuring device, are shown in Fig.
6. There are two groupings in Fig. 6 with different peak surface roughness heights. The former are samples
whose surface is finished by pressing (CP, CL, AC) , samples whose surface are finished with chippings (CS,
SC, LC) , and earth-based samples fired after finishing (BL, TP). The latter are samples whose surface is
roughened by washing before hardening (CW) and samples whose hard surface is planed (RN, RA, NF, BF,
KF).

Surface Roughness Curve
laoie 4 standard L)eviation(mrn) and

Average Gradient of Surface Roughness

Line Parallel to
Average Course Line

Average Gradient re

Approximated Curve

>:Ilan^i|

Fig.5 Method of Obtaining Average Gradient

M a te r ia ls S tan d ar d A v e ra g e

D ev iatio n G ra d ie n t

C P 0 .0 4 2 0 .1 2 8

c s 0 .1 8 4 0 .3 3 2

c w 1 .0 0 3 0 .9 2 8

C L 0 .0 9 5 0 .3 6 5

A C 0 .2 4 6 0 .5 2 4

B L 0 .1 9 1 0 .2 1 2

T P 0 .1 3 0 0 .3 2 5

R N 0 .1 6 0 0 .2 1 5

R A 0 .2 7 7 0 .3 5 7

N F 0 .7 7 3 0 .5 7 5

B F 0 .5 4 6 0 .5 9 5

K F 0 .4 8 8 0 .5 9 0

s c 0 .1 5 4 0 .5 9 0

L C 0 .3 2 4 0 .8 4 8
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Surface roughness is listed in order of standard deviation and average gradient in Table 4. The pitch used for
calculating surface gradients is 0.02 mm.The height difference of surface variations for CP, CL, and TP is
small, while that of CW, NF, BF, and KF is large as indicated in Fig. 6. The steepness of surface variations on
CP, CS, BL, TP, and RN is small while that on CW and LC is low. Therefore, the standard deviations and
average gradients shown in Table 4 are taken to reflect surface geometry.

4. Evaluation of Slip Resistance

(1) Outline of Experiment

The slip resistance of typical sidewalk paving materials was evaluated by the selected three methods, and
slip-free paving materials were examined in terms of their relationship with material properties. The effects of
wetness and contamination on slip resistance were studied as well.

(2) Test Methods

a) Slip Resistance Test
It has been reported that slip resistance tests can be classified into ten different types according to the
conditions affecting slipping [12]. Further, there is another method in which well-trained subjects walk on
slippery floors and the coefficient of slip resistance is obtained from their walking pace [ l3J. Three methods
were used in this study, as listed below. This choice was based on the fact that The British Portable Skid
Resistance Tester is often used, while the coefficient of friction as obtained by Dynamic Friction Tester and
O-YPull Slip Meter compares well with functional tests by humans.

Friction Ring
Fix Ring ',

0) British Portable Skid Resistance Tester: BPST
The BPST[14], as shown in Fig. 7, is designed to
determine the slip resistance value from the loss of
energy due to friction between a prescribed rubber
slider attached to a pendulum and the test surface.
The slip resistance value is expressed in BPN. The
speed of the rubber slider on the pendulum
immediately before touching the test surface is 50
km/h.

Height Adjustment Control
Dynamic Friction Tester: DFT

The DFT[15] [16] [17], shown in Fig. 8, is a
rotary skid tester with a disk to which a prescribed
tire rubber is affixed. It rotates under a prescribed
vertical load, and the friction coefficient at running

.Balance Weight
Lifting Handle

Release Button x,
ff

Rubber Slider

Split Level
Level Adjustment Screw

speeds between 0 and 80 km/h is determined from
the friction force and the speed of rotation.

The theory of this measurement method is that
coefficient of friction /z is obtained from the
following equation when a rubber chip is forced
against the test surface and rotated, and the frictional
force F acting on the rubber chip is measured.

fi=F/W

The static coefficient of friction is obtained with the
DFT by measuring when a rubber chip placed on the
test surface begins to move, while the dynamic
coefficient of friction is obtained when the disk
rotating at certain speed is brought into contact with
the test surface. In this study, the frictional force
ratio obtained from walking analysis is compared

Fig. 7 Outline of BPST

Rubber Chip

Disk

Control Unit Rubber Chip Disk

Fig. 8 Outline ofDFT
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with the dynamic coefficient of friction at walking
speed. In this study, values at 8 km/h were used
because the walking speed of the elderly is around 4
km/h and the dynamic coefficient of friction at
speeds from 0 to 15 km/h could be measured by
DFT. The speed when a rotating disk was touched to
the test surface was 10 km/h.

(3) O-Y Pull Slip Meter: O-Y PSM
The O-Y PSM[18], as shown in Fig. 9, measures
the tensile load-time characteristic of a 7 X 8 cm
sliding section cut from a shoe sole by pulling it
over the test surface under a vertical load of 80 kgf,
at a tensile load speed of 80 kgf/s, and with an initial
tensile load of 3 kgf and a pulling angle of 18 ° .
The result is generally expressed in terms of CSR
(Coefficient of Slip Resistance) obtained by

dividing the maximum value of tensile load
measured by O-Y PSM by 80 kgf. When the testing
machine was developed, functional tests were conducted with respect to various combinations of floor and sole
materials, and favorable CSR ranges were determined [19]. The O-Y PSM method is thought to test materials
under conditions close to those when slipping is initiated as shown in " 2. WALKANALYSIS " because test
values when rubber chip is put on the test surface and is beginning to move are obtained. Furthermore,
favorable CSR ranges for indoors is considered to be referred to outdoors because walk behavior is not
different between indoors and outdoors.

b) Test Conditions
It is necessary to consider the effect of rain and mud when evaluating slip on outdoor paving materials. Six
surface conditions were tested. BPST and DFT are normally used in wet conditions, but here were also used
under conditions besides wet in order that effects under various surface conditions could be taken into
consideration. Contamination conditions, aside from air dry and surface dry, were simulated by scattering
contaminants on the pavement surface before testing. With the normal DFT test method, water was sprayed on
the surface to produce wet conditions. However, DFT was tested with water sprayed just before testing because
the value only at 8 km/h was intended to obtain in this study and it is impossible to test scattering the other
contaminant.

0) Air dry: samples are naturally dried indoors. The surface is dry and there is no water content within the
material.

0) Surface dry: samples are dried after 24 hours of immersion. There is no surface water, but there is water
content within the material.

0) Wet: water is sprinkled on the surface of a sample after immersion for 24 hours. As a result, there is
surface water as well as water content within the material.

© Dry mud: testing dust No. 7 (as prescribed in JIS Z 8901) is scattered at 10 g/rrf over the surface of a
sample. Testing dust No. 7 is a dry Kanto loam powder that leaves an 88 ± 5% residue on a 5 M m sieve
and less than a 20% residue on a 75 tt m sieve.

(5) Wet mud: wet mud is spread at 400 g/rrf over the surface of a sample. Wet mud comprises 67% water,
30% testing dust No. 1 (as prescribed in JIS Z 8901), and 3% testing dust No. 7 (as prescribed in JIS Z
8901). Testing dust No. 1 is sand that leaves a 100% residue on a 45 M m sieve and 0% residue on a 300 M
msieve.

(6) Oil contaminated: cooking oil is spread at 40 g/rrf over the surface of a sample.

The amount of contaminants scattered in (D, ©, and (6)[20] is double the amount at which the slip
resistance reaches a constant value when more and more contaminant is added to a flat floor. In some cases,
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however, the slip resistance may not reach a constant
where the surface is coarse.

(3) Results and Discussion

Test results of BPN, coefficient of friction fJ, , and
CSR are shown in Tables 5, 6, and 7, respectively.

a) Evaluation of Test Methods
The surface roughness, as measured by laser
displacement measuring methods, and its correlation
with the three slip measuring methods, is shown in
Table 8 in terms of standard deviation and average
gradient of surface roughness. The correlation
between MTMroughness and slip measurements is
also shown in this table. The MTMroughness is the
root mean square roughness obtained by the MTM
method.

According to this table, CSR tends to give high
values of standard deviation and gradient under all
surface conditions, indicating that CSR reflects the
surface geometry on average more than other skid
measurements. O-Y PSM is often used for slip
measurements of flooring materials, but it is not
often applied to paveing materials. Though there
were doubts that good test results would be obtained
with paving materials, which tend to be rougher than
floor materials, CSR appears to measure slip
resistance well.

Table 8 also reveals that the correlation coefficients
of the standard deviation are almost the same as
those of the average gradient with all three methods.
It may be as shown in Fig. 10, because the
correlation between standard deviation and average
gradient of surface roughness is relatively strong and
the samples used for the tests were prepared on the
assumption of outdoor use in mind, so samples with
larger height variations had steeper gradients. The
correlation of average gradient with CSR is stronger
than that of standard deviation because values t 2 of
the average gradient of the multiple correlation of the
standard deviation, average gradient and CSR as one
of skid measurements is larger than that of the
standard deviation at almost all surface conditions.

Given these results, in the discussion that follows the
average gradient is used as an index of surface
geometry on the assumption that paving materials
with a larger average gradient have a larger standard
deviation. Also, the surface roughness can be
evaluated on site using MTM roughness, because the
correlation of MTM roughness with slip resistance
equal to or smaller than that with average gradient.

The correlations between average gradient and slip
measurements shown in Table 8 suggest that BPN

Table 5 Test Results of BPN
S a m p l e A ir S u r f W e t D r y W e t O i l

D ry - a c e

D r v

M u d M u d

C P 9 3 7 8 7 4 5 8 3 6 2 4

c s 8 7 8 0 7 9 7 4 4 6 3 8

c w 9 4 7 0 8 1 9 3 8 1 5 2

C L 8 4 8 4 7 4 6 4 4 0 3 0

A C 9 0 8 0 7 4 7 9 6 0 5 3

B L 9 2 7 8 7 7 6 7 4 7 3 2

T P 8 7 5 1 4 7 6 8 4 7 2 9

R N 8 4 7 4 7 2 6 4 4 9 2 6

R A 8 9 8 0 7 9 7 7 5 7 3 9

N F 9 3 7 4 7 9 8 6 7 7 5 0

B F 9 0 7 6 7 8 8 4 7 5 4 8

K F 8 8 8 0 7 6 8 3 7 1 4 6

s c 8 9 7 9 7 3 7 5 5 8 4 2

L C 9 2 7 7 8 0 8 5 7 0 4 8

A v e r a g e 8 9 7 6 7 5 7 6 5 8 4 0

Table 6 Test Results of Coefficient of Friction UL
S a m p l e A ir S u r f W e t D r y W e t O il

D r y - a c e

D r y

M u d M u d

C P 0 .8 5 0 .7 4 0 .7 5 0 .4 6 0 .6 3 0 .5 6

c s 1 .0 6 0 .8 3 0 .8 3 0 .9 2 0 .4 7 0 .3 2

c w 1 .l l 0 .7 0 0 .7 5 1 .1 0 0 .8 6 0 .4 6

C L 0 .5 2 0 .9 5 0 .7 5 0 .5 2 0 .2 9 0 .4 6

A C 0 .7 8 0 .9 9 0 .9 3 0 .6 9 0 .5 4 0 .5 5

B L 1 .0 4 0 .7 0 0 .7 8 0 .8 4 0 .4 2 0 .3 8

T P 0 .6 9 0 .3 3 0 .3 4 0 .6 4 0 .3 3 0 .5 1

R N 0 .6 4 0 .6 0 0 .5 6 0 .5 7 0 .3 4 0 .4 2

R A 0 .6 9 0 .6 9 0 .7 2 0 .6 5 0 .3 8 0 .4 3

N F 0 .9 7 0 .9 0 0 .8 9 0 . 9 6 0 .7 2 0 . 6 3

B F 0 .8 9 0 .6 0 0 . 6 0 0 . 8 1 0 .6 1 0 .5 0

K F 0 .8 5 0 .6 9 0 . 6 9 0 .8 6 0 .6 1 0 .4 6

s c 0 . 8 1 0 .5 3 0 .6 4 0 .7 4 0 .4 6 0 .3 4

L C 0 . 9 0 0 .8 6 0 .8 5 0 .8 6 0 .6 9 0 .5 7

A v e r a g e 0 . 8 4 0 .7 2 0 .7 2 0 .7 6 0 .5 3 0 .4 7

Table 7 Test Results of CSR
S a m p l e A ir S u r f W e t D r y W e t O il

D r y - a c e

D r v

M u d M u d

C P .7 6 1 .8 0 6 .7 6 9 .7 0 7 .4 6 0 .6 4 1

c s . 8 1 9 .8 5 0 .8 4 0 .8 6 3 .5 6 9 .6 4 2

c w . 8 9 4 .8 7 4 .8 9 1 .9 0 8 .8 4 9 .5 9 4

C L .7 7 7 . 8 0 5 .7 8 9 .6 8 1 .5 2 9 .5 8 3

A C .8 4 5 . 8 3 8 .8 4 6 .8 1 6 .6 7 9 .5 8 9

B L .8 1 0 .7 8 5 .7 9 2 .7 3 4 .5 6 4 .5 3 3

T P .7 2 2 .6 5 0 .6 7 5 .7 7 8 .5 3 0 .4 1 3

R N .7 8 9 .7 4 4 .7 5 0 .7 2 5 .5 4 0 .4 3 0

R A .8 2 8 .7 9 3 .7 8 1 .7 9 2 .6 7 2 .5 3 9

N F .9 0 4 .9 3 2 .9 2 2 .9 7 1 .8 8 0 .9 1 3

B F .9 8 0 .9 4 5 .9 0 3 .9 7 0 .8 7 5 .9 0 8

K F .9 1 2 .8 9 3 .9 1 8 . 8 9 6 . 8 1 2 .8 2 3

s c .8 7 7 .8 8 1 .8 8 3 .8 8 0 . 7 0 1 .8 5 8

L C .8 8 3 .8 9 5 .8 7 1 . 8 9 7 . 8 4 1 .8 1 1

A v e r a g e .8 4 3 .8 3 5 .8 3 1 . 8 3 0 .6 7 9 . 6 6 3
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Table 8 Correlation of Skid Measurements with
Surface Roughness

S u rf a c e C o rre la tio n w iti ,o rre la ti-
s u rfa c *h n e s s L a se r R o u g h n e ss o n w ith

M T M
S ta n d a r d A v e ra g eG r a d ie n tC o n d i- R o u g h - n e ss

tio n s S lip D ev ia tio n

A ir

D ry

B P N 0 . 5 4 0 . 4 2 0 . 4 4

i/v a lu e 0 . 5 6 0 . 3 0 . 4 5

C S R 0 . 7 0 0 . 7 2 0 . 7 3

S u rfa -

c e
D ry

B P N 0 . 3 0 0 . 1 4 0 . 0 1

//v a lu e 0 . 1 1 0 . 1 5 0 . 0 9

C S R 0 . 5 9 0 . 6 4 0 . 5

W e t

B P N 0 . 4 9 0 . 4 1 0 . 5 0

r v a lu e 0 . 2 2 0 . 2 5 0 . 2 0

C S R 0 . 6 7 0 . 7 2 0 . 6 4

D ry

M u d

B P N 0 . 8 6 0 . 9 0 0 . 8 4

r v a l u e 0 . 8 0 0 . 7 0 0 . 7 2

C S R 0 . 7 4 0 . 7 6 0 . 7 0

W e t

M u d

B P N 0 . 8 9 0 . 8 7 0 . 8 9

/lv a l u e 0 . 7 0 . 7 1 0 . 6

C S R 0 . 8 3 0 . 8 7 0 . 8 3

O il

B P N 0 . 7 3 0 . 8 5 0 . 6 9

/lv a l u e 0 . 3 0 0 . 2 4 0 . 2 5

C S R 0 . 4 2 0 . 5 4 0 . 3 9

I >
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Fig.10 Relationship between Standard Deviation
and Average Gradient

and values of frictional coefficient ( [i ) barely relate to average gradient under air dry, surface dry, and wet
conditions. On the other hand, the relationship is strong under conditions of contamination with dry mud, wet
mud, and oil. CSR is strongly related to the average gradient except with oil contamination. The speed of the
rubber slider in the BPN method immediately before contact with the test surface is 50 km/h, and slip
measurements made by this technique are said to have a good correlation with automobile slip characteristics
[21]. The frictional coefficient ( fJ. ) is measured at a speed of 8 km/h with the DFT method. In these
dynamic test methods, particularly when the surface roughness is low, lubricants such as dry mud, wet mud,
and oil reduce slip resistance more than water, reflecting the viscosity properties of the lubricants and the
surface geometry. Tatushita et al. report that the correlation of average roughness depth as measured with a
Doken-style roughness meter with BPN is small [22] , and BPN (wet) does not reflect the surface geometry
well. CSR is skid resistance obtained when sliding piece is pulled from 0 km/h test speed and is considered to
test at the condition in which slipping during walking occurs shown in " 2. WALK ANALYSIS ". Surface
geometry is generally well reflected because water tends to reduce the slip resistance when the surface
roughness is low.

b) Relationship between Surface Geometry and Skid Resistance
The relationship between average gradient (X) with BPN, friction coefficient value ( ii ) , and CSR is given
by the following equations:

AirdryBPN= 5.70X+ 86.7 (R= 0.42)
SurfacedryBPN =-3.01 X + 78.1 (R= 0.14)
Wet BPN= 10.5X+ 70.3 (R=0.41)
DrymudBPN= 39.0X+ 57.1 (R= 0.90)
Wet mud BPN=53.6X+32.9 (R=0.87)
Oil contaminated BPN = 36.5 X + 22.6 (R = 0.85)

Airdry 0 value = 0.274X+ 0.714 (R= 0.38)
Surfacedry 0 value = 0.112 X+ 0.667 (R= 0.15)
Wet UL value = 0.160 X+ 0.645 (R= 0.25)
Drymud (JL value = 0.539X+ 0.505 (R= 0.70)
Wetmud UL value= 0.505 X+ 0.287 (R= 0.71)
Oil contaminated UL value = 0.093 X + 0.427 ( R = 0.24)

AirdryCSR= 0.213X+ 0.743 (R= 0.72)
SurfacedryCSR = 0.215 X+ 0.734 (R= 0.64)
WetCSR= 0.224X+ 0.725 (R= 0.72)

(4)
(5)

(6)
(7)
(8)
(9)

(10)
(ll)
(12)
(13)
(14)
(15)

(16)
(17)
(18)
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DrymudCSR = 0.308X+ 0.685 (R= 0.76) (19)
WetmudCSR = 0.548 X+ 0.421 (R= 0.87) (20)
Oil contaminated CSR = 0.39 X + 0.479 (R= 0.54) (21)

At BPN and frictional coefficient values ( ll ) , the equations are different under air dry conditions, surface dry
conditions, and wet conditions. With CSR, the equations do not differ under these conditions, and there is no
difference by water membrane of wet condition. This is because slip piece is placed on the surface of a test
sample and water sprayed on the surface of a test sample is removed, so solid friction is at work and
conditions are close to those when slipping during walking occurs. Slipping can occur under wet conditions, as
discussed later, in the case of materials with little absorption, special materials, or materials containing mud.

BPN and frictional coefficient values (fJ. ) have stronger relationships to surface geometry when
contaminated with dry mud, wet mud, and oil than under air dry, surface dry, and wet conditions. As noted
before, this is because lubricants like dry mud, wet mud, and oil reduce the slip resistance more than water
when the surface roughness is low. CSR has a stronger relationship to surface geometry under wet mud
conditions and dry mud conditions than under wet conditions, so it is clear that the slip resistance indicated by
CSR falls for flat, smooth surfaces (X = 0). This is because the materials involved at the friction surface act
like lubricants. They penetrate the bottom of irregularities on a coarse surface, so CSR has a less strong
relationship with surface geometry.

Because oil contaminated condition cause a significant decline in slip resistance, there is a notable fall in slip
resistance even on coarse surfaces. The relationship with surface geometry is considered to be smaller under
wet mud conditions.

The correlation coefficients of both surface dry CSR and oil contaminated CSR with average gradient are a
little smaller than those for CSR under other conditions, and the effect of absorption properties needs be taken
into consideration.

c) Relationship between Surface Water Absorption and Surface Geometry with Skid Resistance
Using nine samples of conventional paving materials, multiple correlations among surface water absorption,
average gradient, and CSR under various surface conditions are shown in Table 9. For these nine samples,
Table 10 also compares the correlation between average gradient and CSR with the multiple correlations
among surface water absorption, average gradient, and CSR. This table reveals that, under surface dry and oil
contaminated conditions, the coefficients of single correlation of the average gradient and CSR are small but
coefficients of multiple correlation are large. This is because the effect of the surface water absorption under
surface dry and oil contaminated conditions is greater than that under other conditions due to the effect of
porosity, as determined from the ratio of t 2 for surface water absorption and average gradient in Table 9. This
tendency is particularly notable under oil contaminated conditions, indicating that oil contaminated conditions
are effected almost by the surface water absorption. The ratio t 2 is small in the case of air dry, wet, dry mud,
and wet mud, and the difference between the single correlation and the multiple correlation is small.

The regression equations for surface dry and oil contaminated conditions, in which the effect of surface water
absorption is greater than under other conditions, are as follows:

Surface dry CSR = 0.12 X (surface water absorption) + 0.14 X (average gradient) + 0.72
Oil contaminated CSR = 0.23 X (surface water absorption) + 0.065 X (average gradient) + 0.48

d) Effects of Surface Conditions on Slip Resistance
Slip tests were executed under six different surface conditions. Table ll shows the average slip test values of
representative paving materials under each surface condition. The effects of surface conditions on slip
resistance are discussed below.

© Table ll shows that BPN and friction coefficient values ( fJ. ) are smaller under surface dry and wet
conditions than under air dry conditions. On the other hand, CSR is almost unchanged under air dry, surface
dry, and wet conditions. This may be because water is present between the sample surface and the rubber
sliding piece of the BPST and DFT testers, reducing the slip resistance when the sliding piece comes into
contact with the sample surface at a particular speed, whereas water sprayed over the sample surface is
dispersed when the sliding piece of the O-Y PSM tester is placed on the test surface.
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Table 9 Multiple Correlation of Surface Water Absorption,
Average Gradient and CSR

S u rf ac e
C o n d itio n s

M u l tip lec o rr e la ti-

o n

H y p o th -
e s i s
A p ro v a lp  v a lu e

R a tiip  o f  t  2( % )

S u rfa c e
W a te r
A b so rp tio n

A v e ra g eG ra d ien t

A ir  D ry 0 .  7 6 7  0/I  /a 3 9 7

S u rf a ce  D ry 0 .  6 2 2 3 % 3 8 6 2

W e t 0 .  7 0 -I  O O/1  6 /0 9 9  1

D ry  M u d 0 .  8 4 2 .5 1  8 2

W e t  M u d 0 .  9 6 0 .0 5  % 7 9 3

O il 0 .  6 3 2 2 % 9  1 9

Table 10 Single Correlation of Average
Gradient and CSR, Multiple Correlation
of Surface Water Absorption, Average
Gradient and CSR (9 Paving Materials)
S u rfac e S in g le M u ltip le

C o n d itio n s C o rre la tio n C o rre latio n

A ir D ry 0 . 7 5 0 . 7 6

S u rfa c e D ry 0 . 5 0 0 . 6 2

W e t 0 . 6 7 0 . 7 0

D ry M u d 0 . 7 6 0 . 8 4

W e t M u d 0 . 9 3 0 . 9 6

O il 0 . 2 1 0 . 6 3

Past studies have shown that BPN should ideally be 40 or more [23] [24] [25] , the frictional coefficient 0.5
or more [16] [26] , and CSR 0.5 to 0.8 so as to protect the elderly [19]. Since BPN, the frictional coefficient
values ( M ) , and CSR comfortably satisfy these requirements in the case of the tested materials under air dry,
surface dry, and wet conditions (see equations (4) - (18)) , slipping can be discounted as a problem. This is
true of conventional paving materials that are porous and have good water absorption. However, slipping can
occur in wet conditions, as discussed later, in the case of materials with low absorption, special materials, and
materials containing mud.

Incidentally, Tables 5 and 6 reveal that BPN and frictional coefficient values ( I~L ) for porcelain tiles are
almost within the desirable range under surface dry and wet conditions, but CSR values are above the desirable
level.

0) Table ll shows that BPN, frictional coefficient values ( M ) , and CSR measurements are significantly
lower under wet mud and oil contaminated conditions than under other conditions. This is because wet mud
and oil both act as lubricants. Slip resistance under wet mud conditions is the same as that under surface dry
conditions when the surface roughness is large, from equations (8) , (14) , and (20) , and the variation in slip
resistance with changing surface roughness is greater under these conditions than under all other conditions.
Further, slip resistance with oil contamination is very low, as indicated by equations (9) , (15) , and (2l) ,
when the surface roughness is small. In this case, the variation in slip resistance with changing surface
roughness is relatively great. Though the BPN obtained by one test operation is different between wet mud
conditions and oil contaminated conditions, the frictional coefficient values ( Id. ) are not different. This is
because the slip-measuring chip in the DFT method moves on the same orbit and materials such as wet mud
and oil are rubbed off during testing.

(3) The effect of surface roughness is greater under dry mud conditions than under surface dry conditions, as a
comparison of equations (16) and (19) shows. Dry mud dust acts like a bearing when the surface
roughness is small and the surface becomes slippery, while dry mud enters the bottom of surface depressions
when the roughness is large, reducing the influence of surface roughness.

The value of CSR substantially exceeds 0.5 even when the surface roughness is small, so slipping may be
considered out of the question with the quantities of dry mud dust used in this study, although slipping can be
problem with larger quantities. Frictional coefficient values ( M ) of paving materials with small surface
roughness are equal to or below the ideal values.

© CSR does not differ between air dry conditions and wet mud conditions when the surface roughness is
large, as is seen by comparing equations (16) and (20). Further, CSR declines little under air dry conditions
even when the surface roughness is small, while it does decline considerably under wet mud conditions and the
difference of both becomes large. Wet mud acts like a lubricant when the surface roughness is small, so the
surface becomes slippery. On the other hand, it enters the bottom of surface depressions when the surface
roughness is large, and there is little decline in CSR.

The average gradient from equation (20) needs be more than 0.2 in order for CSR to exceed 0.5 under wet
mud conditions. Flat paving materials such as concrete flags, paving bricks, and natural stone flags
(smoothened) can lead to slipping when contaminated with wet mud.
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0 CSR is a little lower under oil contaminated
conditions than under air dry conditions when the
surface roughness is large, as seen by comparing
equations (16) and (21). It is considerably lower
when the surface roughness is small. Oil acts as a
lubricant when the surface roughness is small and the
surface becomes slippery. On the other hand, oil
does not enter depressions in a rough surface because
its viscosity is higher than that of wet mud; some oil
attaches itself to the top of the surface roughness so
the CSR declines somewhat.

The average gradient from equation ( 2l) needs be
over 0.1 in order for CSR to exceed 0.5 under oil
contaminated conditions. When CSR values are used
for evaluation because the coefficients of correlation
are small, flat paving materials such as concrete
flags, paving bricks, porcelain tiles, and natural stone
flags (smoothened) can lead to slipping on
pavements contaminated with oil.

e) Relationship between Slip Test Values
As for the 14 samples of paving materials used in
this study, the relationships between slip test values
under six different surface conditions are shown in
Fig. ll (BPN and CSR) and Fig. 12 (BPN and
frictional coefficient values ( 0 ) ).

Frictional coefficient values ( M ) over 0.45 are
required, as noted in Chapter 3, in order to ensure
that slipping does not occur while walking. The
methods used to obtain frictional coefficient values

( [L ) , CSR, and friction force ratios are different.
However, frictional coefficient values ( fJ- ) and
CSR values over 0.5 are needed to ensure the safety
of the elderly, and this corresponds to desirable
values of frictional coefficient ( (J- ) by DFT and
CSR. Some institutions and researchers in the U.S.A.
have also reported that frictional coefficient values
over 0.5 are desirable.

Taking CSR values over 0.5 by the O-Yà"PSM
method, which is found to be suitable for evaluating
slip resistance during walking in this study, a BPN of
over 19 is needed. On the contrary, a BPN of over
40, which is considered the standard in Japan, a CSR
value greater than 0.619 is needed. Further, on the
basis of the ideal frictional coefficient ( ILL ) of over
0.5 by DFT, from Fig. 12, a BPN greater than 49 is
needed. On the contrary, on the basis of a BPN value
of greater than 40, frictional coefficients ( VL ) over
0.422 are needed. The reason for the lack of
correspondence among test values recommended by
various slip test is that the mechanisms used to
measure slip differ. Further, only 14 materials were
tested here, and it is normal to obtain BPN and
frictional coefficients ( [L ) under wet conditions. In
the U.K., BPN 35-50 is recommended for pedestrian

areas in wet conditions [27].

Table ll Average Skid Test Values
under 6 Surface Conditions

T e st

V a lu -

S u rf a c e C o n d itio n s

A ir S u rfa - W e t D ry W e t O il

e s D ry c e D ry M u d M u d

B P N 8 9 7 6 7 5 7 6 5 8 4 0

A* 0 .8 4 0 .7 2 0 .7 2 0 .7 6 0 .5 3 0 .4 7

C S R 0 .8 4 3 0 .8 3 5 0 .8 3 1 0 .8 3 0 0 .6 7 9 0 .6 6 3

1.1

1

0.9

* °'8

CO 0.7

^ 0.6

0.5

0.4

0.3

20 30 40 50 60 70 80 90 1 00

BPN
R=0.77 N=84

y = 0.395 + 0.00559x

Fig.ll Relationship between BPN and CSR
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Fig.12 Relationship between BPN and Coefficient
of Friction U.
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5. CONCLUSION

The authors studied slipping on various paving materials in consideration of walking characteristics, paving
material properties, and several surface conditions. We reach the conclusions given below and make proposals
regarding test methods, slip resistance standards, and non-slip materials.

(1) The surface absorption and surface geometry of a paving material correlate strongly with slip resistance.
Under surface dry and oil contaminated conditions, the correlation with surface absorption is stronger. Under
other conditions, surface geometry has a greater effect.

(2) To evaluate the surface geometry of paving materials for slip characteristics, it is desirable to obtain the
standard deviation and average gradient of surface roughness using a laser displacement measuring system. In
this study, the average gradient proved to be a better index of surface geometry.

(3) The O-Y PSM method is suitable for evaluating static slipping while walking. However, the BPST
method better reflects changes due to wet conditions or contamination.

(4) A comparison of friction force ratio (a characteristic of walking) and frictional coefficient values shows
that frictional coefficients ( PL ) over 0.45 are needed in order to prevent slipping. The means used to obtain
frictional coefficients ( 0 ) , CSR, and friction force ratios are different. However, it can be said that frictional
coefficients ( M ) and CSR values over 0.5 are needed to ensure the safety of the elderly.

(5) The average gradient of surface roughness of a paving material needs to be over 0.2 where contamination
with wet mud or oil is expected. To achieve this, surface treatment measures may be required on flat paving
materials such as concrete flags, paving bricks, porcelain tiles, and natural stone flags ( smoothened).

Acknowledgements

The authors would like to thank the Rehabilitation Engineering Section of Kanagawa Rehabilitation Center for
its assistance in experimental work on walking characteristics, Mr. Hachiro Yoshida for his assistance in
obtaining paving materials, Ono research group of the Tokyo Institute of Technology and Nippo Sangyo Co.,
Ltd. for their assistance in experimental work on slipping, and Mr. Kota Ando of the Faculty of Civil
Engineering at Tokyo Metropolitan University for his assistance with the experimental work.

References

[l] Japan Road Association, "Manual for Asphalt Pavement", p. 172, 1995
[2] Akiyama, T., Fukushima, T., Kuge, H., and Ebina, H., "Study on Self-injury Accidents of the Elderly in
Outdoor Walking Areas", Proc. of Japan Society of Traffic Engineers, pp. 193-196, 1996
[3] Brungraber, R., "An Overview of Floor Slip/Resistance Research with Annotated Bibliography", National
Bureau of Standards Technical Note 895, 1976
[4] Japan Road Association, "Manual for Pavement Test Methods", pp. 574-581, 1991
[5] Japan Road Association, "Manual for Pavement Test Methods", pp. 251-256, 1991
[6J Kondo, R., "Porous Materials-Properties and Utilization-", Gihodo, pp.55-57, 1973
[7] Japan Road Association, "Manual for Pavement Test Methods", pp. 971-975, 1991
[8] Foster, W. S., "Pavement Microtexture and Its Relation to Skid Resistance", Transportation Research

Record, 1215, pp.151-164, 1989
[9] Yamamoto, Y. and Kaneta, M., "Tribology", Rikogakusha, pp. 20-26, 1998
[10] Japan Society of Civil Engineers, "Evaluation Methods of Pavement Function" pp. 79-82, 1992
[lllGoto, K., Yamamoto, S., Nagata, M., Kageyama, K., Ishida, H., and Ono, H., "Basic Study on

Relationship between Surface Roughness of Floor Materials and Skidding", Proc. about Structure of Japan
Society of Architects, No. 459, pp. 21-29, 1994

[12] Bring, C. "Testing of slipperiness", Swedish Council for Building Research, Document D5, 1982
Cl3] Strandberg, L., Hildeskog, L., and Ottoson, A. L., "Footwear Friction Assessed by Walking Experiments",
VTI Report 300A, 1985
[14] Japan Road Association, "Manual for Pavement Test Methods", pp. 960-970, 1991

-46-



[15] Japan Road Association, "Manual for Pavement Test Methods, Separate Volume", pp. 288-294, 1996
[l6] Maki, T., Takeuchi, Y., Koyanagawa, M., and Abe, Y., "Study on Friction Coefficient Tester", Proc. of

Japan Society of Pavement Engineers, pp. 197-204, 1997
[l7] lhara, T. and Shimoda, T., "Lectures à"New Test Methods about Pavement-Skid Resistance Measuring

Method by Dynamic Friction Tester-" Hoso, Vol.32, No.5, pp. 26-29, 1997
[18] Ono, H., Kawata, A., Miyagi, M., Kawamura, K., Mikami, T., Hashida, H., and Yoshioka, T., "Study on

Skidding on Floor and Evaluating Method-No. 3 Design and Test Production of Skid Tester-", Proc. of Japan
Society of Architects, No. 346, 1984

[19] Ono, H., Takahashi, H., Izumi, J., and Takahashi, S., "Skid Evaluating Method of Floor and Inclined
Course from the Viewpoint of Safety of the Elderly", Proc. about Structure of Japan Society of Architects, No.
484, pp. 21-29, 1996
[20]Ono, H., Mikami, T., Takagi, T., Yokoyama, H., Kitayama, D., and Takahashi, H., " Study on

Standardization of Floor Surface Involved Materials for Evaluation of Skidding on Floor", Proc. about Structure
of Japan Society of Architects, No. 450, 1993
[2l] Ichihara, K., and Onoda, M., "Skidding -Roads, Runways, Floors-", Gijutushoin, p. 117, 1986
[22] Tatushita, F., Sasaoka, H., and Tanaka, T., "Synthetic Evaluation of Walkway Pavement", Metropolitan

Annual Research Report of Civil Engineering, pp. 15-24, 1986
[23] Japan Road Association, "Manual for Asphalt Pavement", p. 173, 1995
[24] Yata, K., Murai, T., Tatuma, Y., and Yamada, M., "Study on Skid Resistance Standard for Walkway

Pavement", Proc. of Japan Society of Civil Engineers, Vol. 33, No. 550, pp. 205-212, 1996
[25] Yamada, M., Maki, T., and Murai, T., "Outline of Investigation on Skid Resistance (l) ", Proc. of Japan

Society of Road Engineers, pp. 606-607, 1993
[26] Ichihara, K., and Onoda, M., "Skidding-Roads, Runways, Floors-", Gijutushoin, pp. 73-76, 1986
[27] The Institute of Highways and Transportation, "Reducing mobility handicaps, towards a barrier-free

environment", U.K., 1991

-47-


