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Mays neter results gave a correlation coefficienÈ of
0.99. Both systetns therefore have almost identical
characteristics over a wide range of operating con-
ditions except that the PSAR!! shows better resolu-
tion and autonatícalIy reiluces an¿l stores the data.
In the test configuration' the resolution of the
axle displacement neasurenent was approximately 100
tirnes bettêr with the PSARM systern than with the
Mays neter.

CONCLUSIONS

A microprocessor-basecl data acquisition systetn is
the basis of the PSAR!,i, which has been developed as
a replacement for the !{ays ride meter currently used
by nany state highway departments. The systen of-
fers substantial inprovements in resolution, cost-
effectiveness, and ease of use anld requires a ninl-
mum of operator training. It provides a1l of the
functions currently found on the Mays neter and adds
several inportant features:

l. Strip-chart outputr which is expensive Èo re-
duce, has been eli¡ninated in favor of realuced data
storage on digital cassette tape. Information can
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now be fed directly into a road inventory data
base. sumrnary data are provided in hard copy as the
test proceeds.

2. The event identification and recording pro-
ceilure has been streanlined, and more infornation is
obtained. The type, locationr anil duration of any
event are stored directly onto tape with a minimun
of user input.
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Mechanistic Model for Predicting Seasonal Variations in
Skid Resistance

KAZUO SAITO AND J. J. HENRY

Some of the f¡ndings of a 3-year research program to develop a basic mecha-

nistic model for pred¡cting seasonal and short-term variations ¡n sk¡d resis-

tance as a function of environmental and traffic conditions are described,
The model treats seasonal and short-term vât¡at¡ons separately. Data from 21

test surfaces in State College, Pennsylvania, and 10 surfaces ¡n Tennessee and

North Carolina were analyzed. For the seasonal trend, an exponent¡al curve

was fitted to the skid number data for the asphalt pavements whereas a

linear relationsh¡p best f¡t the data for portland cement concrete surfac€s.

The coefficients of the resulting seasonal variat¡on curves were related to
pavement and traffic parameters to provide predictors for long-term effects,
Significant predictors were found to be Br¡tish pendulum number (BPN)

and average daily traffic. Other predictors for pavement pol¡shing are sug-

gested in place of BPN to predict the rate of decrease ¡n skid resistance over
an annual cycle, After the data for seasonal variat¡ons were adjusted, the re-

main¡ng short-term variations were regressed aga¡nst ra¡nfall. temperature,
and macrotexture parameters. The short-term variat¡ons can be pred¡cted
by dry spell factor and pavement temperature, but the ¡ntroduction of the
measured percentage normalized grad¡ent was found to improve the re-
gressions. Although good agreement was observed for the test data from
the two locat¡ons, ¡t ìs suggested that s¡m¡lar ¡nvest¡gat¡ons be conducted
in other geograph¡c areas.

It is generally recognized that the skid resistance
of pavement surfaces changes with time. Two decades
agor Giles and Sabey (!) reporte¿l that investiga-
tions on so¡ne British pavenents revealed the exis-
tence of significant differences betr¡een surnrner and
winter ski¿l resistance. They also presented data
that shorded a strong relationship bett{een seasonal
variatíon in skid resistance anil personal-injury ac-
cidents.

Skid-resistance neasuretnents nade on public high-
ways in Pennsylvania and other states in accorilance
with À51]Il1 8274 (2) exhibit seasonal and short-terrn
variations (!.-Þ). Seasonal cycles have been ob-
serveil in the nõrthern statesr where skid resistance
ten¿ls to be higher in winter tttrough spring than in
sunmer through fall. Superímposed on these annual
cycles are short-tern variatíons that apPear to re-
sult fron rainfatl and other local weather condi-
tions. These variations ¡nake it dífficult to estab-
1ísh a rational maintenance progran in which skid
resistance is one of the important factors.

During the past tvro deca¿lesr several transporta-
tion departments and other agencies in the United
States have conducteil extensive skid-resistance sur-
veys. but until the past few years little attention
was paicl to seasonal variations in these measure-
ments. Until recently, the tnost cornprehensively
docurnented studies invotving both seasonal and
short-term skiil-resistance variations were the ones
undertaken by the Pennsylvania DepârÈment of Trâns-
portation (4rå). The skícl-resistance tneasuretnents
made in the firsÈ of these studies shoned thaÈ, hthen
the pavenent surfaces had stabilizeil after being ex-
posed to weather and traffic for 1 or 2 years, they
exhibited cyclic skid-resistance variations. sev-
eral other states have reporte¿l tct FIIWA their obser-
vations on seasonal ski¿liresistance variations. Ex-
treme seasonal variations as high as 30 skid nunbers
have been observed as well as nore typical varia-
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tions in the range of 5 to 15. These observatíons
were sunmarized in J-977 by RÍce (6). Analyzing
these large changes, which occur rather systemati-
ca1ly, Hegmon (71 concluded that there are real
changes in skid resistance that are related to
changing conclitions.

Observed seasonal and short-term variations in
skid resistânce make it difficult for a state trans-
portation agency to deternine the nini¡num skid-
resistance value for a given road surface. It is
obviously impossible for the states to conduct their
entire inventory program in the short period in
which pavenent ski¿l resistance is expected to be at
its lordest value. sone states conduct ski¿l tests
during nost of the yeãr, except for periods of
freezing weather. Ir¡here the testing season is
shortr it ¡nay require several years to conduct a
conplete inventory of a state highway system. Thus,
there is a need to establish analytic procedures
that provide corrections to measured skid resistance
for seasonal and short-term variations in test con-
d itions.

The observed skid-resistãnce variations reported
by various agencies are helpful in provicling guali-
tative infor¡nation on the trends and magnitude of
seasonal and short-term variations in skid resis-
tance. However, the measurernents have not been
taken frequently enough to provide the information
needed to develop a nodel that coul¿l be used to pre-
dict the lov¡est skid number expected during the year
on a given pavement.

FHIIA recognized the need for analytic ¡neans of
interpreting skid-resistance data subjected to sea-
sonal and short-tern variations. In 1978 FIIWÀ íni-
tiated a 3-year research program with the Pennsyl-
vania Transportation fnstitute of Pennsylvania State
University to collect frequent skíd-resistance nea-
surements of pavements Ín various geographic areas
of the United States and to develop predictor models
for describing seasonal variation in skid resistance.

rn this paper, the findings of a portion of this
research progratn are described--i.e., the develop-
¡nent of a basic nechanistic model for predicting
seasonal ând short-tern varíations in skid resis-
tance as a function of environmental and traffic
conditions. The model is based on 21 pavements in
Pennsylvania and 10 pavements in Tennessee and North
Caro1ina. conplete results of the project are re-
porte¿l elsewhere (8).

DATA BASE

The data base consisted of skid-resÍstance measure-
nents taken at various speeds, pavenent-related
data, and vJeather data recorded at vreather stations
located near the test sites.

Test Sites

Skid testing was performed on 21 test pavenents in
Pennsylvania between January and Dece¡nber 1980. The
2l sites represented a variety of aggregates and nix
designs and included 16 asphalt pavements and 5
portland cenent concrete (PCC) pavements, which were
subjected to a wide range of average daily traffic
(ADT). During the same period, data were collected
for 10 sites in Tennessee and North Carolina. The
pavement and traffic parameters for each site are
given in Table l. The const.ruction materials anil
locations of the test sites have been ful1y de-
scribed by Henry and Dahir (9).

skid-Resistance Tests

For the Pennsylvania sítesi the daily skid-resis-
tance tests vrere made in the transient slip mode
(10). Thêse tests provided SN64 ¿lata according to
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ASTI{ E274 ând also brake sLip nu¡nbers at 16,
48 knrzh lIO,20, and 30 mph), which can be usc-
approxirnate SN15r SN32r änd SN4g (lq). For
the Tennessee and North Carolina sites, Iocked-whee1
skid-resistance neasurernents were conducted primar-
ily at 64 km,/h (40 mph), although sone tests r.rere
made at 48 and 80 krn/h (30 and 50 mph). Air, tire,
and pavement temperatures vrere recorded at the ti¡ne
of each test.

Texture lrleasurements

!4onthly texture írìeasurements madle at each site in-
cluded British pendulurn nu¡nber (BPN) according to
ASTI!! E303 Q) and Íìean texture depth (MTD) according
to the sand-patch nethod described by the American
Concrete Paving Association (1!).

Weather-Related Data

The weather data available in the daily data base
for Pennsylvania sites were obtained fron weather
records provideil by the Pennsylvania State Univer-
sity r,reather station at University park. For North
Carolina and Tennessee sites, inforrnation was ob-
tained from weather statíons at Ashville, North Car-
olina, and Knoxville, Tennessee.

Pavernent Pôlishing Data

During July J-980 the penn State reciprocatíng pave-
ment poLisher (12) h¡as use¿l in a series of tests
carried out on the pennsylvania sites. The device
uses a loaded rubber pad (1OO by 150 nn) through
which a slurry containing abrasive is introduced.
Each pavenent was sutrjected to 2,000 cycles of po1-
ishing with a 0.05-mn silica abrasive; neasurements
were taken initially (BpN6) r after 500 cycles
(BPNsOO), and after 2,000 cycles (8pN2000). The
polishing was performed on unpolished porti.ons of
the pavenent (out of wheel tracks). The results are
given in Table 2. In nany cases the BpN values were
higher after 500 cycl-es of potfshing than initially;
this is thought to be a resuLt of the renoval of the
surface glaze.

DEVEIOPMENT OF MECHANISTIC I4ODEL

In the course of evaluating the data co1IecÈed in
the research program, sone cyclic patterns were ob-
served. Measurements showed that the seasonal vari-
ations from spring to fall were similar for all of
the bituminous pavements: the skiil number was Ìow
in the fa1l and was brought to approximately its
original level as skid resistance was rejuvenated
over the winter season (see Figure 1). Superirnposed
on thÍs seasonal cycle rrere shÕr!-term variations
that resulted in 1ow skid numbers after a dry period
and high (rejuvenated) skid nu¡nbers after a rainy
period (seê Figure 2) (3,_13,t4). These trends indi-
cated that it niqht be possible to develop an equa-
tion or a model to predict the low skid nunbers that
occur in the falI fron a skid-resistance rneasurenent
taken at any tine during the year.

Based on these observations, a rnechanistic nodel
that treats seasonal and short-ter¡n variations sepa-
rately has been developed (I5-IZ). In this ¡nodel it
is hypothesize¿l that seasonal variation is due to a
reductíon in the nicrotexture and the nacrotexture
as a result of polishing and grear of the aggregate.
Polishing causes a reduction of microtexture, and
wear results in a reductíon of macrotexture. The
short-terrn effects are attributed to contaminants
that accunulate on the pavetnent (lq) and, in sone
cases, to chemicaL reactions such as those that
might occur betvreen 1i¡nestone aggregate ancl acíd
rain. The short-terrn effects, therefore, have been
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Table 1. Pavement and trãff¡c parameters.

3I

State Site
Type of Yer of
Pavement Construction Coa¡se Fine

Type of Aggregate
Percentage
No¡malized B¡itish
Gradient Pendulum
(h/km) No.â

Mean
Texture ADT
Deptha (no. of
(mm) vehicles)

Pennsylvania DG
PCC
PCC
DG
DG
DG
PCC
DG
DG
OG
PCC
OG
DG
DG
PCC
DG
DG
OG
OG
DG
DG
DG
DG
PCC
DG
DG
BST
DG
PCC
BST
DG

Tennessee
and North
Ca¡olina

I
2
3

4
8
9

l0
l1
t2
t3
14
l5
l6
17
l8
l9
20
2t
22

25
I
2
3

4
5

6
7
8

9
ll

1970
1 9ó0
t973
1972
t9'12
1972
1973
1963
t970
t969
1967
t969
1966
1961
t973
I 968
1 968
1969
t969
1963
1963
t976
1968
196'1
\916
t962
1967
1910
197 1

1972
NA

0.83
0.32
0.71
0.84
0.61
0.69
0.77
0.79
0.63
0.53
0.83
0.53
0.88
0.67
0.66
0.81
0.82
0.68
0.5 8
0.83
0.68
0.49
0.41
0.81
0.44
0.43
0.3 8
0.50
0.60
0.4t
0.70

5 8.5
53.0
70.0
62.5
55.0
69.s
72.4
56.0
60.0
90.5
62,Q
86.5
50.0
53.5
77.0
54.0
65.0
64.0
84.5
54.0
8l.0

86.3
56.8
68,2
54.0
57.2
71.0
58.2
7 5.2
t2.o

Limestone NA
Limestone Natural sand
Limestone Natural sand
Limestone NA
Umestone Silica sand
Limestone Silica sand
Limestone Silica sand
Limestone NA
Limestone NA
Umestone NA
Limestone NA
Limestone NA
Limestone Límestone
Umestone Limestone
Limestone NA
Limestone Silica sand
Limestone Silica sand
Limestone Silica sand
Gravel Silica sand
Limestone NA
Gravel NA
G¡avel Natural sand
Gravel Natural sand
Límestone Natural sand
Gravel Natural sand
Limestone Natural sand
Limestone Natural sand
Granite Granite
Gravestone Gravestone
Gravestone NA
Slag NA

0.368 6,630
0.394 7,700
0.330 3,640
0.330 3,640
0.864 1,820
0.645 1,7tO
0.292 | ,7 t0
0.432 4,490
0.648 4,490
0.978 7,920
0.368 8,770
1.194 7 ,9200.394 6,500
0.745 800
0.470 1,200
0.508 7,000
0.508 7,000
1.029 2,500
t.384 2,500
0.432 4,490
0.521 7,920
0.945 2,377
1.600 2,107
0.785 tl,347
1 .1 86 4,610
1.389 1,773
1.344 640
0.856 3,973
L524 6,475
|.636 2,310
1 .034 4,354

Note: DG = dense graded, OG = opeû g¡aded, and BST = bituminous surface treatmeÍt.
aAverage value of tests made in Ap¡il and Mây.

Site

Table 2. Results of polishing tests w¡th Penn State reciprocating
pavement polisher for Pennsylvania sites: 1980.

BPN5oo - BPN2ooo

Figure 1. Five-year h¡story of sk¡d.res¡stânc€ variations with t¡me for
Pennsylvania site 16 (dense{raded asphalt},

'+9 
75r 9r4 tO97 t279 t46'Z

TIME (DAYS}

where

S\ = "Xi¿ number at velocity V (km,/h);
SNO = s¡i6 number/speed intercept, which corre-

lates well wíth tnicrotexturei and
PNc = percentage normalized gradient (h,/km).

PNG, defined as - (100,/SN) . td(SN)/dVl, correlates
erell ÌrÍth nacrotexture.

For skid resistance at 64 km,/h (40 mph),

SN6a = SNeexp(-0.64PNG) A)

The terrn SNg (mícrotexture) has both sêasonaland short-terrn components (SNOL and SN¡¡) r where
Sn6¡ is the residuals after curve-fltti;g a sea-

After After
Initial 500 Cycles 2000 Cycles
(BPN0) (BPN5oo) (BPN266e)

BPNs oo

(7.)

1s960
2 68 75
37479
458ó8
76870
8 56 5l
9 71 66

l0 70 72
1l 67 68
12 87 82
13 89 85
t4 73 68
15 87 85
16 70 62
l7a
l8 74 73
19 65 62
20 65. 62
21 6'7 74
22 81 76
24 50 59
25 79 '.77

59
64
70
64
7l
50
69
75
66
73
87
66
8l
56

I .67
16.00
u.39
5.88

-1.43
|.96

-4.55
4.t7
2.94

10.98
-2.35
4.17
4.7 \
9.68

-l .61
8.22

-1 .61
8.11

-z.oJ
5.08
7.'19

67
OJ

63
68
78
56
7l

aSite 
has been resurfaced.

¡nodeled as causing short-term nodifications to
nicrotexture.

The model uses the penn State rnodel Ê9),
vrhich .SNo is related to nicrotexture an¿l pNG
related to macrotexture3

SNy = SN¡ exp [-(PNG/100)V]

the

1n
is

(r)
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Figure 2, Skid number (SN6a) and ra¡nfall data for Pennsylvania sites: 1977 test season.

Unilirrsily orivo
Po. Rûrls 45
Po. Rout€ 26-Sqrth
US. Routo 322-B€lwn ths Wh€€l Trocks

sonal trend SNOL. Thus, the value of
tine can be expressed as

SNo=SN0L+SN0R

The values of SN¡ deduced fro¡n data collected
throughout the year typically exhibit seasonal varia-
tlons, as shown in Figures 3 and 4. Figure 3 shows
the results for clense-gradedl asphalt cernent sur-
faces. The seasonal trend for this case can be con-
sidered to be exponential ín nature, whereas the
trend in the data for PCC surfaces (Figure 4) is
I lnear .

For asphalt surfaces, the seasonal coÍrponent is
rre1l-described by an exponential relationship at any
time t when a measurernent is made:
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20
50

E
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o
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¡o"*6", - 
1

SN6 at any Figure 3. SNg versus t¡me for dense-graded Pennsylvania s¡te 8: 1980.

(3)

dz
ú,

o
6

SNs¡ = SN¡p + ASNoexp(-t/r)

For PCC surfaces, however,
better fits the observations:

SN6¡ = SNs¡ + (ASN6/r) (z -t)

where

(4)

a linear relationship

(s)

SNOp = level of SNg after the pavement ís fully
polished (SN6¡ is independent of both sea-
sonal and short-term vâriations) t

^SNO 
= polish susceptibÍlity of the aggregate (an

aggregate property) t and
a = polishinq rate of the aggregate, a combina-

tion of aggregate property and ADT.

Àt âny tine t wben a neasurenent of SN64 is
rnacle, Eguations 2 through 4 combíne for asphalt
pavement surfaces to yield

SN6a = [SN6p + SN.F +^SNoexp(¡/r)] exp(-0.64PNG) (6)

The level of skid resistance at the end of the sea-
son (SN54g) cån be nritten as follons (note that
the mean of the residuals SNoR is zero):

Figure 4, Si¡o yersus t¡me for PCC Pennsylvania site 2: 1980.

d2ø

TIME (OAYS)

TIME (DAYS}SNe¿p = SN¡pexp(-{.64PNG) (7)

ozø
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Substituting Eguation 7 into Equation 6 to elini_
l3tl sNOf and rearranging produces a relatíonshipthat can be used to predict the leveÌ of ski¿l resis_tance at the end of the year (SN54¡) from a nea_
surenent taken at any other tine d-uîing the season
(sN64):

SNe+n=SN64- ISN¡R+ASN.exp(-tlr)]exp(-4.64pNG) (S)

For PCC surfaces,

SNocr = SN64 - ISNoR + (ÂSN¡/r) (r - t)] exp(_o.64pNG) (9)

The short-term conponent SNoR in Eguation 3 can bedescribed by variables retaõea to weather anal tex_ture in the form of the foLlowing linear moilel:

SN¡¡ =a9 + at xl + a2 x2 t ...+ an xn (10)

wlere 1i is a coefficient determined by multipleregression and xi denotes variables related to
r.reather and texture.

FITTING OF SEASONÀL RELATIONSHIP

The reduction in the skid resistance of asphalt
pavements that occurs over the testing season ap_pears to be exponential. Sirnple regression tech_
nigues cannot be used to fít an exponential rela-
tionship to the seguence of all data points in the
forrn of Equation 4. There are three variables for
which values are to be found: SNOF (the magnitude
of SNo at t . -) r 

^SN0 
(the difference be-

tween the intercept at t = 0 and SN6¡), and T(time constant for the exponential decreaåå¡.
To overcone this problem and to fit the data sys_

tematically, for each site data ¡¡ere first averaged
for each month, and these average vâlues of SN'
were assigned at the middle of each month. ttextl
the seasonal variations of rnonthly averages of SNn
r,rere fít according to the shÍfted model instead oi
Equation 4 because the highest recorded values of
9l{O .t each -site were observed at the beginning ofthe season, in nid-trtarch (t = 74 days):

SNs¡ = SN6¡ + ASN0 exp [{r _ 74)/r] (11)

Figure 5 shor¡s the basic concept of this model¡
and trigures 6 and 7 shon the procedure used to ob_
tain the best fit of the nonthly averaged data toEquation 11. The value t is treated as an inde_
pendent variable, and the ¿lata are regresseil for afixed value of t. To fit the data, t is varied

Figure 5. Bas¡c concept of mechanistic model.
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and the data are regressed to provÍde values ofSNof and AsNo for each value of r. When
there is sufficient traffic and the pavement has
enough polish susceptibility to reduce the value of
SN0F to its terminal value (Figure 6), the regres_sion that provides the highest correlation is se_
lected_ (see Figure 8). When the terminal value ofSN¡¡, is not reached within the season (r.igure Zj,a maximum correlatíon coefficient does noi occur fÕr
t less than 290 days. In this case the criterionis to setect a data set that corresponds to an in_provement of the correlation coefficient (Rr) ofless than 0.001 for a 10-day incre¡nent of t (see
Figure 9). The results for all asphalt concretè
surfaces fron the pennsylvania, Tennessee, and North
Carolina sites a.re surnmarized in Table 3.

For PCC surfaces, the data exhibited a linearly
ilecreasing trend in SNO \rith time over the testing
season. The following linear nodeL was applÍed toyield the average value of SNoF an¿l the rate ofdecrease (^SN0,/1), where 

" 
"i. fixed at 275

days (mid-Decenber):

sNo¡ = SNop + (ASNo/r) (r -t+14)

These results for pennsylvania sites
in Tabte 3.

Figure 6. Annual variation of SNg¡ for site rrutrose
terminal value ¡s reached.

(12)

are also given

r (T¡m-Doys)

Figwe 7. Annual var¡at¡on of SNg ¡ for site whose terminal
value is not reached because of insufficient polishing.

Erui mncn Tr (r.7tLJ
rwinlÍPr?iod l--(r-74)
(?a¡uilrorion
t¡ll ocqr)

ffi

ffi
t (T¡m.- Doy¡l

Nortdù.r



34

Table 3. Parameters of model for seasonal variations in skid
resistance.

PREDICTION OF SEASONAL PARÀIqETERS

Àfter the values of SN6¡r ôSN6r and r v¡ere
obtained from ¡neasured data' nethods of Pre¿licting
then srere trieil. SN3F is a neasure of the micro-
texture of the pavement after renoval of the sea-
sonal and shorÈ-terrn effects. Thus, it seetned
like1y that a microtexture Parameter could be used
to preilict SNg¡.. 'Monthly neasurements of BPN ldere
available for each of the test pavernents. A regres-
sion of SN6¡, versus BPN (the average value of ¡nea-
surenents in April and May) for asphalt pavement
surfaces (see Figure 10) yields the following. For
the Pennsylvania sites
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Figure 8. Procedure for determining best f¡t of data in Figure 6.

Figure 9. Procedure for determ¡ning best fit of data in Figure 7,

t50 200
T(DAYS}

A regression for Pcc surfaces in Pennsylvania yields

ÂSNo =29.51-0.2898PN -0.0001714DT R=0.796 (18)

The results for Pennsylvania sites indicate that
the depolishing of the Pavement that occurs as a re-
sutt of the use of ¡¡inter deicing chemicals is off-
set by the mechanical polishing that occurs with
moderate traffic volu¡nes. At the Tennessee ând
North carolina sites' the effect of the ilePolishing
of the pavernent in winter is less apparent because
the aqgregate is polished further by the mechanical
polishing that occurs wíth larger traffic volunes.

The rnechanical asPects of pavenent rejuvenation
becorne i¡nportant \then the winter use of studded
tires is consÍderedt. Data are available for five of

State
Type of
Surface Site ASN6 SNo¡ R2

Pennsylvania Asphalt

PCC

North Carolina and Asphalt
Tennessee

I
4
8
9

lt
l2
13

l5
16
17
t9
20
2t
22
24
25

2
3

l0
L4
l8
I
2
4
5

6
7
9

lt
3
8

190 22.8
160 26.s
80 28.6
40 28.0

110 t9.4
210 32.5
160 26.6
2t0 3l .0
170 14.8
130 26.4
i40 19.9
90 23.1

150 26 .2
1?0 32.5
190 20.4
210 25.3
275 12.4
275 l 1.5
275 8.2
275 9.6
11< < L

390 2r.2
500 23.5
2s0 28.4
190 7 .8

5 0 t0.2
20 20.9

100 lt .4
2t0 23.9
27s 25.9
27s 3.2

44.2 0.'165
47.9 0.848
43 .t 0.919
64.9 0.672
44.2 0.7 87
46.9 0.795
7 8.4 0.926
77.0 0.939
34.3 0.656
40.0 0.750
44.2 0.844
57.6 0.893
40.4 0.767
66 .7 0.8 66
39.6 0.720
69.4 0.963
40.5 0.544
66.7 0.546
77.8 0.512
60.6 .0.597
73.0 0.323
60.0 0.695
50.3 0.545
53.6 0.746
38.1 0.41 I
39.t 0.672
70.4 0.508
62.7 0.791
47.3 0.803
35 .2 0.514
52.2 0.046

SNoF =-16.32+ 1.068BPN R=0.989

For the Tennessee and North Carolina sites

SNep = -33.73 + 1.281BPN R = 0.983

ÂsNo = 6.69 + 0.3248PN -0.0008524DT R=0.921

For Tennessee and North Caro1ina,

A regressíon for PCC surfaces in Pennsylvania yielcls

SNo =-32.83+ 1.4458PN R=0.938 (ls)

The ASNO paraneter is a neasure of the reju-
venation of skid resistance (Figure 5) that occurs
during the winter ¡nonths as a result of the depol-
ishinq effects of r'rinter conditions €) and is also
a ¡neasure of the polishing susceptibility of the ag-
gregate by traffic. Therefore, BPN and ADT seerned
likety parameters to be used as pre¿lictors. A lin-
ear regression of ôSNO versus BPN and ADT for
asphalt pavenent surfaces (see Fígure 11) yields the
following. For Pennsylvania'

(13)

(14)

(16)

20 30¿to 50r60 70 80 90too [o t20t30t¿tot5o t60r (DAYS)

l*r":

1(DAYS)

200

ASN. =-15.3t +0.3698PN+0.003484DT R=0.944 (17)
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the asphalt pavenents ln Pennsylvanía for a perlod
of three consecutive winters. In the winter of the
second year (1978-1979), the use of studded tires
was prohíbited. The data given in Table 4 show that
ÁSN6 is consistently greater for the trdo winters
during whích studded tires were use¿i. Specifically,
ASNo is greatest for the first winter, during
whieh stu¿lded tires were used by a large number of
rnotorists, and for the third winter, cluring which
studded tires were used by a relatively small number
of motorists because it s¡as uncertain until late
Novenber whether the use of studs would be per-
rnítte¿|. These results appear to support the theory
that a signifícant factor in winter rejuvenation of
the surface texture is the nechanicaL interaction
betvreen tíre and pavenent.

Figure 10. SNOF yersus BPN for asphalt pavement surfaces.

50 60 70 80 90
BPi¡

(Avrogo volu6 ol April ond i¿loyÌ

roo

Figure 11. Prediction of ASNg from BPN and ADT
for asphalt pavement surfaces.

35

The time constant t is associated wlth the rate
of decrease ín sklcl resistance over an annuaL cycle
and with the polishlng rate of the aggregate.
Again, BPN and ADT appear to be useful pararneters
for prediction. À llnear regression of the data,
however, yields a poor, though significant, correla-
tion. The resulting relatlonship for asphalt pave-
ment sites in Pennsylvanla is

r = 56.3 + 0.9728PN + 0.007214DT R = 0.731 (1e)

The relationship for sites ln Tennessee and North
Carolina is

r = -370.1 + 9.0088PN - 0.01 12ADT R = 0.570 Q0)

The lntro¿luctlon of polishing parameter BpN2g6g
instead of BPN is found to improve the predlction of
1 sígnificantIy. For pennsylvania sites (see Fig-
ure 12),

r=-22.6+0.009334DT+2.1208PN200o R=0.875 (21)

where BPN2ggg is the rneasure of the polish suscep-
tibifity of the aggregate, the value of BpN after
2¡000 cycles of polishing with 0.05-mm silica abra-
sive and the Penn State reciprocating pavenent pol-
isher.

PREDTCTTON OF SHORT-TERM RESIDUALS

The seasonal variations in skid resistance âre as-
surned to be a function of pavement aggregate proper-
ties and traffic density. The short-tern residuals,
however, are a result of rainfall effects, tenpera-
ture effects, and errors in skid-resistance measure-
ments. The largest source of neasurement errors is
the variation in the lateral placement of the test
tire. Hill and Henry (fl) discussed these three
factors on the basis of 1979 data for 21 test pâve-
nents ín Pennsylvania. À tnultiple regression of
SNoR versus dry spell factor (DSF) and pavement
temperature (Tp) was perforned. The resulting rê-
gresslon equatlon rdas

SN6* = 3.79 - 1.17DSF - 0.l04Te Q2',)

where DSF = ln (tR + I), r{here tR is the nurnber
of days since the last rainfaLl of. 2.5 rnm or nore.
The upper linit is 7 days¡ hence, 0 < tR < 7.
TD is the pavenent te¡nperature at the tine of the
t'est, measured continuously in the wheelpath not be-
ing teste¿l. Thê correlation coefficient (R) of this
regression was 0.35 (17). The resuLt thus does not
yield a good prediction of short-terrn resÍduals.

Figure 12, Predict¡on of r from ADT and BPN2gsg
for asphirlt pavement surfaces: Pennsylvania sites, 1980.
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Table 4. Polish suscept¡bility of aggregntê (ÂSNo) for
six Pennsylvania asphalt pavements over three
consecutive w¡nters.

^sNo
t977-t978 1978-1979 I 97 9-l 980

þ
ô
U
Þ(J
õ
U
E

ló
t'7
19
20
2t
22

28.0 14.0
31 .7 24.9
36.3 23.2
27.3 22.4
30.3 21.5
37 .8 l5.3

14.8
26.4
19.9
23.1
26.2
32.s

o tldth Cæl¡m ond Tmnoso Sil6
ô Famsylwnio St6

o Ndth Cdolino 6d lennc!!ð Silü
ô P6în3ylwnio Sitrs

T. -22.6+OOO933 ADT+2.t20 8PN26
R2=O765 (R=0.875)

MEASURED T
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To inprove the modelr the pararneter PNG, e¡hich
can be deduced fron skid-test data by using Equation
1 or predicted fron a ¡nicrotexture neasurement (fÐ,
was introduced. A multiple regression was perforned
for the 1980 data. The results for each site are
su¡¡unarlzedl in TabLe 5. the introaluction of PNG was
found to improve the prediction of SNg¡ signlfi-
cantly.

For asphalt pavement surfaces, the regression
equation for PennsyLvanía (16 sites) is

SNe¡ = -9.971 - 2.654DSF + 0.057Te + 7.81lPNG R= 0522 Q3)

The regression equation for Tennessee and North
Carolina (8 siÈes) is

SN6e = 3.534 -0.669DSF - 0.016Te + 10.022PNG R = 0.539 (24)

For PCC surfaces in Pennsylvania, the regression
equation is

SNs¡ = -11 .464 - 1.049DSF + 0.0005Te + 10.934PNG R = 0.436 (25)

PREDICTION OF ADJUSTED SKID RESISTANCE

Equations 23 and 25 can be used with Equations I and
9 to detertnine Èhe value of SN54¡ after adjustnent
for seasonal and short-tertn effects for the Pennsyl-
vania sites. The models that can be used to predict
the level of Bkld resistance at the end of the yêar
(SN54p) for a ¡neasurement taken at any other time
during the season (SN64) are as follords. For as-
phalt pavement surfaces in PennsyÌvania,

sNo+n = sNuu - { asNoexp l-(t -7$lrl - 9.971 - 2.6s4DSF
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Figure 13. Comparison of measured and ad¡usted SN64 for asphalt
pavement surface: Pennsylvania site 8, 1980.

Figure 14. Comparison of measured and adjusted SN64 for PCC surface:
Pennsylvania site 2, 1980.

The predicted values of SN64F were calculated
for each Pennsylvania site by applying Equations 26
anð 27 on eaeh day a neasurement was ¡nade in 1980.
The mean anil stan¿lard ileviation of the predietions
for each site are conpared in Table 6 with the ob-
served values of SN64r for Èhe site. The nean
predicteil values agree well wíth the observed vaI-
ues: the stanclard deviation of the predicted values
ranges fro¡n I.68 to 3.70 skid nu¡nbers. These values
are less than the variations in SN64 neasurenent
expected to result from neasure¡nent error and other
sources of error (20).

It should be note¿l that the derivation of Equa-
Èions 26 and 27 requires the assurnption that PNG
(tnacrotexture) does not vary between the tirne of the
test and the end of the season. This assunption is
reasonable for pavenents with relatively durable ag-
gregâtes and moderate traffic voluner as in the case
of the Pennsylvania data. The value of PNG does in-
crease as macrotexture tlecreases with aggregate
wear, which is a function of ÀDTr aggregate proper-
ties, and tine.

CONCLUSIONS

The followlng conclusions can be drawn from the
analysis of the mechanisÈic modlel:

1. In the course of evaluating the data col-
lected, it hras observed that large variations in

+ 0.057Te + 7.8 1 lPNGlexp(-0.64PNc)

For PCC surfaces,

SNo¿r = SN6a - [(ASN6/r)(r -t+74) -11.464- l.04DSF

+ 0.0005Te + 10.934PNc1 exp(-0.64PNG)

(26)

(27)

Figures 13 and 14 show the adjusted SN64F vaLues
compared r¡ith the original data for two Pennsylvania
sites. The resuLts for other sites are similar.
Ideally, SN64F shôuId be constânt with time after
all of the seasonal anil short-tern effects are ac-
counted for. The comparatively low correlation co-
efflcients obviously limit the ability of regression
Equations 23 and 25 to smooth the ¿lata for short-
tern varíations.

TaHe 5. Short-term parameters for Pennsylvania sites: 1980.

I}pe of Suface Site At R2a3

Asphalt

PCC

I
4
8
9

1l
12
l3
15
t6
17
t9
20
21
22
24
25

2
3

l0
l4
l8

-l 1.854 -3.587
-27.665 -3.583
-26 .949 -l .1 7l
-24.638 :2.025
-26.006 -2.556
-20.614 :2.658
-20.477 0.086
-18.635 0.725
-16.159 -2.419
-26.934 -5.5 94
-21.138 -2.124
-23.706 -2.251
-37.018 -2.785
43 .41 5 -t .17I
:26.206 -2.7 86
-12.345 -1.27',1
-29.867 -2.216
-30.446 -0.760
-20.154 4.493
-l5.l5l -1.938
-19.t74 -0.1 69

0.039 9.807
0.1i6 t7.348
0.026 24.026
0.151 t4.447
0.084 18.416
0.085 t7 .27 5
0.091 15.033
0.054 15.647
4.042 16.41I
-0.083 38.053
4.042 2t.391
-0.019 22.573
0.069 32.793
0.132 37.t66
0.013 22.295
0.022 I1.832
0_088 20.154
0.124 t9 .876
0.052 t3 .940
0.005 10.821

-o.005 23 .07 I

0.431
0.467
0.665
0.298
o.490
0.538
0.283
0.229
0.498
0.570
0.506
0.6 l3
0.877
0.538
0.5 63
0.1 09
0.510
0.430
0.178
0.1 7l
o.56'1

TIME (OAYS}

TIME (DAYS)

Note: SNoR = al + å2DsF + a3Tp + a4PNG.
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Table 6. Compar¡son of est¡mted and averaged SN64F
values for Pennsylvania sites: 1980.
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Observed Values
of SN6ap

Mean and Standard Deviation
of Prediction From All Observa-
tions

Mean Standard Deviation

ACKNOI{LEDGIIENT

This paper is based
U.S. Department of
With FHI{A.

REFERENCES

on research sponsored by the
Transportation in cooperation

Site

I
2
3

4
8
9

l0
l1
12
13
t4
l5
ló
t7
l8
19
20
21
72

¿)

skid-resistance rneasurernents occur systematically
over a long period (frorn one season to another) and
over a short period (day to clay). The measurements
showed that friction levels generally decline fron a
maxi¡nun in early spring to a mininun ín late fall
and then are rejuvenated to apProxinately their ini-
tial leve1 during the vrinter. Superimposed on this
seasonâI cycle are significant short-tern variations
that result in low skid nunbers after a dry perioal
an¿l high (rejuvenated) skid nu¡nbers after rainfall.

2. Based on these observations, an effective and
sinple mechanistic nodel that treats seasonal and
short-terrn variations separately has been devel-
oped. In the rnodel it is hypothesized that seasonal
variations are caused by a reduction in the ¡nicro-
texture and the macrotexture as a result of polish-
ing and wear of the aggregate. A procedure for sys-
tematically perforning this ¡nodel fittíng has also
been establisheil.

3. ft was found that the level of skid resis-
tance at the beginning of spring is a function of
surface microtexture as measured by BPN, average
daily traffic volune, and ¡nechanical effects such as
the roughening of the surface by studded tires in
the winter.

4. The Level of SN0 after renoval of the sea-
sonal and short-term effects (SNoF) can be pre-
dicted by the average BPN obtained in ApriL and May.

5. The rate of decrease in skid resistance at-
tributable to polishing of the aggregate can be ade-
quately predicted by ADT and by the BPN2000 value,
whích can be obtained by using the Penn State recip-
rocating pavement Polisher.

6. The short-tern variations can be pre¿licted by
dry spe1l factor anil pavement temperature, but the
introdluction of PNG is founcl to improve the short-
tern prediction ¡node1 signif icantly.

7. It has been shov¡n that the mechanistic rnoõlel
developed here can be used to predict the leveL of
ski¿l resistance at the en¿l of the season from a nea-
surenent taken at any time cluring the season.

8. Although fairly good agreenent has been found
between the results for the sites in Pennsylvania
and those in lennessee ancl North Carolinar sinilar
investigations should be conducted in other geo-
graphic areas.
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Skid-Resistance Measurements with Blank and

Ribbed Test Tires and Their Relationship to

Pavement Texture

J.J. HENRY AND KAZUO SAITO

A prediction model for the ratio of skid numbers obtained with the r¡bbed
ASTM E501 test t¡re to those obta¡ned w¡th the blank ASTM E524 test t¡re
at any speed has been developed by using data from 22 pavetnent test s¡tes

in Pennsylvania, The pred¡ct¡on ¡s based on the Penn State model for skid-
resistance speed behavior. The model was developed as a function of a macro-
texture parameter defined by sand-patch mean texture depth (MTD). Appli-
cat¡on of this model permits the pred¡ction of the blank-tire sk¡d number at
any speed from a measured ribbed-tire skid number and a macrotexture mea'

surement, A simplif¡ed model for the blank-t¡re skid number at a test speed
of 64 km/hr was also developed. Values calculated from both models show
good agreement with each other as well as with the acfual data. An effort
was also made to relate skid resistance measured w¡th both types of test
t¡res to pavement texture, The results show a strong relat¡onsh¡p between
skid numbers with both test t¡res and pavement macrotexture and m¡crotex-
ture. Therefore, by performing a pavement skid-resistance survey with both
the blank E524 and the r¡bbed E501 test t¡res, the levels of macrotexture
and microtexture can readily be estimated. Seasonal and short-lerm var¡a-
t¡ons ¡n data with the two t¡res were also compared. Short-term vâr¡at¡ons
do not pose as great a problem in the blank-tire data as in the r¡bbed-t¡re
data.

Adequate tire-pavement friction on wet pavement is
inportant for ¡naintaining safe vehicle operation.
The vret-pavement friction of the primary highway
systems of most states is ¡nonitoreil in annual sur-
veys by using the test procedure specified in ASTI'i
test nethôd 8274-79 (Il. This nethod is used to de-
ternine the skict resistance of the wet pavernent with
a ribbed test tíre specified by ASTM E501-76 (I)
under futly specified test conditions. Thê E501
test tire has seven smooÈh, longitudinal ríbs sepa-
rated by six grooves, which provide for drainage of
water fron the tire-pavement interface as the tire
slides over the wet Pavenent during the test. The
specification requires that the tire be cliscarded
when the mini¡num depth of the grooves reaches 4 mm.

Recently, the use of the E501 test tire for eval-
uating wet-pavement safety has been guestioned
(2,3). Pavement grooving is widely accepted as an
effective ¡neans of reducing skidcling accidents on
vret pavement. However, the skid number neasured

with the ribbecl tire is not significantly ímprovecl
by grooving (j!J). In a l¡tichigan study (t) r skid-
resistance neasure¡nents ltere made with both ribbed
and blank tiresr both before and after longitudína1
grooving, at a site that had a high rate of s¡et-
pavement accidents. weÈ-pavement acciilents de-
creased dramatically in the grooved areas, which
showed only a slight increase in skid resistance
when measured with the ribbed tíre but a large in-
crease when measured vtith the blank tire.

FÍqure I shows a conceptualízed profile of a rib-
bed test tire superimposed on a typical pavement
grooving pattern. Because the presence or absence
of the grooves does not affect the skid number, it
is apparent thât sufficient drainage is provided by
the tire grooves. Therefore, if the skid number
measured with the ribbed test tÍre Ìtere a true nea-
sure of safety¡ pavenent grooving could not be jus-
tified. Because of its adequate drainage, the
ribbed test tire is not sensitive to the drainage
capability provided by the pavement macrotexture.
The skid resistance measureil \dith the ribbed Èest
tire on dense-graded (fine-texturêd) pavenent vroulil
not predict the 1ov¡ friction Potential that such a

pave¡nent rnight have for a car with worn tíres if the
pavenent were covered with a thick water filtn U).

Severâl state agencies are investigating the use
of the blank tíre specified by ASTÞ1 8524-76 (1). À

Connecticut study suggesÈed that tests with the
blank tire correlate wetl with frequency of wet-
pave¡nent accidents, especially hydroplaníng acci-
dents, regardless of pavenent type (-9.). A study of
31 test sites in Virginia, including both bituminous
and portland cenent concrete (PCC) pâvenents' corn-
pared the skid numbers measured with both blank and
ribbed tires by grouping the pavements by texture
depth (9). On sorne Pavenents with high nacrotexture
the blank ancl ribbed skiél nu¡nbers were al¡nost iden-
tical, whereas on the pavements ¡¡ith 1ow levels of
macrotexture they differed significantly.

A stu¿ty sponsored by FEWA was initiate¿l åt Penn-


