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Technique for Evaluating 
Hydroplaning Potential of Pavements 
S. K. Agrawal and J. J. Henry, Department of Mechanical Engineering, Pennsylvania 

State University 

Hydroplaning potential of pavement is defined as the inability of the ac
cumulated water to escape from the tire-pavement contact area. The po
tential is measured in terms of the speed above which hydroplaning oc
curs; that is, the vehicle tires are lifted off the pavement and supported 
by a water wedge formed between tire surface and pavement. For the 
standardization of the measurement system, various test conditions and 
tires were investigated. An inflation pressure of 165 kPa (24 lb/in2 ) and 
a vertical tire load of 2891 N (650 lbf) were chosen as the optimum pa
rameters. The test results in a stationary trough show that the combina
tion of the above test parameters and the ASTM designation E 524 tire 
gives very low values of friction force at 80.5 km/h (50 mph) when the 
water-film thickness is 1.27 mm (0.05 in). We also found that water 
films as thick as 1.3 mm (0.05 in) were obtained from the tester water when 
the water jet was delivered approximately 2 m (6.5 ft) ahead of the tire. 
Also, the tests on different pavements show that the hydroplaning poten
tial of a pavement is determined by measuring the water-film thickness 
and the average texture depth. 

When the water film on a pavement is of a certain thick
ness, vehicles may hydroplane; i.e., the tires may be 
separated from the pavement by the water wedge formed 
between the tire surface and the pavement surface. Total 
hydroplaning occurs when the fluid pressure forces (gen
erated as a result of change in momentum of the fluid 
particles) in the water-wedge region exceed the total 
downward load on the tire. 

Hydroplaning can be controlled by changing tire and 
pavement designs. Such changes, however, may ad
versely affect the performance of vehicles on dry pave
ments. The most logical approach is to prevent water 
accumulation on the pavement. Grooving the pavement 
and providing a course texture finish are effective in re
ducing the water-film buildup under the tire. The mea
sures, however, lose effectiveness when depressions 
and ruts from which water cannot drain develop in the 
pavement. Such depressions can develop on heavily 
traveled, flexible pavements and pavements on which 
studded tires are extensively used. Regions of large 
temperature variations are also susceptible to the de
velopment of undulations in the pavements. 

Measurement of the hydroplaning potential of pave
ments (of the inability of the accltmulated water to es
cape from the tire-pavement contact ru.·ea) affords a 
useful criterion for ranking the performance of the pave
ments. This measurement indicates the speed above 
which hydroplaning will occur if a specified water-film 
thickness exists on the pavement and if a set of other 
specified test parameters are used. Ideally, the method 
of measurement will permit extrapolation or interpola
tion to water-film thicknesses other than those of the 
test. The method is simple enough that minor modifica
tions can be incorporated in the friction testers currently 
used for routine skid testing to convert the testers into 
hydroplaning-potential measuring systems. To engineer 
the method, one must have a knowledge of all the factors 
that both promote and inhibit hydroplaning. 

The research culminating in these findings was divided 
into two phases. In the first phase the hydroplaning be
havior of two tires, ASTM designation E 249 and designa
tion E 524, was determined under various tire-inflation 
pressures, tire-vertical deflections, and water-film 
thicknesses in a stationary trough. In the second phase 
a mobile system for measuring potential hydroplaning 

was designed and demonstrated on various pavements 
having different textures. . 
PHASE I: TESTING IN THE 
STATIONARY TROUGH 

Selection of Test Parameters 

The selection of test parameters was done on a portion 
of pavement that is not yet open to public traffic . The 
pavement has a portland cement concrete (PCC) surface 
with nonuniform transverse burlap drag and an average 
texture height of 0.45 mm (0.0178 in) as measured by the 
sand-patch u10thod. The test section has a longitudinal 
s lope of 0.15 percent (0.045 m/30.48 m, 0.15 ft/100 ft) 
a nd a· superelevation of 0.8 percent (0 .24 m/30.48 m, 
0. 8 It/100 ft) and provides sufficiently long approaches 
to accelerate and decelerate the test vehicle. 

The inflation pressures selected were 124, 165, and 
207 kPa (18, 24, and 30 lb/in2

). The vertical tire de
flections selected were 12 . 7, 15.9, and 19 .1 mm (O. 5, 
0.625, and 0.75 in) . Those deflections corr espond to 
vertical loads between 2607 and 4284 N (586 and 963 lbL 
The main consideration in selecting the above test pa
rameters was to obtain a set of variables that would en
able testing at speeds that could be obtained easily on 
public highways without endangering the other vehicles. 

Experimental Procedure 

A stationary trough was installed over an approximately 
straight ,section of the pa.vement surface. The trough was 
61 m (200 ft) long and 0. 56 m (22 tn) wide (Figure 1). A 
3.785-m3 (1000-gal) truck provided the water for testing. 

The locked-wheel mode of operation was selected 
r ather than the spin-down method used by some re
s earchers (1, 2). The choice was based on a few tests 
in both the modes. We observed that at lower water
film thicknesses, no distinct spin down occurred within 
the trough length at the speeds the tests were run. Also, 
we realized that the method to be used later for measur
ing hydroplaning potential should not require higher 
speeds. 

The Pennsylvania Transportation Institute road fric
tion tester (3) was used for the research. Brake force 
coefficient (BFC), the ratio of friction force to vertical 
load on tire when t esting is done in the locked-wheel 
mode, and vehicle speed (measured with a fi fth wheel) 
were automatically recorded. BFC is represented as 
100 times tbe ratio. Tbe vehicle speed was controlled 
within ±0 . 8 km/h (:l:O. 5 mph) by an audio speed monitor 
(4). Water film as thick as 2.54 mm (0.1 in) was mea
su1·ed by the National Aeronautics and Space Adminis
tration (NASA) water level depth gauge, model ML-365, 
and wate1· film thicker than 2. 54 mm (O. l inl was mea
sured by a modified version of this gauge. In the modi
fied version, the length of each of the tripod legs was in
creased by equal amounts by use of the brass caps that 
fit over the existing conical ends. 
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Results of Testing in the Stationary 
Trough 

Theoretically, the friction force present at the tire
pavement interface during total hydroplaning should be 

zero. In practice, however, the friction force is not 
zero because of viscous and hydrodynamic drag present 
at the tire-pavement interface. To measure the hydro
planing speed, therefore, one must use either a direct 
method (record the speed when complete tire-pavement 

Figure 1. Layout of test facility. 

Figure 2. BFC versus vehicle speed 
at various water-film thicknesses. 
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Tire Inflation Pressure = 124 kPa 
Tire Vertical Deflection.,_ 15.9 mm 
Ti re Type ASTII STD E 249 
Pavement Type: Hy~ass (P . r.c.) TD=O.liS mm 
Wate"C"inp, System: External 
Waterfllm Thickness: h 

Line cc> rresponding to 
80.S km/h 

a 0 

10~ - ·>'--------- :=\------+-"" , .. , .... 
t --~~~%)-- ----- -~Q~--;1--- i"ef lqC>km/h 

0 ~ ~ ~ ~ / \ ~ 

VEHICLE SPEED, mph 
56.9 57.9 

Table 1. Hydroplaning speed as a function of tire-inflation pressure, water-film thickness, and vertical tire deflection. 

Hydroplaning Speed (km/h) 
Tire Vertical 
Inflation Tire h = 1.27 mm h = 2.54 mm h = 5.10 mm h = 9.40 mm 
Pressure Deflection 
(kPa) (mm) BFC = 5 BFC = 10 BFC = 5 BFC = 10 BFC = 5 BFC = 10 BFC = 5 BFC = 10 

124 12 .7 10 7.4' 107 .4 86 . 1 86.1 60.7 58 .3 67.4 66 .0 
15.9 113.5' 113.5' 93 .2 9 1.6 61.0 60. 4 70.5 77 .1 
19.0 130 .8 107 .7 98.2 92.2 79 .7 74 .8 - ' - ' 

165 12.7 86 .9 86.9 77 .6 77 .2 7 5.0 74.4 78.9 77.9 
15.9 96 .7 95. 1 85 .8 86.7 71.0 71.1 77 .9 77 .9 
19 .o 10 8.8 108.8 85.8 84.0 73.4 72 .6 - ' -

207 12. 7 113.5 11 3.9 94.5 9 5.3 83 . 7 82.1 90 .4 87.4 
15.9 105.9 105.9 95.8 95.9 81.0 80.5 87. 5 80.5 
19.0 98 .7 98.7 95.8 92 .1 77.7 77.1 84.0 84.3 

Note: h = water-film thickness; BFC = brake force coefficient; 1 mm= 0~04 in; 1 kPa = 0 .145 lb/in2; 1 km/h= 0.6 mph, 
1 Since the BFC = 5 line does not cross the polynomial, the hydroplaning speed corresponds to 8FC = 10, b Obtained from graph eTest data not available 
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separation occurs) or some indirect method. The former 
is not practical because of the difficulties involved in the 
measurement of film thickness under the tire. Thus, an 
indirect method must be used to obtain a characteristic 
speed. 

Various possibilities exist (5). In the present re
search, the hydroplaning speed-is defined as the inter·
cept of a tangent from a point on the BFC- speed curve 
with the speed axis (Figure 2). A third-order polyno
mial curve was fitted through the data. The tangents 
were drawn at the points corresponding to BFC = 5 and 
BFC = 10. We found tbat the two tangents gave nearly 
the same value of hydroplaning speeds (Table 1). Figure 
3 shows the hydroplaning speed as a function of tire
inflation pressure. When the iuflatiou pressure is re
duced from 165 to 124 kPa (24 to 18 lb/ in2

), higl1er hy
droplaning speeds at 1.27 and 2.54-mm (0.0 5 and 0.1-in) 
film thickness may be due to a larger contact area at the 

Figure 3. Hydroplaning speed as 
a function of tire-inflation pressure 
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3 

lower inflation pressure or to a partial dry contact be
cause of uneven water film under the tire or to both. 
When the film thickness increases, a well-accepted trend 
repr esented by the equation V = 10.35VP is obtained (6). 
The hydroplaning speed is least s ensitive to water-film 
U1ickness at 165-kPa (24-lb/ in2

) i nfl ation pressure and 
12 .7-mm (0 .5- in) tire deflection. 

The data can be plotted in an alternate way : BFC at 
80. 5 km/ h (50 mph) as a function of water-film thickness 
(Figure 4). Here the BFC va-ltl(ils are obtained from the 
individual curves between BFC and speed under various 
test conditions [ Figure 2 shows Uiat BFC = 17. 5 at 124-
kPa (18-lb/in2

) inflation and 15.9-mm (%-in) vertical de
flection]. If the BFC-speed curve terminated before 
80. 5 km / h (50 mph) [h = 9.4 and 5.1 mm {0 .37 and 0.2 in) 
in Figure 2], a zero was assumed as the value of 
BFC at that condition. The assumption is reasonable 
since the increase in BFC will probably start at a speed 

ASH! STD E 269 Tire 

Dypc1ss (r . r.c.) 

P.C.C. Surface, TD= 11.4 mm 

Tire llerll::'cdon = 15.9 mm Tirf.' \)Qf)ec.tinn = 19.0 mm 

IO 
II 
u 

-"' 
----- ------ - l!ornl·'s Eq~1.:ition I/= 10.JSVp 

Figure 4. Effect of water-film 
thickness on friction characteristics 
of PCC surface (TD = 0.45 mm) at 
constant vehicle speed of 
80.5 km/h. 
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much higher than 80.5 km/h (50 mph) when the viscous 
drag starts to play an important role. Figure 4 shows 
that, at 165-kPa (24- lb/ in~) inflation pressure and 12.7-
mm (0.5-in) vertical deflection, a BFC range of Oto 12 
is obtained when the water-film thickness is 2.54 mm 
(O.l in) or less. 

ASTM designation E 524 tire (smooth version of E 501 
tire) at various tire-inflation pressures and vertical 
loads. The water-film thickness was kept constant at 
1.27 mm (0.05 in) . At 80.5 km/h (50 lU})h) the lowest 
values of BFC are o'btained at 165 kPa (24 lb/ in2

) at any 
vertical load. The above results indicate that the ASTM 
designation E 524 tire is the most likely candidate to be Figure 5 shows the BFC-speed characteristics of the 

Figure 5. BFC versus vehicle speed at 
various inflation pressures and vertical 
loads. 

Figure 6. Schematic of water-delivery 
system. 
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Table 2. Description of surfaces at skid test facility. 

Number Name 

1 Jennite 
2 Sand epoxy 

3 Concrete, burlap drag 

4 ID-2A wearing course 

Texture 
Depth 
(mm) 

0.39 
0.43 

0 .29 

0.76 

Description 

!D-2A surface treated with a first coat of Jennite (1963 m'/m') 
ID-2A surface treated with coal-tar-modified epoxy resin compound (736 m 2/m 3

) and 
saturated with 20-40 flint-shot ottawa sand 

Portland cement concrete (20.3 cm) reinforced and finished with light application of 
transverse burlap drag 

Pennsylvania specification hot-mixed bituminous concrete, 5. 5 percent asphalt con
crete 2000 :11sph111t, Pennsylvnnia type A limestone ng~regnlc cone !sting of 42 per
cent 1-B (clo~e) graded ccnrso (12. 7 mm max size) nnd 58 1>er ccnl crushed stone 
fines 
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tested at an inflation pressm·e of 165 kPa (24 lb/in2
) and 

a vertical load of 2891 N (650 lb). 
eters, we directed our attention to finding a means for 
providing water films under the tire that were thick 
enough for hydroplaning. When a water pump rated up 
to946-L/ min (250-gal/ min) now at 96.6 km/ h (60 mph) 
did not prove satisfactory (i.e ., the pump did not reduce 
the values of the friction force compa.i·ed to those ob
tained with a low-capacity water pump), we decided to 

PHASE II: MEASURING SYSTEM FOR 
POTENTIAL MOBILE HYDROPLANING 

Having selected the type of tire and the operating param-

Figure 7. BFC versus vehicle speed with external 
and on-board watering systems. 

Figure 8. BFC versus vehicle speed for four 
pavement surfaces. 
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Figure 9. Hydroplaning speed versus water depth . 
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Figure 10. Hydroplaning speed versus water film 
thickness. 
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modify the water-delivery system. Tests were per
formed in which a variety of nozzle shapes and sizes 
were used. The water-delivery point ahead of the tire 
was also investigated. we found that delive1·i11g the 
water approximately 2 m (6 . 5 ft) ahead of the tire (Fig
ure 6) provided a water-film Uiickness equivalent to 
1.27 mm (0 .05 in) obtained with externally supplied water 
on the trough. The above conclusion was based on a 
comparison of the test results (under similar conditions) 
on the trough with both external and on-board water. We 
also found that the flow rate was not excessive [378 L/ 
min at 96. 5 km/h (100 gal/min at 60 mph)]. 

Experimental Procedure 

The modified water-delivery system was installed, and 
tests were performed at four different water-flow rates: 
151 L/ min at 64.4 km/ h (40 gal/min at 40 mph), 288 L/ 
min at 64.4 km/h (76 gal/min at 40 mph), 341 L/ m.i.n at 
64.4 km/b (90 gal/min at 40 mph), and 378 L/mln at 
64.4 km/b (100 gal/min at 40 mph). The flow rates 
were linear between 48.3 and 96.6 km/h (30 and 60 mph). 

G (TP-0.76 mm) 

) (TJJ, 0. 29 mm) 

1.0 1.5 
.03 .04 .05 .06 

WATER DEPTH, in. 

1.0 1.5 

.03 .04 .05 .06 
WATERFILM THICKNESS, in. 

1. (1 [l, 0.43 mr.i) 

1 (Tn- 0.39 mm) 

2 mm 
.07 .08 .09 

(TD•O.s3 mm) 

2.0mm 

.07 

The BFC and speed were recorded in each case. 

Measurements of Hydroplaning 
Potential of Pavements 
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The tests were carried out on four test surfaces at the 
Pennsylvania Transportation Institute' s skid test facility. 
Each test surface was 1.8 m (6 ft ) wide and 61 m (200 ft) 
long. The four surfaces of the skid test facility are de
scribed in Table 2. 

Results and Discussion 

Figure 7 shows the BFC-speed relationship with both the 
external and the on-board watering systems. Film thick
nesses in the external water tests (solid lines) were mea
sured with the NASA depth gauge, allhough the equivalent 
film thicknesses in the on-boa.rd watering tests (dashed 
lines) were obtained by interpola.tion. The resulting film 
thicknesses a1·e 0.25, 0.635, 1, and 1.27 mm (0.01, 0.025, 
0.04, and 0.05 in) . The corresponding now rates are 
also shown in the figure. 

. . 
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Figure 8 shows the BFC-speed relationship on the dif
ferent pavement textures. The mean effective water 
depth in the figure represents the water delivery per unit 
a1·ea and is equal to the sum of water-film thickness 
(measured with the NASA gauge) and the texture depth 
of the PCC surface where the comparison of on-board 
and of external watering systems was made. Similar 
curves were obtained for three other water depths. In 
each case, the data were fitted to a third-order poly
nomial. Te:id;ure depth of each pavement is also shown 
in the figure (texture depth was measured by the sand
patch method). From this fig11re, the hydroplaning speed 
was computed by use of the previously discussed method 
(tangents were drawn at BFC = 15 because the lower val
ues of BFC were not at~inable on all the pavements with
out exceeding legal speed limits). 

Figure 9 shows the hydroplaning-speed and water
depth relationship obtained from the individual curves 
similar to those shown in Figure 8. Figure 10 shows 
the hydroplaning-speed and water-film-thickness rela
tionship" This was obtained from Figure 9 by shifting 
the individual curves to start at zero water-film thick
ness; i.e", the texture depth was subh·acted from the 
water depth. In both figures, the straight portions of 
the curves represent the least square fit to the data. The 
dashed lines are drawn on the assumption that very high 
hydroplaning speeds result when the wate1· depth ap
proaches the texture depth (water-film thicknes·s ap
proaches zero). 

Figure 10 .illustrates that the slope of the hydroplaning
speed and water-film-thickness curve for the rigid pave
ment (PCC surface 3) is larger than that for ilie flexible 
pavements (asphalt pavements with overlays 1, 2, and 4). 
Because only one rigid pavement was used, more data 
are required to determine if the two kinds of pavements 
can be grouped separately according to their hydroplan
ing potentiaL To determine the hydroplaning speed from 
these curves, one needs to know the water-film thick
ness, texture depth, and type of pavement. All the data 
presented here were gathered with the smooth tire {ASTM 
designation E 524). Under similar conditions, any other 
tire would probably hydroplane at a higher speed. Fur
ther testing at higher water-film thicknesses is desirable 
to dete1·mlne the point (on the hydroplaning and water
film-thickness curve) at which the effect of pavement 
texture is insignificant. 

CONCLUSIONS 

1. The ASTM designation E 524 tire, tested under 
165-kPa (24-lb/ in 2

) inflation pressure and 2891-N (650-lb) 
vertical load on the PCC surface having a water-film 
thickness of 1.27 mm (0.05 in), developed the lowest 
values of the brake force coefficient. The test condi
tions provided a suitable combination to be used in the 
second phase of testingo 
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2. The standard skid tester (conforming to ASTM 
method E 27 4) can be modified to deliver an equivalent 
water depth of up to 1.78 mm (0.07 in) by delivering the 
W/ilter jet about 2 m (6.5 It) ahead of the tire. The water 
flbw must also be increasedo 

3. The speed above which hydroplaning will occur 
(hydroplaning potential) on pavements having different 
texture depths can be determined from the hydroplaning 
speed versus water-depth curves by measuring the water 
film present and the average texture depth of the pave
ment. 

4. The hydroplaning potential of the rigid pavements 
(PCC sw·faces) and of the flexible pavements can be 
grouped separately according to the slopes of the 
hydroplaning-speed-equivalent and water-film-thickness 
curveso 
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Effects of Pavement Grooving on 
Friction, Braking, and Vehicle Control 
J. E. Martinez, Texas Transportation Institute, Texas A&M University 

Pavement grooving is a technique by which longitudinal or transverse 
cuts are introduced on a surface to increase skid resistance and reduce 
the number of wet-weather accidents. The objective of the research was 
to determine the effect of pavement grooving on motorist safety by· 
studying the effects of grooving on friction, braking, and vehicle control 
by computer simulation and full-scale testing. Vehicles considered were 
automobiles, motorcycles, and automobile and towed-vehicle combina
tions. The computer simulation was developed by obtaining test data 
for a variety of conditions and performing a regression analysis of the 
data. The result was a set of equations that were incorporated into 
vehicle-handling models that predicted vehicle response due to the 
grooves. The motorcycle rider detected a perceptible difference between 
worn and unworn grooving. The effect of grooving on motorcycle re
sponse could not be detected by electronic instruments that measured 
steering angle and torque. No significant difference was found for vari
ous grooving geometries. Electronic instrumentation could not detect 
the effects of grooving on a typical small automobile and towed-vehicle 
combination at different speeds for various trailer and tongue loads. 
Based on computer simulation, the effect of grooving is more beneficial 
for low-friction than for high-friction pavement; also, grooves provide a 
noticeable increase in the directional stability of a vehicle. 

Pavement grooving is becoming a widely accepted means 
of improving the stability of vehicles on pavements. 
Grooving is primarily longitudinal on highways in the 
United States and transverse on aircraft runways and 
in other countries. For a given pattern, various dimen
sions of the groove width, depth, and spacing have been 
studied; however, an optimum pattern has not been ac
cepted. Most studies of highway grooving have relied 
on measurements on in-service roadways. Factors such 
as skid numbers, texture or surface wear, and accident 
rates were investigated before and after grooving. To 
a limited extent, driver response and vehicle behavior 
were monitored, primarily by public response. 

When grooves were first introduced, motorcyclists 
filed a large number of complaints with the state highway 
departments and motorcycle magazines (1). The riders 
claimed that the grooved pavements produced uncomfort
able and hazardous riding. Experience has shown that 
the effect of grooving on motorcycles varies with the 
width of the grooves. Farnsworth states that 6.4-mm 
(0.25-in) wide grooves generated complaints from motor
cyclists and drivers of small automobiles and that 3.2-
mm (0.125-in) wide grooves still brought complaints, 
though fewer, from motorcyclists (1, 2). In addition, 
narrower grooves were just as effective in controlling 
skids as wider grooves. 

This paper presents the findings of a study that in
volved laboratory and full-scale tests in which various 
groove geometries and pavements were used and the 
effects of slip, camber and approach angles, normal 
load, tire geometry, pavement, speed, groove geometry; 
and wet or dry conditions were considered. The data 
were collected by using the Texas Transportation Insti
tute (TTI) low-speed ti.re tester and the Highway Safety 
Research Institu te (HSRI) mobile til'e te ste r. 

The direct advantage of grooved pavement under rain
fall conditions in producing large values of lateral 
friction and the indirect advantage in reducing accidents 
are thoroughly documented. Therefore, this study 
placed primary emphasis on the determination of vehicle 
handling or stability problems on dry pavements. The 
wet-pavement data were obtained only because the pro-

cess for doing so was readily available. Consequently, 
a wet pavement merely refers to a pavement with a par
ticular skid number as obtained by the HSRI tester; the 
truck-borne water systems produced low friction levels 
but not low enough to be consistent with rain-wetted sur
faces (3, 4). 

Free-rolling and braking data were taken with the two 
machines. The data were next used as input to a regres
sion model that produced a functional relation for the 
grooved side or circumferential force in terms of the 
variables mentioned previously. These 'representations 
for the free-rolling and braking cases were next inte
grated with computer programs for the handling of auto
mobiles, motorcycles, and towed vehicles. 

A regression analysis resulted in a model that pro
duced results consistent with data found in the literature. 
The trends were quite realistic. 

Full-scale tests were performed with an instrumented 
motorcycle and a small automobile and towed-vehicle 
combination. The results of the motorcycle study are 
presented in this paper, and the results of the automobile 
and towed-vehicle study are presented in another report 
'2), 

The conclusions presented are based on contact with 
leading researchers in the field, on evaluation of grooved 
pavements by automobile drivers and motorcyclists, and 
on laboratory, full-scale test data, and computer simula
tion. 

EXPERIMENTAL APPROACH 

The degree of slip, camber, and approach angles of tires 
that were considered in the tests are given below. 

Vehicle Slip Camber Approach 

Automobile 4 0 -10 
8 5 0 ·~ .~ 

IV IV IV 

45 
90 

Trailer 4 0 
8 5 

16 10 

Motorcycle 0 0 -10 
6 20 0 

40 10 
45 
90 

The load values in newtons (lN = 0.225 lbf) of the tires 
that were considered are given below. , 

Automobile Trailer Motorcycle 

2891.3 1779.0 889.6 
4003.3 2891.3 1779.0 
6227.5 4003.3 

6227 .5 

Types of tires considered are given in Table 1. The effect of 
various tires was accounted for thr ough the use of (µylmax 
and (µ,)m ax [ i.e., the ratio of the peak s ide (free-rolling) or 
circumferential (braking) force to the normal load] and 
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through the use of a tire cornering or camber coefficient. 
The tire coefficient was computed as the slope of the side 
force versus slip angle (for automobile and trailer tires) 
or camber angle (for motorcycle tires) at zero slip 
angle divided by the normal load for free-rolling cases 
and as the slope of the braking force versus percentage 
of slip at zero slip angle divided by load for the braking 
cases. 

The groove width, depth, and spacing in millimeters 
(1 mm = 0.039 in) that were used in the tests are given 
below. 

Test Width Depth Spacing 

Laboratory 2.8 3.2 19.0 
3.2 6.4 25.4 
5.6 9.5 38.0 

Full scale 2.8 3.2 19.0 
25.4 

The tester operated at a speed of 3.62 km/h (2.25 mph) 
in the laboratory tests and at speeds of 32.2 and 64.4 
km/ h (20 and 40 mph) in the full-scale tests. 

The effect of the various pavements was accounted for 
through the use of the locked-wheel skid number obtained 
with the Goodyear custom power cushion tire in the full
scale tests and with the ASTM E-249 tire in the labora
tory tests. 

In the full-scale tests, longitudinal grooves were cut 
in two straight sections of portland cement concrete 
(PCC) and two curved sections of asphaltic concrete 
(AC) as follows (1 m = 3.3 ft and 1 mm = 0,039 in): 

Dimension Curvature 
Type (m) Radius (m) Groove (mm) 

Straight, PCC 48.8 X 11 2.8 X 3.2 X 25.4 
Straight, AC 48.8 X 7.3 2.8 X 3.2 X 25.4 
Straight, PCC and AC 91.4 X 6.7 106.7 2.8x3.2x19 

In the laboratory tests, grooves were cut in PCC and 
AC slabs approximately 1.8 m X 61 cm x 5 cm (6 ft x 
2 ft x 2 in). The grooves were cut longitudinally, trans
versely, and at skewed angles of -10, 10, and 45° as 
follows: 

2.8 x 3.2 X 25.4 mm, 
2.8 x 3.2 x 19 mm, 
3,2 x 3.2 x 19 mm, 
3.2 x 3.2 x 25.4 mm, and 
5.6 x 6.4 x 38 min. 

FULL-SCALE TESTING 

A preliminary motorcycle test at the TTI Research Annex 
on the grooved pavements determined the rider's evalua
tion of the grooving. An uninstrumented 1974 Yamaha RD 
350 motorcycle was used that had a standard ribbed Dun
lop front tire and a Dunlop K-87 rear tire. 

Table 1. Types of tires used in tests. 

Vehicle 

Automobile 

Manufacturer 

Goodyear custom 
power cushion 

ASTM E-249 
Goodyear custom GB 

Motorcycle Trials knobby 
Dunlop Gold Seal F7 
Dunlop K-95 

Small traile r Goodyear super rib 

Note: 1 N = 0.225 lbf; 1 kPa = 0, 145 lb f / in '. 

Size 

8.25X14 
7.50X14 
5.60 X15 

3.50xJB 
3.00 xlB 
3.50X18 

4.BOx4.00 xJB 

Rated Pres-
Load sure 
(N) (kPa) 

7206.1 220.6 
4826.3 165.5 
4314.B 220.6 
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Three riders were selected. One was a highly skilled 
professional who had considerable experience; one was 
an average rider who had approximately 2 years of ex
perience on dirt and street riding; and one was an inex
perienced rider, the principal investigator of the re
search project, who had less than 1 year of experience 
on street riding only. 

The inexperienced and average riders rode over the 
grooved surfaces at speeds up to 112.6 km/h (70 mph); 
however, the highly skilled rider was allowed to ride at 
speeds exceeding 112.6 km / h (70 mph). Most of the 
riding was done on an 18-deg curve paved with PCC. The 
maneuvers consisted of in-lane and lane-change travel. 
The three riders agreed that at speeds below 80.5 km/ h 
(50 mph) there was 110 noticeable effect on the lurndling. 
At speeds above 80.5 lan/b (50 mph), but below 96 .5 km / h 
(60 mph), a slight wobble was detected when no attempt 
was made to follow the grooves. This wobble disap
peared, however, when an effort was made to follow the 
grooves. The consensus of the riders was that a per
ceptible wobble was present at speeds between 96.5 and 
112.6 km/ h (60 and 70 mph) when the grooves were not 
followed, but only a slight wobble was evident when the 
grooves were followed. At speeds exceeding 112.6 km/h 
(70 mph), the skilled rider reported a l eeling of hazard
ousness when he did not try to follow the grooves and a 
feeling of uneasiness when he did try. 

This first series of tests was performed on a curved 
pavement section that had newly cut grooves. Another 
series of tests was done on a straight pavement section 
that had worn grooves. That section was 6.4 km (4 
miles) of the eastbound and westbound lanes of Loop 410 
in San Antonio between the Blanco Road exit on the east 
and the Fredericksburg exit on the west. The inexperi
enced rider and the motorcycle were the same as those 
involved in the first tests. A TTI vehicle equipped with 
a motion picture camera followed the motorcycle to 
photograph any wobble that might be caused by the 
grooved pavement. 

Runs with speeds well exceeding 88.5 km/h (55 mph) 
were made when safe traffic conditions were present, and 
the motion picture showed no wobble. The rider felt only 
a slight vibration through the seat at the'nigh speed, but 
not at the low speed whether he followed the grooves or 
changed lanes. 

The test motorcycle was then equipped with new Trials 
Universal (semiknobby) tires, commonly used on dual
purpose motorcycles for riding on streets and dirt roads. 
When no attempt was made to follow the grooves, the 
rider felt a slight wobble at speeds of 88.5 km/ h (55 mph) 
and an uneasy feeling at 105 km/ h (65 mph). The rider 
had not previously ridden on semiknobby tires, which do 
not handle the same way as street tires do. 

In later tests with worn semiknobby tires, the rider 
could reach speeds above 105 km/h (65 mph) before he 
felt uneasy. The reason may partially be that he had 
become accustomed to semiknobby tires. 

The motorcycle, equipped with both street and semi
knobby tires, was also ridden on pavement with a metal 
tine texture, which is sometimes mistaken for a grooved 
texture. The rider felt more uncomfortable on the tine 
surface than on the grooved surface. The motorcycle 
tended to drift, even at speeds below 88.5 km/ h (55 mph), 
and tended to drift even more and slightly wobble at 
higher speeds. In some instances, the motorcycle tended 
to follow the wavy pattern of the metal tine texture, and 
perhaps some tire-groove interlock took place. In other 
instances, the motorcycle tended to drift across the lane 
of travel. In a strong crosswind and heavy traffic, riding 
a motorcycle on metal tine texture could be hazardous. 

Motorcycle testing was also conducted on an 0.8-km 
(0.5-mile ) grooved portion of 1-45 in Navarro County near 
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Angus, Texas. Several runs made with and without a 
steering damper produced no disturbing effects at speeds 
below 88.5 km/h (55 mph). Wobble seemed to increase 
with speed when no steering damper was used. The 
wobble continued until the speed was reduced to approxi
mately 80.5 km/h (50 mph). The wobble did not occur 
immediately at any speed but seemed to take approxi
mately 30.5 to 61 m (100 to 200 ft) to develop depending 
on the speed. 

The runs made in Navarro County indicated that pave
ment grooving affects motorcycle handling, and the ef
fect depends on the physical properties of the motor-

Figure 1. Lateral velocity in HVOSM computer simulation. 
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Figure 2. Lateral acceleration in HVOSM computer simulation. 
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cycle. In the opinion of the test rider, the wobble is not 
hazardous, except perhaps to someone who is inexperi
enced. (Many other motorcyclists, however, do not 
agree with this opinion.) The rider felt that the longer 
distance gave the disturbance more time to become evi
dent and that significant differences were experienced 
between ungrooved pavements. 

A roadway disturbance analysis was conducted in 
Navarro County. The full-scale test data included 
motorcycle steering torque and steering angle time 
histories over the segment of grooved pavement. 
The test speeds varied from 64.4 to 120. 7 km/h (40 to 
75 mph). Data from the angle and torque transducers 
were telemetered to a mobile base station where the 
data were recorded on FM analog magnetic tape and 
simultaneously displayed on visicorder paper. Unfor
tunately, inspection of raw signals for grooved pavement 
showed no startling differences from those of ungrooved 
pavement, although the driver experienced a perceptible 
difference. These signals were used as input to a 
motorcycle-handling computer program ~). 

Figure 3. Yaw rate in HVOSM computer simulation . 
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Figure 4 . Yaw angle In HVOSM computer simulation. 
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V = RESULTANT VELOCITY VECTOR 
Figure 5. Constant steer 
maneuver at 80.5 km/h 
(50 mph) on low-friction 
pavement in HVOSM 
simulation. 
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THEORETICAL APPROACH 

A regression analysis was performed on the data, and 
equations were developed to describe the effects of the 
pavement grooving. The equations considered the effect 
of the following parameters: side force and circumfer
ential force for smooth pavement, side-slip angle, 
camber· angle, grooving approach angle, normal load, 
groove width, groove depth, groove spacing, pavement, 
tire, circumferential slip, and velocity. The two equa
tions that were developed for automobile tires considered 
free-rolling and braking effects, and the one equation 
that was developed for motorcycle tires considered only 
free-rolling effects. 

The computer simulation was carried out by using 
three distinct vehicle-handling computer models: a 
highway-vehicle-object simulation model (HVOSM) (7), 
a motorcycle-handling model developed by CALSPAN 
Corporation (6), and a model for articulated vehicles 
developed by HSRI (8). These models incorporated the 
results of the regression analysis. 

DISCUSSION OF RESULTS 

The results obtained by the HSRI computer simulation 
of an articulated vehicle in free-rolling and braking con
ditions on both grooved and smooth (ungrooved) pave
ments closely match results obtained by HSRI in tests 
in which a new B. F. Goodrich Silvertown belted 8.25 >< 
14 tire inflated to 165.5 kPa (24 lbf/ in2

) was driven on a 
smooth TTI test pad (9). The computer runs were made 
for a 1636.5-kg (3600:-lb) vehicletowinga954.6-kg(2100-
lb) trailer at 48.3 km/h (30 mph) on dry, grooved con
crete pavement. Results from 12 computer runs show 
that the smooth and grooved roads do not differ signif
icantly (5). 

The results of the motorcycle study were inconclu
sive. The model simulated a motorcycle following the 
line of the roadway on a section of grooved pavement. 
Steering torque data were obtained in full-scale tests by 
a torque sensor located between the handlebars and 
front fork of the test motorcycle. The data were dig
itized and used as a disturbance input to the motorcycle 
computer simulation. The steer angle was also re
corded and used in comparisons. The front and rear 
tire side forces resulting from the disturbance were 
modified by using the grooving function. 

Y {METERS) 

Since steer angle was the only parameter that could 
be used in comparisons, no firm conclusions could be 
reached on how well the simulation results compare with 
full-scale test results. The agreement between simulated 
and experimental steer responses was not close. No 
oscillations of the motorcycle that could be termed weave 
or wobble were noted either in the simulated or experi
mental steering time histories. One conclusion that can 
be reached is that pavement grooving has little effect on 
motorcycle response under the conditions studied. 

Several computer runs made with HVOSM considered 
different pavements (SN = 75 and SN = 25) and constant 
steer maneuvers for a medium-weight vehicle traveling 
on a 122-m (400-ft) r adius curve at 80.5 km/h (50 mph). 
Grooving caused a slight increase in lateral force on the 
high-friction pavement and had a significantly beneficial 
effect on the low-friction pavement. Figures 1 through 
5 show that the vehicle is considerably more stable 
on the grooved pavement than on the ungrooved pave
ment. The vehicle attains its maximum available lateral 
force on all four tires during the 4-s maneuver on the 
ungrooved pavement; only the front two tires saturate on 
the grooved pavement. Figures 1 and 5 indicate that the 
grooves provide vehicle directional control as evidenced 
by the small lateral velocity component. Figure 2 shows 
that lateral acceleration is dependent on steer input on 
grooved pavements and indepdendent of steer input on 
ungrooved pavements. Figure 3 shows that the oscilla
tions in yaw rates seem to decay to a steady-state value 
on grooved pavements and diverge rapidly after 2 s on 
ungrooved pavements. Figure 4 shows that the yaw 
angle is larger on ungrooved pavements than on grooved 
pavements and continues to increase throughout the sim
ulation. These results seem to indicate that the bene
ficial effects of pavement grooving are greater for the 
low-friction pavements. However, the results at the low 
skid number represent an extrapolation of measured 
data. 

CONCLUSIONS 

Pavement grooving helps to drain pavements, provides 
directional stability, and consequently reduces the num
ber of accidents during wet-weather periods. However, 
some motorcyclists have expressed concern about riding 
on grooved pavements. This study could find no detri
mental effects of pavement grooving on motorcycle 
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handling. At high speed, the motorcycle rider did have 
an insecure feeling because of the presence of the 
grooved pavement. The testing, theoretical hypotheses, 
and riding experiments suggest that the tire-groove in
teraction does excite certain resonant frequencies in 
motorcycles; the effect is so subtle as to be almost un
detectable except at very high speeds or for a poorly 
damped motorcycle. 

The results of the HSRI computer simulation of the 
articulated vehicle did not show much difference between 
the smooth and grooved pavements. The braking results 
revealed that slightly higher friction is available on 
grooved than on smooth pavements. The full-scale test
ing of the instrumented automobile-trailer combination 
revealed that the effects of the grooving could not be 
detected by the instrumentation used. 

The study showed that variations in the groove di
mensions and approach angle do not produce a significant 
difference between grooved and ungrooved pavement. 

Specific conclusions drawn are given below, some of 
which are based on analyses contained in another 
report ~). 

Motorcycle 

Rider Evaluation 

1. Worn grooves are not so evident to the rider as 
are unworn or newly cut grooves. 

2. Grooves have no detrimental effects at speeds 
no higher than 88.5 km/h (55 mph). 

3. At speeds approaching 112.6 km/h (70 mph), the 
rider experiences a perceptible wobble (side-to-side, 
front-wheel movement) when he does not follow the 
grooves and only a slight wobble when he does. 

4. The effect of the grooves does not occur im
mediately and is more evident when the testing is per
formed over a 0.8-km (0.5-mile) length of pavement. 

5. The effect of a steering damper on the response 
of the motorcycle to the grooves could not be clearly 
detected. 

6. The effect of grooves on motorcycle response 
is more noticeable for knobby tires than for factory
equipped, street tires. 

7. Riding over transverse grooves (perpendicular 
to approach direction) does not produce undesirable 
effects. 

8. Lowering the tire-inflation pressure by 68.9 kPa 
(10 lb/in~) from the recommended pressure does not af
fect the motorcycle response on grooves. 

9. A more noticeable disturbance is produced on 
steel-time, longitudinally textured pavement than on 
grooved pavements. 

10. Pavement grooving cannot be considered hazard
ous for speeds under 112.6 km/h (70 mph) except per
haps to the most inexperienced rider. 

Electronic Instrumentation and 
Computer Simulation 

1. The effects of pavement grooving cannot be 
detected. 

2. Motorcycle response is almost the same on 
grooved and smooth pavements. 

3. No motorcycle oscillations that could be termed 
weave or wobble were noted. 

Small Automobile and Towed-Vehicle 
Combination 

1. Based on instrumented full-scale testing, the 
effects of grooving cannot be detected at different 

speeds for various trailer and tongue loads. 
2. Based on driver evaluation, a slight vibration 

occurs in the steering wheel at a speed of 80.5 km/h 
(50 mph) even though the system remains extremely 
stable. 

3. Based on full-scale testing and driver evaluation, 
pavement grooving is not detrimental. 

4. Based on computer simulation in which grooving 
function resulting from single-tire test data is used, no 
significant difference is observed for cornering maneu
vers on smooth and grooved pavements. 

Automobile (HVOSM Simulation) 

1. In a braking situation, grooving is quite beneficial 
at higher speeds (data were only collected at skid num
bers of 60 and above). 

2. In a free-rolling situation, grooving is more 
beneficial on the low-friction pavements (Figure 4), the 
effect of the grooving approach angle (angle between 
wheel velocity vector and the grooves) is minor, and the 
side forces are larger on grooved than on smooth pave
ment. 

3. At 80.5 km/h (50 mph) on a 122-m (400-ft) radius 
curve, grooves have a slightly beneficial effect for a 
constant steer maneuver on a high-friction pavement 
(SN = 75) and significant beneficial effect for a turning 
maneuver on a low-friction pavement (SN = 25). 
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Photographic Technique for 
Estimating Skid Number and 
Speed Gradients of Pavements 
L. Bruce McDonald,* Allen Corporation, Alexandria, Virginia 
Robert R. Blackburn, Midwest Research Institute, Kansas City, 

Missouri 
Donald R. Kobett, * Black and Veatch Engineers, Kansas City, 

Missouri 

A technique has been developed for determining skid number and speed 
gradients of pavements from a moving vehicle. Photographs were made 
of the pavement by using a light at low-incidence angle to project shad
ows across the peaks and valleys of pavement macrotexture. The photo
graphs were compared to standard photographs of pavements with known 
gradients. The ratings were converted to estimated skid number and speed 
gradient by using a regression equation. The technique is economical, 
valid, and reliable. 

A study was made to determine the relations between 
skid number (coefficient of friction x 100) ana wet
pavement accident rates. Wet-pavement accident rec
ords and the matching skid-number measurements pro
vided by the states participating in the study were used. 
Skid number measurements are needed that correspond 
to the operating speed of the roadway. 

The skid number data collected by the states are gen
erally measured at a speed of 64 km/h (40 mph), and the 
skid number is known to decrease as speed increases. 
Thus, to determine skid number at the operating speed 
of the roadway at the time of the accident, we must know 
the skid number-speed gradient (G = A skid number/ 
A speed) . For example, if we !mow that the skid number 
at 64 km/h (40 mph) is 45 and the speed gradient is 0.50, 
then tbe skid number· at an operating speed of 97 km/h 
(60 mph) ls 45 - (0.50 x 60 - 40) = 45 - 10 = 35. 

The most obvious method of obtaining the gradient for 
a section of pavement is to measure the skid number at 
various speeds and determine the gradient empirically. 
Because this is an expensive procedure and states have 
only limited budgets for skid measurement, the gradi
ents have been determined for only a small number of 
pavement sections. A review of previous work was thus 
made to determine the technique best suited to estimate 
gradients. 

PREVIOUS WORK 

Several research projects have been directed toward 
alternate methods of determining the skid number-speed 
gradient of selected pavements. The most productive 
study was done by Schulze and Beckman (1), who found 
that the skid numbe1·-speed gradient from-20 to 60 km/h 
(12 to 37 mph) is correlated with the mean widU1 of sur
face voids. The larger void width produces a flatter 
speed gradient primarily because of better water drainage. 

The method for obtaining the mean void width is de
scribed by Schulze (2). Stereophotographs were taken of 
pavement sections and magnified 25 to 1. The outline of 
each individual void was then traced onto paper, and the 
width of each void was measured. Needless to say, this 
procedure would be much too expensive for any major 
speed-gradient inventory. 

Gillespie (3) fou11d mean void widths from pavement 
profile traces-by using an electromechanical roughness 
meter. The mean void width was defined as the mean 
distance between peaks on the trace. When mean void 
width was compared to the known skid number-speed 
gradient from 60 to 80 km/h (37 to 50 mph), the com
parison with the extrapolated Schulze and Beckmann 
curve was excellent. 

Goodman (4) developed several techniques for mea
suring pavement texture from a moving vehicle; his vali
dation, however, was limited to stationary, laboratory 
studies. One proposed technique involved photography. 
A narrow slit of light was projected vertically onto the 
surface of the pavement, and the resulting line was pho
tographed from an angle of 30° to horizontal. In the re
sulting photograph, the strip of light delineated the peaks 
and valleys along the strip. The number of peaks per 
centimeter, inverse of mean void width, from this 
photographic technique agreed well with the results from 
an electromechanical roughness meter applied to the 
same strip of pavement. 
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Howerter and Rudd (5) developed a technique that us es 
stereophotography and computer interpretation to obtain 
skid-resistance parameters. However, the technique in 
its present form would be quite expensive for large 
pavement inventory projects. 

After a thorough review of the literature, we elected 
to obtain the pavement-surface-texture data photograph
ically because that approach appeared to offer the high
est probability of success and liberal use could be made 
of off-the-shelf components. 

PHOTOGRAPHIC EQUIPMENT AND 
TESTING 

Photographs of pavement surfaces were made from a 
moving van at the same time other highway inventory 
data were being collected. Approxima tely 4 photographs 
wer e taken each 1.5 km (4 photographs/ mile) of the left 
wheel track area, where most pavement skid number 
data are measured. The data were taken while the van 
was moving at 64 km/ h (40 mph) because stopping the 
van on the highway was impractical. 

Equipme nt 

Figure 1 shows the configuration of the photographic 
equipment, which consists of a projection system, a 
camera system, and a light shroud. 

The projection system projects a high-intensity, 
short-duration, shadow-bar pattern on the pavement 
surface. Since pictures were taken from a van moving 
at 64 km/ h (40 mph), a flash duration of 0.5 to 1 µs was 
needed to stop the motion of the pavement relative to the 
camera. The shadow-bar pattern was projected on the 
pavement at a 20° angle with respect to the horizontal. 
This low-incidence light served to delineate the rough
ness of the pavement. On a smooth surface the interface 
between a band of light and dark was essentially straight. 
The rougher the surface became, the more crooked the 
interface line became because of the shadows cast by the 
peaks in the surface. 

A camera system was needed with adequate format to 
portray salient surface texture features and durability to 
withstand several thousand kilometers of travel in the 
van. The system selected was composed of 35-mm data 
camera and magazine, 105-mm lens, electromechanical 
shutter, appropriate film, and combination housing and 
mounting structure. 

A light shroud was provided to shield the pavement 
area illuminated by the projector from ambient light. 
The shroud was needed because ambient light reflecting 
from the surface would wash out the image of texture de
tail formed by the oblique lighting of the projection. 

Equipment Tes ting 

The complete photographic system was assembled, 
tested in the laboratory, and then installed in the van. 
Test photos were then taken for different pavement tYPes, 
vehicle speeds , light-shroud position, time of day, and 
direction of travel (relative to the sun as am bient light 
s om·ce). 

The developed test film showed that good, usable pic
tures could be obtained provided the light shroud was 
lowered to between 1 and 3 cm (0.5 and 1 in) above the 
pavement surface when the van was at a standstill. When 
the shroud was raised higher, ambient light effects ob
scured surface texture features. Vehicle speed and 
bouncing had no obvious effect. Pavement color change, 
e .g., portland cement concrete (PCC) to asphalt con
crete (AC), altered the appeuauce of the photographs 
but visibility of surface texture was retained. 

PRELIMINARY ANALYSIS OF 
PHOTOGRAPHS 

The pavement was photographed from directly above and 
with oblique lighting. The spot of light contained shadow 
lines intended to delineate the peaks and valleys along a 
t race of the s urface . The flash duration was sufficiently 
sho1·t to obtain streak-fr ee photographs at 64 km / h (40 
mph), but light leakage unde1· the shroud produced minor 
streaking in most of the photographs. 

The first nonlaboratory test of the photographic pro
cedure was made while the vehicle was stationary. A 
photograph (Figure 2) was taken of a spot of open-textured 
asphaltic concrete in a parking lot. An impression of the 
surface was then made, and the surface texture was later 
duplicated with a plaster-of-paris replica. 

The negative film photograph of the spot was placed on 
a standard library 35-mm film reader and magnified 2.2 
times. The number of peaks per centimeter was deter
mined by two methods. First, the shadow line was traced 
onto a piece of tracing paper and the number of peaks per 
centimeter were counted by hand. Second, a ruler was 
placed on the viewer screen and the number of peaks 
along the ruler edge was determined by changes in shades 
of gray. Then the number of peaks per centimeter in the 
same areas of the plaster-of-paris replica were counted 
by hand. For the shadow line trace, direct measure
ment, and plaster-of-paris r eplica there were 7, 6, and 
4 peaks/cm (18, 15, 11 peaks/in) respect ively. The 
oblique lighting in the photograph appeared to magnify the 
size of some of the microtexture, which was mistaken for 
macrotexture. 

Another method used for analyzing the tracing paper 
outline of the shadow edge was to directly measure the 
mean void width. The width, parallel to the shadow bar, 
of each shadow projecting into a void was measured. This 
method produced unsatisfactory results for the same rea
sons as stated above, accumulated measurement errors, 
and was quite tedious and time consuming. 

The analysis technique was then applied to the photo
graphs taken from a moving vehicle in the field. Several 
of the macrotexture photographs were taken on pavement 
sections with known speed gradients. The film was re
viewed and rated as to quality of photographs. (Quality 
indicates resolution or clarity of the photog1·aph and was 
deter mined by comparison to reference phot ogr aphs.) 
Rating was influenced primarily by motion streaking 
made visible by ambient light leaking under the light 
shroud. Experience showed that the minor streaking 
was helpful in interpreting the photograph; however, too 
much or too little streaking was undesirable. The aver
age quality photograph is shown in Figure 3. A decision 
was made to test the film-reading procedure only on av
erage quality photographs to avoid any bias that might be 
introduced by differences in photographic quality. For
tunately, 75 to 80 percent of all photographs were of the 
desired quality. 

The known gradient photographs were analyzed by two 
methods. First, the shadow line was traced from the 
viewer screen onto tracing paper and the number of peaks 
per centimeter was counted by hand. Second, a ruler was 
placed in the lighted portion of the photograph, and the 
number of discernible changes in shades of gray along 
the ruler was counted. From this the number of peaks 
per centimeter was determined. A discernible peak on 
the negative film was defined as a darker area separated 
from the next darker area along the ruler by a lighter 
area. The two methods (tracing and direct reading) pro
duced essentially the same results. Because the direct 
reading method was considerably faster, this method was 
selected as the primary reading method for subsequent 
work. 
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The number of peaks per centimeter on the known 
gradients was determined by the direct reading method 
described above. Only average quality photographs were 
read to prevent any bias that photographic quality might 
introduce. An average of six photographs was read for 
each known gradient and the mean of these readings was 
used. The mean number of peaks per centimeter was 
inverted to yield mean void width. 

Mean void width may be converted to an index of speed 
gradient by using the Schulze and Beckman formula: 

Figure 1. Principal 
components of 
photographic system. 

Microlla,h 
Uni1 

Shock 

PROJECTION 
SYSTEM 

Figure 2. Photograph of pavement macrotexture from stationary 
vehicle. 

y = 13.5 - 72.6x + I 03.6x2 

where 
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(I) 

y = mean width of surface voids (0.254 mm or 0.01 in) 
and 

x = coefficient of fri ction at 20 km/h (12 mph) - coef
ficient of fric tion at 60 km/h (37 mph). 

Solving the equation for x yields 

UGH! SHaouo 
I 
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Dato Camera 
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Figure 3. Photograph of average quality taken from moving vehicle. 
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x = 0.350 38 -V-0.007 542 86 + 0.009 GS3y (2) 

or the change (A) in coefficient of friction (CF) between 
20 and 60 km/ h. A much more useful term would be 
ASN/Akm/h, where SN= 100 CF and 1 km = 0.62 mile. 
We multiply the right s ide of the above equation by 
[ (100) (1. 609)] /40 =. 4.023 to yield 

x = G = 1.4097 -V-0.122 077 6 + 0.156 229 3y 

where G = ASN/Akm/ h. The curve in Kummer and 
Meyer (6) is based on this last equation. 

(3) 

The mean void width for each known gradient was 
converted to SN - G by using Equation 3. The G esti
mated from photogr aphs and measured by skid trailer at 
various speeds are given below (1 km = 0.62 mph). 

Measured 

Estimated 48 to 64 to 80to 48 to 
(km/h) 64 km/h 80 km/h 97 km/h 97 km/h - -----
0.82 0.63 0.53 0.42 0.53 
0.91 0.74 0.44 0.34 0.51 
0.78 0.28 0.45 0.18 0.30 
0.72 0.31 0.59 0.09 0.33 

Based on this small sample, the method appeared to be 
accurate enough to be of value to the study. Considering 
the high variance in the known gradient data, the photo
estimated values appeared to be reasonable. 

The film-reading method adopted for this study ap
peared to work better on photographs gathered in the 
field than on laboratory photographs. We believed this 
difference to be due to the light leakage under the shroud 
in the field. This light leakage created some streaking 
on the photograph and reduced the resolution somewhat. 
This loss in resolution obliterated the shadows cast on 
the microtexture (small irregularities in void surfaces 
that are not meaningful to drainage) by the oblique light
ing, and only the macrotexture shadows could be seen. 
Consequently, the streaked photographs from the field 
produced better results than the laboratory photographs. 

However, this photographic technique had limitations. 
We had field photographs of PCC pavement on which the 
sand patch test was done. Although mean texture depth 
is not synonymous with mean void width, one would ex
pect them to be positively correlated. 

ivi'acrui.e.11.i.ure phui.ugraphic daia were avaiiable ior 
two pavements: The mean texture depth of one was O .17 
cm l0.066 in), and the other was 0.030 cm (0.012 in). 
The latter surface was considered very smooth. The 
field photographs of those pavements were read, and the 
mean void width on the first pavement was estimated to 
be 0.17 cm (0.07 in). The film reader reported that 
photographs of the smoother surface were unreadable. 
When told that the surface was very smooth and to try 
again, the reader was able to es timate the mean void 
width to be 0.18 cm (0.25 in). Bas ed on these res ults , 
we assumed that our photo-estimation technique was not 
capable of determining the mean void width for very 
smooth pavements. 

PRIMARY ANALYSIS OF PHOTOGRAPHS 
AND RELIABILITY OF MEASUREMENTS 

For any measurement technique to be valid, it must 
yield essentially the same results from multiple mea
surements of th~ same data. This concept is known as 
test-retest reliability. A total of 83 photographs taken 
from a moving vehicle were read twice; a 2-month de
lay occurred between t he first and second readings. The 
direct- measuremenl technique (using the ruler as de-

scribed above) was used both times to determine the 
number of peaks per centimeter. The Pearson correla
tion coefficient (y) between first and second 1·eading on 
each photograph was found to be only 0.01. We then 
grouped the data into three classes as given in the table 
below (1 mm = 0.04 in, 1 km/h = 0.62 mph). 

Mean Void Gradient 
Class Peaks (per mm) Width (mm) (t.SN/L'skm/h) 

1 0.0 to 5.0 oo to 2.0 0.0 to 0.21 
2 5.1 to 8.0 2.0 to 1.3 0.21 to 0.37 
3 >8 1.3 to 0.0 >0.37 

The correlation coefficient between first and second 
reading in this case was 0. 73. This finding indicated that 
the pavements could be reliably rated as to high, medium, 
or low gradients. When the readings were grouped into 
five classes, as given in the following table, the correla
tion dropped to 0.11, which indicated that the rater could 
not reliably rate the pavement into five classes. 

Mean Void Gradient 
Class Peaks (per mm) Width (mm) (t.SN/t.km/h) 

1 
2 
3 
4 
5 

0.0 to 4.5 
4.6 to 5.5 
5.6to7.5 
7.6to12.5 
>12.5 + 

oo to 2.3 
2.3 to 1.8 
1.8 to 1.3 
1.3 to 0.8 
0.8 to 0.0 

O.Oto0.17 
0.18 to 0.26 
0.27 to 0.37 
0.38 to 0.50 
>0.51 + 

Subjective Rankings of Pavement Texture 

At this point a decision was made to develop a method of 
ranking the photographs of pavements into several classes 
without directly counting peaks. Five studies were per
formed to determine how reliably a number of raters 
could rate pavement molds and photographs so that stan
dards could be developed for the individual classes of 
pavement texture. One macrotexture photograph was 
selected as the standard for each class, and a photograph 
of a macrotexture of unknown gradient was compared to 
the standard to determine the gradient. 

Study 1 

The first study used 13 molds of pavement texture of 
known gradients, as follows: 

Pave- Pave-
Mold ment G Mold ment G 
Number Type (t.SN/t.km/h) Number Type (t.SN/ t.km/h) 

1 AC 0.31 8 AC 0.12 
2 PCC 0.24 9 Special 0.08 
3 AC 0.27 10 Special 0.05 
4 PCC 0.31 11 Special 0.18 
5 AC 0.31 12 Special 0.15 
6 AC 0.18 13 Special 0.09 
7 AC 0.21 

Molds were positive duplications of the pavement sur
faces and were molded from negative silicone impres
sions. The positive molds were made of white hydro 
stone. Gradients were calculated from multiple speed 
skid measurements provided by the states and the 64 to 
97-km/h (40 to 60-mph) values were us ed when available. 
The raters consisted of 12 staff members, 6 of whom 
were primarily highway safety engineers and 6 stenogra
phers and analysts . 

Asphalt concrete (AC), portland cement concl'ete 
(PCC), and special pavement molds we1·e hot m ixed so 
that the rating would not be contaminated. The AC molds 
were rated first, the PCC molds second, and the special 
pavement third. Because some of the special pavement 
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molds were exceptionally rough or smooth, extra rough 
and extra smooth were added to the classes of smooth, 
medium, and rough. 

The relation between SN - G and mean texture rating 
(T) is shown in Figure 4; goodness of fit is described by 
the Pearson correlation coefficient (r). Except for one 
special mold, the relation between the two variables was 
good (r = -0.90). Tllat pavement surface consisted of 
crushed sand in an epoxy overlay and was extremely 
smooth. The impression made of the surface contained 
air bubbles and produced a bad mold, which was elimi
nated from later studies. Since all of the surfaces seemed 
to fit the same general relation between gradient and 
mean texture rating, the molds were rated from all three 
surface types as a single group of 12 in the second study. 

Study 2 

In the second study the 12 molds were rated into five 
classes. Two of the original raters were unavailable 
for the second study, and the ratings were made by the 
remaining 10. The relation between gradient and mean 
texture rating in the second study is shown in Figure 5. 
Again, the relation is good (r = -0.92), and the coeffi
cient of concordance (an index of how well the raters 
agreed on each mold) among raters was O .90. 

study 3 

In the third study, the individuals rated photographs of 
the pavement from which the molds had been made. The 
photographs were taken while the inventory van was sta
tionary over the exact spot from which the molds had 
been made. The relation between gradient and mean 
texture rating for the still photographs is shown in Fig
ure 6. The coefficient of concordance dropped to O. 7 5 
for the still photographs. 

Study 4 

In the fourth study, the individuals rated the macrotex
ture photographs taken while the van was moving at 64 
km/ h (40 mph). The location of the pavement photo
graphed was within 3 m (10 ft) of the spot of the impres
sion in all cases. The relation between gradient and 
mean texture rating is shown in Figure 7. The coeffi
cient of concordance increased to 0.92 for this group of 
photographs. At first, the result seems surprising. 
However, more reasonable results were attained when 
peaks per centimeter were counted on moving photo
graphs because the streaking washed out the microtex
ture and made the macrotexture more visible. In study 
4, however, the shadow bars in the photographs were 
more visible on the pavement because of the streaking, 
and judgment was easier by viewing the irregularities in 
the bars than by directly viewing the surface texture. 

Study 5 

An analysis was done to determine the rank-order agree
ment (Spearman co1Telation) for pavement texture ratings 
of molds and photographs taken while the van was sta
tionary and moving. The results are as follows: 

Combination Correlation 

Molds and still photographs 0.83 
Molds and moving photographs 0.71 
Still photographs and moving photographs 0.80 

We concluded that raters could rate the photographs 
of macrotexture made while the van was moving into 
surface-texture classes with good interrater agreement. 
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In addition, the mean ratings for the photographs formed 
a good relation with the known gradient. 

However, two possibilities could have led to biased 
results. One possibility was that the raters used the 
photographs to remember the molds and did not actually 
rate texture based strictly on the information in the pho
tographs. The other possibility was that the high inter
rater agreement on the moving photographs occurred be
cause raters had become better through practice on the 
first three studies. Consequently, a fifth study was con
ducted. 

Ten stenographers, none of whom had seen the pave
ment molds, were asked to rate the 12 still photographs 
and the 12 moving macrotexture photographs. Half of the 
individuals rated the still photographs first, and half 
rated the moving photographs first. The relation between 
mean rank and gradient is shown in Figure 8 for still 
photographs and in Figure 9 for moving photographs. By 
comparing the curve in Figure 6 with that in Figure 8 and 
the curve in Figure 8 with that in Figure 9, one can see 
that the agreement between the two groups was good. The 
Spearman rank-order correlation between the two groups 
for mean ranking of textures in moving photographs was 
0.90. Consequently, previous knowledge of the molds did 
not seem to bias the ratings. 

The coefficient of concordance was 0.48 for still pho
tographs and 0.69 for moving photographs. Again, the 
concordance for moving photographs was higher than that 
for still photographs. Because the order effect was con
trolled in this study, the superiority of moving photo
graphs was apparently real and not a result of learning. 
This conclusion was reinforced when a Bartlett's test was 
made on the variance data, and no significant difference 
was found between the variance for first and second 
readings. 

However, the fact that the first group of raters (who 
had seen the molds) had a higher coefficient of concor
dance than the second group could indicate that the high 
concordance was due to experience with the molds. An
other possibility is that a basic difference existed be
tween the two groups of raters. Neither of these two pos
sibilities could be ruled out. 

Updated SN data were received from a skid test center 
at the completion of the five studies. The test center data 
used in the studies were preliminary results obtained 
shortly after the test surfaces had been laid, and the up
dated data were obtained after the surfaces stabilized. 
Two of the surfaces (molds 9 and 10) had a higher SN at 
97 km/h (60 mph) than at 64 km/ h (40 mph). Both had an 
epoxy overlay such that no aggregate directly contacted 
the tire. The surface in mold 9 had previously been 
eliminated because of a bad mold. The surface in mold 
10 was then eliminated from further consideration. The 
updated gradients for the skid test center surfaces 3, 4, 
and 5 (molds 11, 12, and 13) are as follows (1 km/ h = 
0.62 mph): 

Previous G Updated G 
Mold (6SN/6km/h) (L',SN/L',km/h) 

11 0.18 0.16 
12 0.15 0.10 
13 0.09 0.03 

Standards 

After the known gradients were updated, we found that the 
correlation between mean texture rating and known gradi
ent for the first group of raters (:raters in studies 1 
through 4) was better than the correlation for the second 
group. Consequently, the five standards were chosen in 
accordance with the ratings of the first group of raters. 
Figure 10 shows the relation between mean texture rating 
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Known G Known G 
Standard Mold (t,SN/ tikm/h) Standard Mold (6SN/6km/h) ---
1 4 0.31 4 8 0.12 
2 2 0.24 5 13 0.04 
3 7 0.21 

and known gradient for the first group of raters using 
updated gradients. Figure 11 shows the relation after 
the three outlying points were eliminated. Based on the 
least squares curve fit of the reduced data set, five stan
dards were chosen that best represented the relation be
tween mean texture rating and known gradient. The 
pavements selected as standards are as follows 
(1 km/h = 0.62 mph): 

We now had five standards for estimating SN - G, but 
the photo-estimation technique had not been tested to de
termine its accuracy. Fortunately, gradient data were 

Figure 4. Mean texture rating versus known 
gradient-sequential ratings. 
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Figure 5. Mean texture rating versus known 
gradient-12 molds together. 
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figure 6. Mean texture rating versus known 
gradient-still photos, first group. 
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Figure 7. Mean texture rating versus known 
gradient-moving photos, first group. 
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available on nine sections of pavement that had not been 
used in the earlier studies to develop the standards. A 
total of 208 photographs had been taken in the nine sec
tions. 

Negatives of the photographs of the five standards 
were cut into strips so that all five could be mounted on 
one 35-mm slide. This set of standards was projected 
onto half of a rear-projection screen. Then the 208 
frames of negative film were each projected on the 
screen next to the standards. A photograph of the ac-

Figure 8. Mean texture rating versus known 
gradient-still photos, second group. 

Figure 9. Mean texture rating versus known 
gradient-moving photos, second group. 

Figure 10. Mean texture rating versus known 
gradient-updated gradients. 
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tual split projection is shown in Figure 12. The rater 
compared the pavement photograph with the five stan
dards and then judged which standard the pavement pho
tograph most resembled. 

The ratings were converted into estimated gradient by 
the following procedure. The mean rating for each sec
tion of pavement was found. If the mean rating was an 
integer number, the known gradient of that standard was 
assigned to the pavement section as the estimated gradi
ent. For example, if the mean rating was found to be 
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Figure 12. Negative photograph of pavement 
projected next to five standards. 

Figure 13. Relation between photo-estimated and known 
gradient. 
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Figure 14. Relation between mean standard rating and 
known gradient. 
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3.0, the known gradient (0.35) of standard 3 in the above 
table was assigned to the pavement section. If the mean 
rating was a fractional number, the estimated gradient 
was found by linearly interpolating between the two bor
dering known gradients. For example, if the mean rat
ing was 1.5, the estimated gradient of 0.45 was assigned 
to the pavement section. 

The relation between estimated and known gradients 
that was made by using the above procedure appears in 
Figure 13. The line represents where the points would 
fall if perfect correlation existed between estimated and 
known gradients. The points fall fairly close to the line, 
and the Pearson correlation coefficient between esti
mated and known gradient is 0.81. 

Rating Conversion Equation 

Once we observed that the technique was valid, we de
cided to improve the linear interpolation technique of con
verting standard ratings into estimated gradient. The 
relation between mean standard rating (SR) in the valida
tion study and known gradient for each of the nine high
way sections is shown in Figure 14. The best fit, least 
squares linear regression line for the points had the 
equation G = 0.52 - 0,06 SR. The correlation coefficient 
was -0. 79, and the standard error of the estimate was 
0.0578. The 95 and 67 percent confidence intervals are 
shown in dashed lines. The equation above then became 
the equation for converting mean SR to estimated SN - G. 

Reliability 

The technique described above was used to estimate 
SN - G on 580 sections of highway in 14 states. The 
standard ratings for each of 28 000 frames of film were 
placed on punched cards for later conversion to esti
mated gradient by the above equation. 

The film-reading process took approximately 2 months 
of half-time work for two technician-level readers. At 
the end of the 2-month period the 208 photographs used 
in the validation study were reread. The mean standard 
rating for each of the nine sections of highway was found, 
and the Pearson correlation coefficient between first and 
second reading was +-0.94, indicating high reliability of 
the technique. 

As a furt her check, 168 frames of film for a sect.ion 
of highway (with unknown gradient) were r er ead. The 
standard ratings for each frame were compared to rat
ings given the frames when they were read along with 
the other 28 000 frames. The correlation between the 
first and second reading was +-0.69, which is reliable. 
Mean rating was 1.82 on first reading and 2.37 on second 
reading. These ratings convert to estimated gradients 
of 0.38 and 0.41 respectively. An error of this magnitude 
is deemed acceptable when one considers the variance 
of the skid number data with which we were working. 
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Relation of Accidents and Pavement 
Friction on Rural, Two-Lane Roads 
Rolands L. Rizenbergs, James L. Burchett, and Larry A. Warren, Division of 

Research, Kentucky Department of Transportation 

Friction measurements were made with a skid trailer at 50 km/h (40 mph) 
on 2350 km (1460 miles) of rural, two-lane roads (U.S. routes) in Ken
tucky. Maintenance sections or subsections were treated as test sectlons. 
Accident experience, friction measurements, traffic volumes, and other 
available data were obtained for each section. Various expressions of 
wet-pavement accidents and pavement friction were related and analyzed. 
Averaging methods were used in developing trends and minimizing scat
ter . A moving average for progressively ordered sets of 10 test sections 
and test sections grouped by skid numbers and peak slip numbers yielded 
more definite results. The expression of accident occurrence that corre
lated best with skid resistance and peak slip resistance was ratio of wet-
to dry-pavement accidents. Wet- to dry-pavement accident ratios in· 
creased greatly as skid number decreased from approximately 40 and as 
peak slip number decreased from approximately 71. 

To ensure safe highway travel in wet weather, pave
ments must have sufficient and enduring skid resistance 
to enable drivers to perform driving tasks without risk 
of skidding and loss of vehicle control. Investigations 
to establish minimum friction requirements in Kentucky 
have focused on analysis of accident experience as re
lated to pavement friction (1). The primary objective 
of this study was to discern-a relationship between ac
cident experience and pavement friction for principal, 
two-lane roads (U.S. routes) in rural areas of Kentucky. 
Evaluation of such a relationship in conjunction with 
economical and technical considerations will guide the 
establishment of minimum friction requirements for 
pavements. 

To define a relationship between accidents and pave
ment friction, we must know or hold constant the effect 
of all pertinent parameters to the extent possible. By 
limiting this study to the principal, two-lane roads in 
rural areas, we were able to assume that parameters 
such as highway geometrics, access, and traffic speed 
would remain within reasonable bounds. Traffic char
acteristics (volume and density) and pavement-surface 
condition (wet or dry and pavement friction when wet) 
are respectively the regenerative and causative factors. 

Annual average daily traffic volumes were obtained 
for 1969 and 1971. Accident data were those reported 
during 1969, 1970, and 1971. Pavement friction mea
surements were made between June and December 1970 
on 2350 km (1460 miles) of the principal, two-lane roads. 
Both locked-wheel and peak slip resistances were mea
sured. The measurements that best correlate with wet
pavement accidents remain to be established. 

DATA ACQUISITION AND COLLATION 

Measurements of annual average daily traffic (AADT) 
are generally available biennially. AADT data for 
1969 and 1971 were averaged and used in these anal
yses. 

Friction measurements were obtained by using a 
surface dynamics pavement friction tester. The two-

Figure 1. Relationship between skid numbers measured 
at 63.4 and 96.6 km/h. 
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wheeled, skid-test trailer was acquired in 1969. This 
skid trailer complies with ASTM designation E 274 (2). 
The measurements represent friction developed between 
a standard test tire (ASTM designation E 249) and a 
wetted pavement. The locked-wheel measurement is 
expressed as a skid nu mber (SN); incipient or peak fric
tion is expressed as a peak slip number (PSN). Mea
surements were obtained during the summer and fall of 
1970 on most of the roads having a posted speed limit 
of 96.6 km/ h (60 mph). Tests were made in the left 
wheel path only and at 1.6-km (1-mile) intervals in each 
lane; no less than five tests per lane were made on each 
test section. The test speed was 63.4 km/h (40 mph). 
Additional tests were made on selected class 1 bitumi
nous pavements at'96.6 km/h (60 mph). Comparison 
between the SNs obtained at the two speeds is presented 
in Figure 1. 

Accident data were obtained from state police rec
ords, which are computerized and maintained by the 
Kentucky Department of Justice. All accidents reported 
durin g 1969, 1970, and 1971 were analyzed. Accidents 
for the 3-year period totaled 8481; of these, 1844 oc
curred during wet-pavement conditions. From these ac
cident records, many expressions of accident occurrence 
may be calculated. However, based on the findings of 
an earlier study on the Interstate and parkway routes 
(1), rates of wet-pavement accidents and ratios of wet
to dry-pavement accidents were used primarily. 

The ASTM definition of a test section was used: a 
section of pavement of uniform age and uniform compo
sition which has been subjected to essentially uniform 
wear along its length. Almost all construction and re
surfacing projects (maintenance sections) involved fit 
this definition. Because the direction of travel of ve
hicles involved in accidents was not given in the accident 
reports, test sections included both directions of travel. 
There were 230 test sections; 217 of these were bitumi
nous pavements and the remaining 13 we1·e portland 
cement concrete (PCC) pavements. The average length 
of the test section was 10.1 km (6.3 miles) . Sections 
less than 3.2 km (2.0 miles) in length were not included. 

The left wheel-path SNs and PSNs for both directions 
of travel were averaged to characterize the frictional 
properties of the test sections. Distribution of the SNs 
for the 230 test sections is shown in Figure 2. The 
relationship between SN and PSN is shown in Figure 3. 
Rates of wet-pavement accidents for 100 million vehicle· 
km (62 million vehicle-miles), the total distance traveled 
under all pavement conditions, and ratios of wet- to dry
pavement accidents were calculated for each test sec
tion. The rates were based on the lengths of sections 
and AADT (1969 and 1971). Both r ates and ratios per
tain to accidents for a 3-year period. 

SKID NUMBERS AND ACCIDENTS 

The ratio of wet- to dry-pavement accidents versus SN 
for the 230 test sections is shown in Figure 4. The data 
points are extremely scattered. The relationship be
tween accident occurrence and skid resistance is obvi
ously obscured by other causative factors. Multiple
regression analyses were performed with the ratio of 
wet- to dry-pavement accidents as the dependent vari
able and SN, AADT, pavement width, and access points 
per kilometer as the independent variables. The data 
were further stratified by AADT and SN. Similar analyses 
were performed with the wet-pavement accident rate as 
the dependent variable. The coefficients of correlation 
(R) indicated a substantially better correlation between 
SN and the ratio of wet- to dry-pavement accidents than 
with the wet-pavement accident rate. The correlation 
coefficients, however, were low (less than 0.430). For 

the ratio of wet- to dry-pavement accidents, some cor
relation with AADT was evident; but with pavement width 
or access points per kilometer, correlation was not evi
dent in the range of SNs between 17 and 44. For the wet
pavement accident rate, there were stronger correlations 
witb volume (above 2700 vehicles/ct) and pavement width 
than with SN and to a lesser extent with access . These 
findings, however, must be viewed with caution because 
the data base was not sufficiently large to yield definitive 
results. 

Two averaging methods were used to reduce variabil
ity and thus to more clearly discern general relationships 
in the data sets with and without volume stratification. 
In the first method of calculating averages, test sections 
were grouped by SN. The average ratio of wet- to dry
pavement accidents was calculated for each group of two 
SNs. These averages are plotted in Figures 5, 6, and 7. 
Lines were d1·awn to approximate trends. Reasonably 
distinct break points were evident. When all test sec
tions were included (Figure 5), the trend line indicated 
the ratio of wet- to dry-pavement accidents decreased 
as SN increased to approximately 41; further increases 
in SN resulted in nominal reduction in the accident ratio. 
Stratification of data by AADT indicated that on the low
volume roads (650 to 2700 vehicles/d) the critical SN was 
about 43. On high-volume roads (above 2700 vehicles/ct) 
the critical SN wai, about 38. 

The second method involved calculation of an average 
ratio of wet- to dry-pavement accidents and average SN 
for progressively ox·dered sets of 10 test sections. The 
first average was of the 10 test sections with the lowest 
SNs. The test section with the lowest SN was then 
dropped, and a test section with the next highest SN was 
added. This procedure was repeated until all test sec
tions had been averaged in a group of 10. In cases in 
which more than one test section had the next bighest SN, 
one of these test sections was randomly added each time. 
Test sections were dropped in the same sequence as they 
were added. The resulting averages are plotted in Fig
ures 8, 9, and 10. The trend lines were similar to those 
developed by the previous method . The break points in 
the trend lines, however, occurred at slightly diffe1·ent 
SNs. The following table gives the critical SN derived 
by using the two averaging methods. 

AADT Stratification Grouped by SN 

650 t~ S4CC 41 
2700 or less 43 
Above 2700 38 

Moving Average 
.,, 
-.u 
45 
39 

Plots of the 10-point moving average and test sections 
grouped by SN but involving wet-pavement accident rate 
were also prepared. The plots also indicated a relation
ship between accident occurrence and skid resistance, 
but the data points were more scattered; and, as stated 
above, other variables correlated with accident occur
rence as well. The break points in the trend lines were 
at higher SNs than for the accident expression of ratio of 
wet- to dry-pavement accidents. 

The above analysis showed that the critical SN was 
higher for the low-volume (650 to 2700 vehicles/ct) roads 
than for the high-volume (2701 to 8400 vehicles/d) roads. 
Therefore, we had to ascertain whether traffic volume 
or other factors accounted for the differences in critical 
SNs. Information was available on pavement width, 
access, and pavement friction , but an inventory of high
way geometrics was not available. Accident records did 
indicate whether the accidents occurred on grade or level 
and on curve or tangent sections. Various expressions 
of accident occurrence, such as ratio of wet-pavement 
accidents on curves to wet-pavement accidents on tangent 
sections and dry-pavement accidents on curves to dry-
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pavement accidents on tangent sections, were cal
culated for test sections grouped by AADT. The re
sults are given in Table 1 in addition to average SN 
and other data. 

The high AADT roads exhibited slightly lower SNs and 
had wider pavements. There were no appreciable dif
ferences in access points per kilometer. The ratios of 
wet- to dry-pavement accidents, however, did not indi
cate trends consistent with the level of skid resistance. 
Obviously, other influences were present. The ratios 
of accidents grouped by other identifying conditions in 
dry weather and also in times of wetness showed marked 
differences between AADT groups-the ratios were sub
stantially lower for test sections with high AADT. Also, 
the ratios within sorted wet-pavement accidents were 
much higher than the ratios of dry- to dry-pavement ac
cidents within the same AADT group and, therefore, 

Figure 2. Distribution of SNs for 230 test sections. 
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reflect increased hazards associated with wet-weather 
driving on curves and grades compared to driving on 
tangent sections. The ratios in the wet-pavement cate
gories, of course, would also be affected by differences 
in skid resistance between level, tangent sections, and 
sections with other geometrical alignments. 

The accident ratios given in Table 1 do suggest a dif
ference between test sections with low and high AADT 
in regard to geometrics of the highway. The average 
adequacy rating (3) for each set of test sections was 60. 
However, when adjusted to the same traffic volume, the 
adequacy rating was substantially higher for the high 

Figure 3. Relationship between SN and PSN at 63.4 km/h. 
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AADT roads than for the low AADT roads . This finding 
implied that the previous conclusion may be correct. 
The higher critical SNs derived from Figures 6 and 9, 
therefore, may be partially attributable to the poorer 
geometrics associated with the low AADT roads. 

The accident data used in the analysis here pertained 
to the entire 3 years alt110ugh skid resistance was mea
sured in the summer and fall of 1970. Pavements, of 
course, exhibit lower friction during the summer and 
fall, but the measured values may not necessarily rep
resent the lowest friction during the year for a particular 
test section nor for the road system as a whole. The 
rapid change in the slope of the curve in Figure 8, for 
example, may occur at some higher or lower SN depend
ing on when the measurements were made. Measure
ments are normally conducted in the summer and fall, 

Figure 5. Average ratio of wet- to dry-pavement accidents of 230 
test sections (grouped by skid number) versus SN, without volume 
stratification. 
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Figure 6. Average ratio of wet- to dry-pavement accidents of 230 test 
sections (grouped by skid number) versus SN, with volume stratification 
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Figure 7. Average ratio of wet- to dry-pavement accidents of 120 test 
sections (grouped by skid number) versus SN, with volume stratification 
at AADT above 2700. 
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Figure 8. Ten-point moving averages: ratio of wet- to dry-pavement 
accidents for 230 test sections versus SN, without volume stratification . 
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Figure 9. Ten-point moving averages: ratio of wet- to dry-pavement 
accidents for 110 test sections versus SN, with volume stratification at 
AADT below 2701. 
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Figure 10. Ten-point moving averages: ratio of wet- to dry-pavement 
accidents for 120 test sections versus SN, with volume stratification 
at AADT above 2700. 
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and the critical SN derived here will apply. If the mea
surements are conducted during other seasons of the 
year, the seasonal variation peculiar to a given pavement 
type must be taken into consideration. 

Wet-pavement accident rates were calculated for 100 
million vehicle,km (62 million vehicle-miles) for total 
travel under all pavement conditions rather than wet
pavement travel. The true accident rate for wet
pavement conditions would be nine times higher since 
pavements were wet only 11 percent of the time. Wet
weather accidents accounted for 22 percent of all acci
dents. Only 11 percent of all accidents, therefore, can 
be attributed to the time associated with wet-weather 
driving. This percentage, and the wet-pavement acci
dent rate and the ratio of wet- to dry-pavement accidents 
vary from year to year according to the precipitation 
experience. 

The influence of skid resistance on accidents for test 
sections with SNs above 41 was nominaL The ratio of 
wet- to dry-pavement accidents was approximately 0.23 
(Figure 5). The lowe st accident ratio would not be less 
than 0.13 since pavements were wet 11 percent of the 
time. Other factors related to wet-weather driving 

Table 1. Data for test Annual Average Daily Traffic Volume 
sections grouped by 
traffic volume. 650 to 1701 to 2701 to 3701 to 4701 to 650 to 2701 to 650 to 

Item 1700 2700 3700 4700 8400 2700 8400 8400 

Number of test sections 53 57 57 35 28 110 120 230 
Skid number 42.8 38.2 39.2 37.0 37,6 40.4 38.2 39.3 
Peak slip number 73.2 68.6 70.0 67.3 68. 5 70.9 68.9 69.8 
AADT 1263 2219 3159 4135 6036 1758 4115 29 88 
Access points per kilometer 5.2 5.3 5.2 6.1 5.5 5.2 5.5 5.3 
Section length 6.9 7 .2 6.2 5.6 4.8 7.0 5. 7 6.3 
Pavement width 19.7 20.4 20.4 21. 7 22.0 20.1 21.2 20.6 
Wet-pavement accident ratea. 23.9 31.7 27.8 26.0 17.5 28.0 24.9 26.3 
Ratio of wet- to dry-pavement accidents 

All sections 0.27 0.37 0.35 0.36 0.22 0.32 0 ,32 0.32 
Tangent sections 0.25 0.28 0.27 0.32 0 .20 0.26 0 .27 0.27 
Tangent sections on grade 0.28 0.40 0.33 0.37 0.35 0.34 0 .35 0.34 
All tangent sections 0.23 0.31 0.28 0.35 0.21 0.27 0 .28 0.28 
Level curved sections 0.30 0.52 0.39 0.49 0 .24 0.41 0 .38 0.40 
Curved sections on grade 0.44 0.62 0.74 0.40 0.27 0.53 0 .53 0.53 
All curved sections 0.46 0.59 0.74 0.44 0.33 0. 53 0 . 56 o. 55 

Ratio of dry- to dry-pavement accidents 
Level curved and level tangent sections 0.48 0.33 0.23 0.25 0 .09 0.41 0 .20 0.30 
Curved and tangent sections on grade 0.99 1.58 0.77 0,58 0 ,25 1.30 0 .59 0.93 
All curved and all tangent sections 0.60 0.63 0.41 0.28 0.12 0.61 0. 30 0.45 

Ratio of wet- to wet-pavement accidents 
Level curved and level tangent sections 0.45 0.50 0.43 0.72 0 ,15 0.48 0.45 0.46 
Curved and tangent sections on grade 0.72 1.24 1.45 0.62 0,21 0.99 0.92 0,95 
All curved and all tangent sections 0.87 1.05 0.89 0.68 0 .20 0.96 0.67 0.81 

aAccidents/100 million vehicle km, 

Note: 1 km= 0.62 mile. 

Figure 11. Average 0.8 

ratio of wet- to dry-
pavement accidents of 

I!! 07 230 test sections z 
(grouped by peak slip l!l . 
numbers) versus PSN, u 

~ 0.6 
without volume 

I.; stratification. 
"' :I! o.e "' I 

I 

ii: O!I 

" . . • g 
I 0.3 I-

~ 
~ • . 

0.2 
Q • 
ti 
Q: 

0.1 . 
o.o 

40 45 50 55 60 65 70 75 80 85 90 95 

PEAK SLIP NUMBER 



26 

Figure 12. Average ratio of wet- to dry-pavement accidents of 
110 test sections (grouped by peak slip numbers) versus PSN, 
with volume stratification at AADT below 2701. 
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Figure 13. Average ratio of wet- to dry-pavement accidents of 
120 test sections (grouped by peak slip numbers) versus PSN, 
with volume stratification at AADT above 2700. 

0 .8 ...... -------------------------, 

~ z 
~ 0 .7 u 
~ 

ffi 0.6 
:IE 

"' ~ 
I 0.5 

~ 
~ 0.4 

~ 
"' 3:: 0.3 
... 
0 

0 
~ 0.2 
It: 

0.1 

• 

• 

• 
• • 

• • 

• 

0.0 ,.._ _ _,._ _ _... __ ,__ _ _._ _ _... __ .__ _ _._ _ _._ _ __..__ _ _._ _ _. 

contributed to the ~levated accident ratio. 

PEAK SLIP NUMBERS AND 
ACCIDENTS 
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As stated above, the measurement that best correlates 
with accident experience remains to be established. The 
peak friction force was measured routinely during all 
tests; thus PSNs were available for analysis. 

Multiple-regression analysis again indicated sub
stantially better correlation between PSN and the ratio 
of wet- to dry-pavement accidents than with wet
pavement accident rate. The correlation coefficients 
were low (less than 0.350). Correlation with AADT was 
also evident. 

Test sections were grouped by PSNs, and the average 
ratio of wet- to dry-pavement accidents was calculated 
for each group of two PSNs, as shown in Figures 11, 12, 
and 13. When all test sections were included (Figure 
11), the greatest change in slope occurred at a PSN of 
71. Stratification of data by AADTs indicated a change 
at a higher PSN for the low-volume roads and a lower 
PSN for the high-volume roads. Similar results were 

45 50 55 60 70 75 80 85 90 

PEAK St.IP NUMBER 

obtained by using the 10-point moving average; and the 
change in the slopes remained at the same PSNs. The 
critical PSNs are given in the following table. 

AADT Stratification Moving Average Grouped by PSN 

650 to 8400 
2700 or less 
Above 2700 

71 
74 
65 

71 
74 
65 

The point of greatest change in slope of the curve in 
Figure 11 was at a PSN of 71 and in Figure 5 at SN of 
41. According to Figure 3, a PSN of 71 is equivalent to 
SN of 40. The data were not so scattered in Figures 5, 
6, and 7 as in Figures 11, 12, and 13; and, as cited 
above, there was a stronger correlation between acci
dent occurrence and SNs than with PSNs. These findings, 
therefore, suggest that the SNs relate better to accident 
occurrence. This conclusion was not necessarily sur
prising because of the inherent measurement and chart 
analysis errors associated with peak slip resistance 
(PSN) determination. Peak slip resistance occurs for a 
very brief period of time during wheel lockup, and the 
measurement represents a much shorter length of pave-
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ment than the locked-wheel test (sN). For that reason, 
the poor agreement between SN and PSN in Figure 3 was 
attributed largely to inaccuracies in PSN. 

SUMMARY AND CONCLUSIONS 

On rural, two-lane roads, ratio of wet- to dry-pavement 
accidents correlated best with pavement friction. Even 
using the best expression of accidents, we found that 
scatter and spurious variability in data seem inevitable. 
Averaging methods as a means of developing trends and 
minimizing scatter between variables were used in the 
study. Of the averaging methods investigated, the mov
ing average and test sections grouped by SNs yielded 
more definite results. Definite trends were established 
in regard to the relationship between ratio of wet- to 
dry-pavement accidents and SN (Figures 5 and 10). When 
all test sections were included, the ratio of wet- to dry
pavement accidents decreased rapidly as SN increased 
to approximately 40; further increases in SN beyond this 
point resulted in only slight reduction in the ratio of 
wet- to dry-pavement accidents. Stratification of the 
data into two AADT groups showed that the critical SNs 
were higher for the low-volume roads than for the high
volume roads. Ratios of dry- to dry-pavement and wet
to wet-pavement accidents (Table 1) and sufficiency 
ratings suggested that the low-volume roads may have 
poorer geometric characteristics. The effect of traffic 
volume on the frictional demand of traffic, therefore, 
could not be separated from the other contributing in
fluences. 

Definite trends were also evident between ratio of 
wet- to dry-pavement accidents and PSN. The greatest 
change in slope of the trend line (Figure 11) occurred 
at a PSN of approximately 71. Scatter of data was some
what worse than for SNs. This scatter was to be ex
pected because of the inherent measurement and chart 
analysis inaccuracies associated with peak slip resis
tance determinations. A PSN of 71 is equivalent to an 
SN of approximately 40 (Figure 3); and, as shown in 
Figure 8, an SN of 40 also corresponds to the greatest 
change in slope of the trend line. Multiple-regression 
analysis, however, showed a stronger relationship be
tween accident occurrence and SNs. 

The curves shown in Figures 5 through 10 not only 
suggest criticalSNs but may also be usefulin ascertaining 
the level of accident experience peculiar to the roads 
involved in this study. No meaningful reduction in wet
pavement accidents may be realized by improving the 
skid resistance of those pavements that exhibit SNs 
above the critical value. Also, a low SN does not nec
essarily imply an accident problem. Some sections with 
low SNs obviously exhibited accident histories similar 
to sections with substantially higher SNs. Highway 
geometrics, pavement rutting and roughness, and so 
forth, of course, need to be considered in the selection 
of pavements for deslicking. However, the following 
general guide is suggested for assessing pavement skid 
resistance in Kentucky. 

Skid Number Skid-Resistance Assessment 

Above 39 
33to 39 
26 to 32 
Below 26 

Skid resistant 
Marginal 
Slippery 
Very slippery 
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The ratio of wet- to dry-pavement accidents is par
ticularly adaptable for screening sections because the 
ratio can be readily calculated. On the other hand, cal
culation of accident rates requires data on traffic vol
umes that are not always available or may be inaccurate. 
Also, a high wet-pavement accident rate may be mis
leading if the highway also has a high dry-pavement ac
cident rate. 

The findings cited in this study pertain to principal, 
two-lane rural roads (U .s. routes). These roads had 
posted speeds of 96.6 km/h (60 mph) for daytime and 
80.5 km/h (50 mph) for nighttime. In response to the 
energy crisis, the posted speeds on these highways were 
changed on March 1, 1974, to 88.5 km/h (55 mph) for 
both daytime and nighttime. Fatalities, injuries, and 
accidents, as well as fatality rates, injury rates, and 
accident rates, have substantially decreased since the 
beginning of the energy crisis (4). Wet-weather accident 
experience has also been affected. The relationship be
tween accident experience and pavement friction may 
have been altered as well. 

ACKNOWLEDGMENTS 

The work reported in this paper was done by the Bureau 
of Highways, Kentucky Department of Transportation, in 
cooperation with the Federal Highway Administration. 
Contents of the paper reflect our views and not neces
sarily the views or policies of the Kentucky Department 
of Transportation or the Federal Highway Administration. 

REFERENCES 

1. R. L. Rizenbergs, J. L . Burchett, J. A. Deacon, 
and C. T. Napier. Accidents on Rural Inter state 
and Parkway Roads and Their Relation to Pavement 
Friction. TRB, Transportation Research Record 
584, 1976, pp. 22-36. 

2. R. L. Rizenbergs, J. L. Burchett, and C. T. Napier. 
Skid Test Trailer: Description, Evaluation and Adap
tation. Division of Research, Kentucky Department 
of Highways, Sept. 1972. 

3. Field Procedure Manual for Sufficiency Ratings on 
All Systems. Kentucky Department of Highways, 
1963. 

4. K. R, Agent, D. R. Herd, and R. L. Rizenbergs. 
First-Year Effects of the Energy Crisis on Rural 
Highway Traffic in Kentucky. TRB, Transportation 
Research Record 567, 1976, pp. 70-81. 

Publication of this paper sponsored by Committee on Surface 
Properties- Vehicle Interaction. 



28 

Critique of Tentative Skid-Resistance 
Guidelines 
Stephen N. Runkle and David C. Mahone, Virginia Highway and Transportation 

Research Council, Charlottesville 

The selection of appropriate minimum skid number (SN) values for wet 
pavements remains a major issue in skid-resistance research. The purpose 
of the research presented in this paper was to critique several reported ac
cident and driver behavior studies related to skid resistance in an attempt 
to determine the most reasonable tentative guidelines for use in Virginia. 
The review confirmed our belief that required SN40 values vary with road
way and traffic conditions and that much work remains to be done re
garding the determination of required SN 40 values for specific roadway 
and traffic characteristics. For these reasons we concluded that accident 
data should continue to be the primary basis in Virginia for identifying 
wet-pavement sites that have high accident rates. ·However, general SN40 
guidelines were selected for the purpose of determining potentially haz
ardous wet-pavement accident sites, that is, sites with SN 40 values below 
the guideline values. Sites selected in this manner will be included in the 
normal site review process of the program to reduce wet-pavement acci
dents and may or may not be treated, depending on the results of the re
view process. The tentative SN 40 guidelines selected and stated in terms 
of Virginia's survey of locked-wheel-trailer values are 30 for Interstate 
and other divided highways and 40 for two-lane highways. 

The selection of appropriate minimum skid number (sN) 
values for wet pavements remains a major issue in skid
resistance research and a practical problem for organi
zations responsible for the construction and maintenance 
of highways. For the purpose of this discussion, SN 
refers to the locked-wheel skid number obtained with a 
skid trailer meeting the requirements for ASTM desig
nation E 274-70. 

Several studies have been undertaken to define the 
minimum desirable wet-pavement, skid-resistance 
level. As recognized by Kummer and Meyer, these 
studies can be divided into three groups (!): 

1. Studies relating total accidents, wet-pavement 
accidents, or wet-pavement skidding accidents to some 
measure of skid resistance for the pavements on which 
the accidents occurred; 

? n11h,o-r ha,h!;n,;n.,.. t:huii,:i~ th:::.t 11~11;::1llv involvP. mP.a-

suri~g -;;_~~~l~;ati;~; -~~;ii-y~~g~ti;~j-~d ~~i~ti~g these 
accelerations to SN values [the friction demand deter
mined in this way is labeled FN, where FN = 100 (a/g ), 
a is the measured acceleration in meters per square 
second, and g is the gr avitational constant (32 .2 / s 2

)] ; and 
3. Studies based on vehicle and pavement design 

(requisite FN levels based on vehicle design and highway 
geometric design are obviously limited only by the de
sign criteria and not by driver behavior, and thus FN 
levels defined in this way may not agree with levels re
quired for normal driving behavior). 

The method used in the first of these study categories 
has the advantage of directly relating SN values a s nor
mally obtained in skid survey testing to accident experi
ence. However, comparisons of various research re
sults are difficult because of the variabilities involved 
in testing, even when the same test method is employed, 
and because of differences in traffic and highway charac
teristics. 

The FN values developed in the second and third study 
categories must be converted to corresponding SN 
values. Assumptions regarding the relationship of FN 
to SN, inc luding the que stion of whether FN 1·epl'esents 
the critical slip value obtained prior to skidding (and 

thus a higher value) or the locked-wheel skid value, vary 
among researchers. Furthermore, several researchers 
have indicated that modifications, in which such things 
as tire tread depth, pavement texture, and water depth 
are considered, should be made to SN values obtained 
from FN values so that they represent SN values avail
able under normal driving conditions. Therefore, even 
if researchers determine a need for like FN values, they 
may specify different SN values because of varying phi
losophies regarding the relationship of FN to SN. 

PURPOSE AND SCOPE 

The purpose of this paper is to critique reported studies 
concerning minimum skid resistance (sN40) guidelines. 
The critique resulted from a review of several studies 
to determine the most reasonable tentative guidelines for 
Virginia. The guidelines that have been established are 
tentative because they are based on the currently avail
able research results we reviewed. These guidelines 
will be modified as necessary by future research results 
and used as secondary input to Virginia's progr_am to 
reduce wet-pavement accidents. Wet-pavement accident 
statistics will be the prime indicator of pavements most 
in need of improved skid resistance. 

Accident and driver behavior studies have been used 
to establish and modify these tentative guidelines. 
Studies concerning the required skid resistance as deter
mined on the basis of vehicle or pavement design were 
not considered because these studies relate to theoretical 
limits that may or may not be exceeded in practice. 

The guideline SN values presented in this paper are 
stated in terms of Virginia's current skid-trailer mea
surements. An evaluation of the skid trailer was con
ducted June 16 to 24, 1975, at the Field Test and Evalua
tion Center for Eastern States (EFTC) in East Liberty, 
Ohio. The conclusion was that the unit performed well; 
it obtained SN40 values approximately three units above 
those for the EFTC reference tester ~). 

ACCIDENT STUDIES 

Virginia Study 

In a previous study we researched the relationship be
tween skid resistance and percentage of wet-pavement 
accidents on 502.1 km (312 miles) of the lntersfate high
way system in Virginia. Based on our judgment, we 
separated the sites into the following four categories: 

1. Open roadway-level and tangent noninterchange 
areas; 

2. Nonopen roadway-vertical and horizontal curves 
at noninterchange areas; 

3. Open interchange-level and tangent interchange 
areas; and 

4. Nonopen interchange-vertical and horizontal 
curves at interchange areas. 

Sight distance was considered highly important in the 
classification of sites; therefore, areas with gentle 
horizontal and vertical curves affording good sight dis-
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tances were classified as open roadway. Estimated 
speeds for the sites studied were between 104.6 and 112.7 
km/h (65 and 70 mph). Skid resistance was measured 
with the research council's locked-wheel trailer at 64.4 
km/h (40 mph) but converted by correlation to predicted 
64.4-km/h (40-mph) stopping distance skid numbers 
(PSDN40) for comparison with the accident data. 

We concluded that the percentage of wet-pavement acci
dents increased significantly below an SDN40 of 42; there 
was little difference among the categories. In terms of 
Virginia's current survey skid trailer, the SDN40 value 
of 42 would be equivalent to an SN40 of 29 based on the 
latest available correlation between the survey trailer 
and the stopping-distance method (.!). 

Texas Study 

McCullough and Hankins studied the relationship of ac
cidents per 161 million vehicles-km (100 million vehicle
miles) and skid resistance on 517 rural road sections 
that represented a random sample of Texas highways 
(5). Skid resistance was measured with a locked-wheel 
trailer at 32.2 and 80.5 km/h (20 and 50 mph), and the 
results of the study indicated that accidents increased 
at SN values below approximately 45 at 32.2 km/h (20 
mph) and 35 and 80.5 km/ h (50 mph). A straight-line 
extrapolation indicates an SN40 value of approximately 
38. 

A direct comparison of the results of the Virginia and 
Texas studies is difficult because we do not know how 
the sections studied in each case compared relative to 
roadway characteristics or mean traffic speeds, nor is 
there any way to relate the skid trailers involved. 
McCullough and Hankins recommend, based on the acci
dent data and design practice, minimum SN values of 
40 at 32.2 km/ h (20 mph) and 30 at 80.5 km/h (50 mph) 
as a guide for surface improvements, which indicates 
a minimum desirable SN40 value of 33. 

Tennessee Study 

Moore and Humphreys studied 75 high accident sites in 
Tennessee to relate percentages of wet-pavement acci
dents to SN40 values obtained with a locked-wheel trailer 
(6). They concluded that the percentage of wet-pavement 
accidents increased significantly below an SN4o value of 
40. The same difficulties discussed above are encoun
tered in trying to relate those results directly to the 
Virginia results. 

Kentucky Studies 

Rizenbergs, Burchett, and Napier studied the relation
ship of pavement friction and wet-pavement accident 
experience on rural Interstate and parkway roads in 
Kentucky (7). Both SN and PSN were measured with a 
skid trailer at 112.7 km/h (70 mph). Several methods 
of relating wet-pavement accident data to SN4o and PSN7o 
were tried; the result was that wet-pavement accidents 
per 1.6 million vehicle,km (1 million vehicle-miles) 
correlated best. They concluded that the minimum desir
able values were an SN10 of 27 and PSN7o of 57. Their 
reported correlations between SN10 and SN4o for bitu
minous and portland cement concrete pavements permit 
the determination of the minimum desirable SN40 value, 
which is approximately 40. 

Because the data in the Kentucky and Virginia studies 
were for similar types of highways, the results would 
be expected to be fairly close, but, in fact, Kentucky 
results seem to indicate almost a 40 percent higher 
minimum desirable SN40 (40 versus 29). A comparison 
of the performance of the Kentucky and-Virginia trailers 
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at the Ohio test center indicated that the two units per
form about the same. 

In a second Kentucky study, Rizenbergs, Burchett, 
and Warren studied the relationship of wet-pavement ac
cidents and skid resistance on rural, two-lane roads (8). 
In this study the test speed was 64.4 km/h (40 mph). For 
the roads studied, the ratio of wet- to dry-pavement ac
cidents correlated best with pavement friction, and in
creases in SN40 above 40 resulted in only a slight reduc
tion in the ratio. The authors also concluded that a low 
SN40 value does not necessarily imply an accident prob
lem, and the general guidelines in the table below were 
suggested for assessing pavement skid resistance. 

Skid Number 

> 39 
33 to 39 
26 to 32 
< 26 

Arizona Study 

Skid-Resistance 
Assessment 

Skid resistant 
Marginal 
Slippery 
Very slippery 

Burns and Peters, as part of a general skid-resistance 
study of Arizona highways, determined a Mu-meter 
reading of 40 to be the desirable minimum value when 
one considers wet-pavement accident data (9). Based on 
a correlation contained in their paper, the Mu-meter 
value of 40 is equivalent to an SDN40 of 42 and thus an 
SN40 value of 29 for the Virginia survey trailer. 

British Studies 

Giles, Sabey, and Cardew correlated British portable 
tester (BPT) results with the risk of being in a skidding 
accident by measuring skid resistance at known high 
skidding-accident sites and several randomly selected 
sites. They developed the curve shown in Figure 1 (10) 
and, based on this curve, suggested minimum guidelines 
for the British portable tester as given in Table 1 (10). 
Similarly, minimum sideway friction coefficient (SFC) 
standards were suggested based on work by Giles (11). 
These suggested standards are given in the following table 
(1 km/h= 0.6 mph). Site categories are given in Table 1. 

Site 
Category 

A 
B 

C 

Skidding Resistance 

Test Speed Sideway Force 
(km/h) Coefficient 

50 
50 
80 
50 
50 

0.55 
0.50 
0.45 
0.50 
0.40 

For the above standards to be meaningful to this study, 
the relationship of SFC30 values (as measured by the 
British portable tester) to locked-wheel skid trailer 
values (sN40) must be known. 

Giles developed the relationship shown in Figure 2 
(10) between BPT values and locked-wheel retardation 
values at 48 .3 km/h (30 mph) for a vehicle equipped with 
treaded tires. Dillard and Mahone reported on two 
studies relating the BPT and stopping distance skid 
values; the results are shown in Figure 3 (12). The 1960 
and 1962 data shown in Figure 3 indicate quite different 
relationships between the two devices. There were 
several possible reasons for the differences as explained 
by Dillard and Mahone. One reason is that the 1960 data 
were collected on in- service road surfaces; the 1962 data, 
however, were obtained on specially prepared test sur
faces. 

In a discussion of the Dillard and Mahone paper, 
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Enrick offered several possible explanations for the dif
ferent results; his evidence indicates that several of the 
1962 test sites produced misleading results. Also, the 
1960 data by Giles and a Purdue study cited by Enrick 
produced similar results though nearly 170 varied road 
surfaces in Great Britain and America were employed 
in the latter. Further, the use of the 1960 results as 
opposed to the 1962 results only serves to indicate a 
higher, and thus more conservative, SDN40 as the de
sirable minimum. 

The following table gives SN40 values corresponding 
to the minimum BPT values given in Table 1. Set 1 
values were determined by estimating required SDN40 
values based on Figure 3 and converting them to SN4o 
values based on latest Virginia correlation results. Set 
2 values are based on Figure 2 assuming retardation at 
48.28 km/h (30 mph) is equal to SN30 and assuming a 
gradient of 0.5 SN. The two sets of SN4o values closely 
agree. 

Category BPT Set 1 Sot 2 

A 65 61 51 
B 55 39 39 
C 45 26 28 

Figure 1. Relative risk of a surface being a skidding-accident site for 
different values of skid resistance. 
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Table 1. Suggested values of skid resistance for use with portable tester. 

Desirable minimum SN4o values as derived from the 
various sources are summarized in the following table. 

Category Category Category 
Source A B C 

Mahone and Runkle 29 
McCullough and Hankins 38 
Moore and Humphreys 40 
Rizenbergs and others 40 40 
Burns and Peters 29 
Giles, Sabey, and Cardew 51 39 27 
Suggested composite 50 40 30 

The values are grouped in accordance with those cate
gories given in Table 1 although we felt that none of the 
accident studies would pertain in general terms to cate
gory A. Results of studies pertaining to roads like In
terstate highways are given in category C; however, those 
pertaining to a cross section of rural highways are given 
in category B. The SN4o values equivalent to the BPT 
values for each category as determined by Giles are also 
given. Suggested composite SN10 values for all cate
gories are indicated, based on the individual SN40 values 
given. 

There is not total agreement on the SN40 values given, 
and no explanation can be offered as to why some of the 
differences exist. However, one could conclude that, in 
general, an SN4o value of 30 is the minimum desirable 
and probably is sufficient only on highways with good 
geometric conditions and moderate to low traffic conges
tion within normal traffic speeds. Higher SN4o values 
obviously are required in other cases, and in general 
terms anSN40 of 40 appears to be the desirable minimum 
for many two-lane rural highways. At severe curves, 
some interchange ramps, and some intersections, values 
as high as 50 may be required, as is suggested by the 
British guidelines. 

DRIVER BEHAVIOR STUDIES 

NCHRP Report 37 

Probably the most referred to research in this country 
regarding minimum SN values is the report by Kummer 
and Meyer (1). Although results of some accident studies 
and vehicle and highway design criteria were evaluated 
by the study, the basis of the recommended minimum 
SN values was the maximum deceleration patterns of 
three drivers in local traffic and on long-distance trips . 
Data were obtained by a device mounted in the vehicle 
and with the knowledge of the driver. The minimum 
values recommended are intended to allow for normal 
driving maneuvers, including cornering and braking, by 
the majority of drivers under usual traffic conditions. 

Skid Resistance 
Category 

A 

B" 

C' 

D 

Type of Site 

Most difficult 
Roundabouts 
Bends with radius less than 150 m on derestricted roads 
Gradients, 1 in 20 or steeper, longer than 90 m 
Approach to traffic lights on derestricted roads 

Roads and conditions not covered by categorles A and C 

Easy 
straight roads 
Easy gradients and curves 
No junctions 
Free from mixed traffic and emergency-creating conditions 

All sites 

Nate: l m • J..3h. 

on Wet Surface standard of Skidding Resistance Represented 

Above 65 Good (fulfilling the requirements even of fast traffic and 
making it unlikely that the road will be the scene of re
peated skidding accidents) 

Above 55 Generally satisfactory (meeting all but the most difficult 
conditions encountered on the roads) 

Above 45 Satisfactory only in favorable circumstances 

Below 45 Potentially slippery 

'On smooth-looklng or fine-textured roads, in these categories, vehicles having smooth tires may not find the skid resistance adequate. For Such roads, accident studies should also be made to ensure 
that there are no indications of difficulties due to skidding under wet conditions.. 
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Figure 2. Comparison 
of measurements 
made with portable 
tester and 
locked-wheel 
braking method on 
all textures of road 
surface. 

Figure 3. Relations 
between SDN40 and 
BPT. 
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Emergency maneuvers that might be the result of unfore
seen traffic changes, driver misjudgment, or reckless
ness are not accounted for. 

A summary of the deceleration data is given in Table 
2 (1). In general, the higher decelerations occurred to
ward the end of a stop and thus were accompanied by low 
speeds. The six deceleration values above 40 on the 
444.2-km (276-mile) trip all occuned at speeds below 
32.2 km/ h (20 mph). They concluded that FN values of 
40 seemed to satisfy the normal needs of traffic, and 
higher values might be called for toward the end of a 
stop. 

Table 3 (1) gives the selected FN values deemed de
sirable at different speeds based on the deceleration data 
(FN o) and the conversion of these FN values to SN 
values. CSN indicates the additional FN value necessary 
to account for lateral decelerations during braking on a 
straight course as measured by Kummer and Meyer . 
M./ L represents the additional FN value necessary due 
to fluctuations in average wheel load. The values of 
FN and FNd were computed as follows: 

FN = ((FNo)2 + (CSN)2 jl"• 

FNd = [ I /(I ± fl.L /L) JFN 

(I) 

(2) 

In essence, then, the FN4 figures are the FN values rec
ommended by Kummer and Meyer for the speeds shown. 

The remaining conversions given in Table 3 are those 
required to change FN values to SN values. The K
factor is equivalent to FN/ SN, assuming that FN repre
sents critical braking and cornering slip numbers that 
occur prior to skidding and are normally larger than the 
locked-wheel SN values. SNt and SN represent additions 
to the required SN necessary to compensate for fluctua
tions in measured SN values due to temperature changes 
and machine enor. Table 3 thus gives the required 
SN values [SN(r ounded)] at the speeds indicated, 
which account for each of the items as discussed 
above, and the recommended minimum SN40 values. 

Table 2. Decelerations of three drivers Combined Performance Combined Random and Square 
in local traffic and on long-distance trips. (Drivers A and B) Courses 

Driver Con 
Deceleration FN Random Course Square Course Driver A Driver B 444.2-km Trip 

Range Mean No. Percent No . Percent No. Percent No. Percent No. Percent 

2 .5 to 7.5 5 2 1.6 
7 .5 to 12.5 10 15 10.0 3 2 .2 12 8.3 6 4,2 30 24. 5 
12 .5 to 17.5 15 45 30.0 23 16. 7 39 27.l 29 20.3 24 19.8 
17. 5 to 22.5 20 40 26.7 46 33 .4 46 32 .0 40 27. 7 27 22 .2 
22 . 5 t o 27.5 25 36 24.0 48 34.6 38 26.4 46 31.8 17 14.0 
27 . 5 to 32.5 30 ll 7.3 18 13.1 8 5. 5 21 14.6 13 10.7 
32 .5 to 37 .5 35 3 2.0 0 0 l 0.7 2 1.4 3 2. 5 
37 .5 to 42.5 40 4 3.3 
42.5 to 47.5 45 2 ~ 
Total 150 100.0 138 100.0 144 100.0 144 100.0 122 100.0 

Note: 1 km .. 0.6 mile. 

Table 3. Conversion of FN to SN for Mean Traffic Speed 
corresponding SN. 

Conversion 0 16 32 48 64 81 97 113 129 
steps km/ h km/ h km/ h km/ h km/ h km/ h km/h km/ h km/ h 

FNo 50 47 .5 45 42.5 40 40 40 40 40 
CSN 1.6 3.6 6.4 10 .0 14.4 19.6 25. 5 
ffl 50 47 .5 45 42 .7 40 .4 41.l 42.4 44. 5 47.0 
.o.L/ L(i J 2 .5 5.0 7.5 10.0 12. 5 15.0 18.5 
FN, 50 47 .5 46.l 44.8 43 . 5 45.0 47. 7 51.2 55 .2 
K-factor l 1.3 1.6 1.8 2.0 2 .2 2.4 G.6 2.8 
SNo 50 37. 5 28.8 25 21 .8 20.5 20 19.7 19.8 
SN, 56 43 . 5 34.8 31 27 .8 26 .5 26 25.7 25.8 
SN 61 48. 5 39 .8 36 32.8 31.5 31 30 .7 30 .8 
SN (r ounded) 60 50 40 35 33 32 31 31 31 
SN .. ' 30 33 37 41 46 51 

Note: 1 km/h .. 0.6 mph. 
1 SN 40 required based on SN (rounded) value (assuming a speed-SN gradient of 0.5) . 
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Figure 4. Typical change in 
coefficient of friction during 
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Table 4. K-factors determined from various sources. 

16 km / h 

Sources Avg Range 

Maycock 
Dillard 0.9 0.80 to 0 .94 
Moyer 
IUzenbergs 
Hartranft 
Lister 

Selected 
values 1.2 

Note: 1 km/h = 0.6 mph. 

Table 5. Influence of K-factor 
on minimum SN40 values. 

32 km / h 64 km/h 

Avg Range Avg Range 

1.6 1.2 to 2.6 2,0 1.4 to 4.1 
1.2 1.0 to 1.3 

1.5 1.2 to 1.8 1. 7 1.4 to 2.1 
1.8 1. 5 to 2.2 
1.8 1. 5 to 3.8 

1.3 1.2tol.7 

1.4 1.8 

Kummer and Meyer 
sµccd 
(km/ h) FNd' K' 

32 46 1.6 
48 45 1. 8 
64 44 2.0 
80 45 2.2 
97 48 2.4 

113 51 2.6 

hi-•-• • 1,-11-. - n C --1-. 
, • ..,.... ' "''"'' ~ . ... '''I'''• 

~ From Table 3. 
b Gradient assumed to be 0,5 SN, 
cFrom Table 4. 

SN SN<to . 
29 19 
25 20 
22 22 
21 26 
20 30 
20 35 

Several observations are made regarding the conver
sion of FN to SN as given in Table 3. The equating of 
FN to critical brake or cornering slip resistance is not 
a procedure approved by all researchers; FN often is 
equated directly to SN (or locked-wheel deceleration). 
The critical slip values have often been shown to exceed 
the locked-wheel values, but the magnitude of the differ
ence and the ability of an automobile braking on four 
wheels to achieve the difference in practice are some
what uncertain. 

Table 4 gives K-factors as determined from various 
sources. Those developed by Maycock were used by 
Kummer and Meyer in their conversion of FN values to 
SN values. Maycock's values were obtained by progres
sively braking the front wheels of an automobile to the 
locked condition and represent values obtained with 
treaded tires for water depths of 2.0 mm (0.8 in) or less 
[ tests with bald tires were also run by Maycock (li), 
but the results were not used by Kummer and Meyer]. 
Dillard and Allen determined K-factors as part of a 
correlation study in Virginia during 1958 by comparing 

80 km/h 88 km/h 97 km / h 113 km / h 

Avg Range Avg Range Avg Range Avg Range 

2.4 1. 6 to 4.1 
1. 5 1.1 to 2 .5 

1.9 1.5 to 2.4 
2 .0 1. 4 to 2.6 

1.9 2,0 2.1 

Selected Avg Values Selected Low Values 

K" SN SN4/ K' SN SN40b 

1,4 33 23 0.9 51 41 
1.6 28 23 1.0 45 40 
1.8 24 24 1.1 40 40 
1.9 24 29 1.3 35 40 
2.0 24 34 1.5 32 42 
2.1 24 39 1.7 30 45 

dEstimatc based on values in the tabulation at the bottom of neMt page and general change with speed as indicated in 
Table 4. 

Table 6. 95th percentiles, 99th percentiles, and maximum required skid resistance and associated speeds, decelerations, and distances for 12 sites. 

9 5th Percentile 99th Percentile Maximum 

Site Characteristics Dis - Dis - Dia-
tance tance t ance 

Mean Mean From Fr om From 
High- Initial Hourly Re - Stop Re- stop Re- stop 

Site way ~ecd Traffic Deceler- ~eed quired Line• Deceler- Speed quir ed Line• Deceler- ~ocd quired Line' 
Number Type (km/h) Count alion (g) (km/h) SN4o (m) ation (g) (km/ h) SN'° (ml atlon (g) (k1n/h) SN<o (m) 

1 4 36 450 0.35 40 33 20 0 .38 50 41 34 0.41 53 47 34 
2 I 36 412 0.25 60 27 58 0.46 34 46 15 0 .47 55 56 34 
3 5 40 426 0.34 56 38 58 0 .38 63 47 58 0.46 84 64 79 
4 I 36 104 0 .24 66 28 58 0 .39 37 37 11 0.43 63 54 68 
5 2 38 448 0.31 69 39 58 0.44 50 50 34 0.48 58 59 34 
6 4 30 116 0 .29 35 22 20 0.38 31 33 11 0.51 72 68 117 
7 6 39 94 0.36 47 37 34 0.46 42 50 26 0.44 68 57 49 
8 6 40 112 0.29 58 32 49 0.49 21 43 6 0 . 52 77 71 58 
9 3 41 282 0.30 77 39 91 0 .38 87 53 68 0.49 82 68 58 

10 ?. 37 406 0.30 53 31 41 0.38 71 49 68 0.47 64 61 49 
11 5 40 592 0.35 58 40 41 0.46 60 57 34 0.62 70 84 41 
12 3 35 370 0.2 1 66 23 79 0.28 61 32 79 0.43 64 55 117 

Note: 1 km/h "' 0.6 mph; 1 m == 3.3 ft . 
9 0 istance of first switch of deceleration interval relative to stop line 
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Table 7. Required SN 40 values at intersections under varying 
assumptions. 

Maximum Kummer Runkle 
Deceleration and and Table 6 
From Table 6 Meyer Mahone Low SN,io 
(g) K-Value K-Value K-Value Values 

0.41 19 22 38 47 
0.47 22 26 44 56 
0.46 27 30 41 64 
0.43 17 19 39 54 
0 .48 23 25 44 59 
0.51 27 31 45 68 
0.44 23 25 39 57 
0 .52 28 31 46 71 
0 .49 28 31 43 68 
0.47 24 26 43 61 
0.62 33 33 55 84 
0.43 22 24 39 55 
Average for all 

intersections 24 27 43 62 

results obtained by a National Aeronautics and Space 
Administration trailer measuring incipient friction and 
a General Motors trailer measuring locked-wheel skid 
resistance (14). These values may be low relative to 
the others given because two test vehicles were used 
rather than one as in the other cases. Moyer developed 
the K-factors based on tests on various pavements in 
California (15, 16). Rizenbergs and others developed the 
K-factor at TI2--:'7 km/ h (70 mph) in the Kentucky accident 
studies previously cited (8, 9). Hartranft developed the 
K-factor at 64.4 km/h (40 mph) as part of a Pennsylvania 
State University correlation study of locked-wheel, 
peak slip, and peak side friction (17). Lister developed 
the K-factor by braking the front wheels of an automo
bile (18 ). 

In each of the above situations the K-factors repre
sent something other than an automobile braking all four 
wheels. When the automobile is braked, all four wheels 
do not reach the incipient friction stage simultaneously; 
therefore, the resulting averaged incipient friction and 
K-factors are somewhat lower than those thus far dis
cussed. Dillard and Allen, in the 1958 Virginia research 
mentioned previously (14), also studied deceleration 
patterns throughout skids by an automobile in locked
wheel tests from a speed of 64.4 km/h (40 mph). Typi
cally, the data indicated trends as shown in Figure 4; 
the incipient values were slightly higher than the initial 
locked-wheel values. 

SN40 values were determined by two locked-wheel 
trailers at the same sites at which the peak decelera
tions were determined for the automobile. Thus, locked
wheel trailer skid values can be compared to peak skid 
values for the automobile as given in the table below. 
The speed is the speed at which peak deceleration oc
curred. SN40 was measured at 64 km / h (40 mph) cor
rected to speed shown, based on a gradient of 0,5 SN. 

Deceleration Speed Trailer A Trailer B 

Site (g) (km/h) SN40 K-Factor SN40 K-Factor 

1 27 61 27 1.00 24 1.12 
2 38 56 40 0.95 34 1.12 
3 52 56 53 0.98 
4 72 53 71 1.01 67 1.07 

The K-factors determined by this means are about equal 
to 1 for speeds between approximately 48 .3 and 64 .4 
km / h (30 and 40 mph) and thus are lower than the values 
given in Table 4. Although these conclusions are based 
on an extremely limited amount of data, the K-factors 
used by Kummer and Meyer appear to be somewhat high. 
More research is desirable to determine what peak 
decelerations can be attained by an automobile and how 
they relate to locked-wheel decelerations and SN40, 
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Table 5 indicates the effects of various assumptions 
regarding K-factors on desirable minimum SN40 values; 
allowances were not made for temperature corrections 
or machine error. The SN40 values are 2 to 4 units 
higher for selected average K-factors than for the K
factors used by Kummer and Meyer; when selected low 
K-factors are used, the SN40 values are much higher 
(10 to 22 units). 

The comparison of the SN4o values in Table 5 with the 
composite minimum SN40 values given in the tabulation 
on page 3, column 2, is interesting. Since the values as 
determined by Kummer and Meyer apply to main rural 
highways (not Interstate), it seems reasonable to com
pare their results with category B in the above table of 
desirable SN4o values, for which a minimum SN4o value 
of 40 is indicated. Because these roads are likely to 
have traffic speeds between 80.5 and 96,6 km/h (50 and 
60 mph), the selected low K-factors appear to yield the 
most reasonable SN40 values of 40 and 42. 

NCHRP Report 154 

A second major study dealing with the establishment of 
minimum SN40 values based on driver behavior is the 
one described in NCHRP Report 154 (19). The intent of 
the study was to determine that level of lateral or longi
tudinal acceleration that accommodated a reasonable 
maximum demand in cornering or braking and to relate 
this level to an SN40 value, thus determining an appro
priate K-factor. Acceleration data were obtained on dry 
pavements by using tape switches to sample from the 
normal traffic flow without the drivers' knowledge. Data 
were obtained at 12 intersection sites and 10 curve sites. 

Table 6 (19) contains the data obtained at the 12 inter
section sites. The SN40 values given were determined 
empirically by relating locked-wheel deceleration values 
as obtained with a 1970 Plymouth Fury and a 1971 Ford 
Mustang to SN40 values obtained with the National Bureau 
of Standards skid trailer. Conventional bias ply, belted 
bias ply, and radial tires were used on the Plymouth 
and belted bias tires on the Ford. The tests were con
ducted at the Texas Transportation Institute skid pad 
facility. The relationships determined are considered 
by the authors of this report to be generally applicable 
to u .s. automobiles that have tires in good condition. 
The relationships developed are based on the maximum 
decelerations from among the four vehicle and tire com
binations and are thus conservative. 

As with the Kummer and Meyer study, the required 
SN40 values for the 12 intersections studied by the authors 
of NCHRP Report 154 vary widely, depending on the K
values selected for the conversion of FN to SN. Table 
7 shows SN40 values determined by using three sets of 
K-values-the ones developed by Kummer and Meyer, the 
average of selected values by the present authors, and 
the low values previously mentioned-and by using the 
SN4o values required as determined by the authors of 
NCHRP Report 154. 

Unfortunately skid tests were not performed at the 12 
intersections with an ASTM 274 trailer. We feel that 
it is quite unlikely that the average SN40 value for all 
intersections would approach the average SN40 value of 
62 as computed from the required SN4o values given in 
NCHRP Report 154. Therefore, we believe it is more 
reasonable to assume that rolling incipient friction should 
be considered, and a set of the K-values as given in Table 
7 would provide a means of calculating the needed fric
tion. Since the surfaces are located at intersections, 
we prefer the low K-values. In addition, intersections 
would intuitively seem to need SN40 values in the range 
of 38 to 55. 
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SELECTION OF TENTATIVE SN4o 
GUIDELINES 

Different SN40 values are required for varying roadway 
and traffic conditions. Also, much work remains to be 
done regarding the determination of required SN40 values 
for specific roadway and traffic characteristics, includ
ing the determination of the proper relationship between 
FN and SN. For these two reasons, it appears that ac
cident data will continue for some time to provide the 
primary basis for identifying high accident sites on wet 
pavement; survey skid data will be used once sites are 
selected. 

Nevertheless, selecting minimum SN40 guidelines is 
desirable for the purpose of identifying potentially haz
ardous sites for inclusion in the routine site review 
process in Virginia's program to reduce wet-pavement 
accidents. For this purpose, an SN40 value of 30 is 
considered to be the minimum guideline value for Inter
state and other divided highways in Virginia, and an SN40 
value of 40 is considered to be the minimum guideline 
value for two-lane highways. Sites with values below 
these guideline values will not automatically be scheduled 
for treatment, but will be included for evaluation with 
sites selected by use of accident data. Site treatments 
should be allocated on a priority basis to achieve the 
maximum reduction of wet-pavement accidents. 
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Rehabilitation Decision Model 
Douglas I. Anderson, Dale E. Peterson, and L. Wayne Shepherd, 

Utah Department of Transportation 

A study was made of Utah's flexible pavement performance system to 
introduce new procedures and to alter existing procedures. The terminal 
serviceability _concept was revised to consider functional class as well as 
average daily traffic. Highways with high average daily traffic were as-

signed a high terminal serviceability index to reduce user costs. A com
puterized pavement-rating system was developed to aid maintenance per
sonnel in making the most appropriate pavement rehabilitation decision. 
The system can also be used by planning and pro.gramming personnel to 
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estimate future expenditures in each district. A computer program gen
erates priority listings based on the failure modes of serviceability, dis
tress, structural adequacy, and skid resistance. An overall listing is pro
duced that considers failure modes with respect to average daily traffic, 
80-kN (18-kip) loads, runni~g speeds, and functional class. 

Maintenance of bituminous-surfaced pavements requires 
periodic rehabilitation. The need for maintenance, 
the type needed, and the optimum time for rehabili
tation are key elements. Systems designed to ac
complish these tasks are needed also to establish ad
ministrative policies and to aid in the programming of 
appropriate amounts of construction and maintenance 
funds. 

A model was developed to help planning and mainte
nance personnel plan rehabilitation strategies. The 
model deals only with a limited number of variables and 
does not consider all of the variables related to pave
ment aging, economic constraints, and political deci
sions. 

Experience shows that a detailed printout of pavement 
condition is needed only for projects under considera
tion for major rehabilitation, i.e., reconstruction, over
lay, recycling, and surface seals. The use of field data, 
such as pavement-distress values, deflection readings, 
and roughness, is necessary to establish priorities; 
however, these data supplied in their entirety are over
whelming to anyone attempting to compare pavement 
conditions of a large number of highway sections. 
Therefore, detailed analysis is reserved for pavements 
chosen for rehabilitation. An example of a detailed 
data sheet is presented in Figure 1. These data are 
used to review the range and magnitudes of deflection 
readings, to estimate surface and base structural con
ditions, and to predict the remaining life of a given 
pavement. Visual inspection data on the surface condi
tion and objective data related to transverse, longitu
dinal, and load-cracking conditions are listed. The 
pavement roughness incorporated into the present ser
viceability index (PSI) and actual skid-meter data that 
measure the slipperiness of the surface are made avail
able. These data and the route description, pavement 
dimensions, and traffic measurements can be used by 
the maintenance engineer to determine the specific type 
of rehabilitation needed. 

The preliminary analysis is aimed at the selection 
of those highways that will be upgraded and is based on 
the output of the computer program that contains a set 
of condition and priority listings to be used by mainte
nance and planning personnel. 

In the Utah system, ranking the pavements to receive 
maintenance and determining the most effective method 
for rehabilitation are based on present pavement condi
tion and deterioration history, properties of the mate
rials and mixes in place, traffic requirements, func
tional class, highway geometry, and environmental con
ditions. Information on each of these areas must be 
gathered to isolate modes of deterioration, extent of 
progress, and rate at which deterioration is occurring. 
Once this information has been gathered, a priority 
listing can be made based on functional class and traffic 
demands to minimize user costs and future maintenance 
costs due to pavement deterioration. The number of 
highways rehabilitated and the extent of rehabilitation 
are dependent on the funds available and the urgency of 
the problem (1). 

The signiffcance of each of the areas mentioned varies 
for each highway and failure mechanism in determining 
the extent of further testing or analysis. For example, 
deterioration apparently related to materials may lead 
to tests such as asphalt stiffness or density calculations. 
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Pavements that fail because of increased traffic load 
should be subjected to increased testing with the dynaflect 
to check the structural adequacy of each kilometer of 
the section. 

The following sections discuss the major factors re
lated to pavement condition and their use in the prelimi
nary analysis. 

PRESENT SERVICEABILITY INDEX 

Utah uses the present serviceability index as an indicator 
of the rideability of a pavement. Data gathered from the 
Mays road meter is the main determinant of PSI; the 
meter, mounted in an automobile, is positioned to mea
sure the vertical movement of the rear axle. The PSI 
rating of pavement is given below. 

Pavement 
PSI Rating Condition 

4 to 5 
3to 4 

Very good 
Good 

Pavement 
PSI Rating Condition 

2 to 3 
1 to 2 

Fair 
Poor 

The following formula for PSI was developed at the 
AASHO Road Test (2), and customary units are therefore 
used. -

PSI = 4.18 - 0.007 (RC)0·658 - 0.0. C + P - 1.34 RD2 (]) 

where 

RC = sum of roadmeter roughness counts per mile, 
C = square feet of cracked area per 1000 ft2 of 

flexible pavement surface, 
P = square feet of patched area per 1000 ft2 of pave

ment surface, and 
RD = average rut depth measured at deepest part of 

rut. 

As the PSI of a pavement decreases, the cost of ve
hicle operation increases. Figure 2 shows the relation
ship between operating costs, running speed, and PSI 
(3). Pavement roughness also has an effect on highway 
safety. Figure 3 shows the relationship between the 
probability of accident occurrence, running speed, and 
PSI. At any speed, accidents are more apt to occur on 
rough pavement surfaces. 

For planning and maintenance purposes, one must 
not only know the magnitude of the PSI at any particular 
time but also the relative change in PSI with time. If 
rideability declines rapidly, the pavement will most 
likely reach the terminal serviceability index (TSI) sooner 
(Figure 4A). The TSI is the value of serviceability of 
the pavement in need of rehabilitation before it deteri
orates beyond repair by normal maintenance (4). 

High-volume highways, such as Interstate highways, 
are assigned a TSI value of 2.5, and most low-volume 
highways are assigned a value of 2.0. The values are 
based on user costs, which include fuel consumption. 
Reports show that fuel consumption at a speed of 80.5 
km/h (50 mph) increases by 50 percent when the vehicle 
is driven on badly broken patched asphalt compared to 
when the automobile is driven on smooth pavement (1). 

Figure 5 shows the 1·elation of TSI to average daify 
traffic (ADT). Functional class remains a controlling 
factor at low and medium traffic levels; minimum values 
are specified at 2. 5 and 2. 0 as before. At high traffic 
volumes, TSI is increased to ensure a higher level of 
service. 

The pavements in each maintenance district are listed 
in order from the roughest to the smoothest on the basis 
of average PSI of that highway section (Table 1). This 
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Figure 1. Detailed data sheet. 

PAVCM[NT EVALUATION FOR STATE ROUTE 016 SECl JON 
fHOM WOUORUFF-liORTtl-L.lMl TS MILEPOST l O, 00 
MATERIAL OITVMll<OUS SURFACE COARSE (BSCJ 

2 SUD SECTION O RICtl COUIHY I 171 
TO Rf\l~UOLPH-t40i1Tli-L IMO S MILEPOST 21, 00 
MAJNTENAl<CE SllEO 1J7 I ,0, NO, '1'15 

DISTRICT 1 
LWGTH 
WIDTH 
T ,S, I, 

FAP-12 
10,q,. 

12 , 
l'E:ARLY lNCREASE lN 181( LOADS 5, 0 I PRESENT lUK LOeos 1, 16850+0'1 2,0 ·-----------------------·----.. ---·-----------............... -.... ------------------------------------------------------- ... ----------• 

• • DYNAFLECT TES.T OAl'A • • 
NO, OF TESTS 11 DATE 9/ 11/75 HR 15 MIN 10 
TEl'IPERATURES: AIR 67, oo, S.U~FACE 69,0o, PAV~MENT . WHL. PA I Ii VSir.P LAf~E NUL. LAST REVISION 
f: 2,)25 

DMD SNSR 2 SNSR 3 Sl~SR IJ 

OUTLYING VALUES 1,62 ..... , ... .... 
MEAN I ,ll , d2 ,52 ,J6 
STANDARD DEVIATION 1 lD , 12 ,07 ,07 
VARIANCE ,OJ ,01 ,01 , 00 
T(NJ <,5& :i::,22 l,bb 1,87 

ACTUAL n[AOINGS l, 1lf ,n .... ,29 
,99 ,68 ,'12 ,29 

l, llf ,7" •• 6 ,29 
l,,!b ,90 ,52 ,JO 
1,32 ... ·"" . ... 
l ,b2 l,Oti ,62 ·"" l,ii::Cl ,80 ,5'1 ,JS 
1, l'I , 7b ,'16 ,30 
I, 1'1 ,82 , 58 ·"" l,lq , 76 ,'18 ,36 
1,io ,80 .~lf ,38 

7o,OO 

sNSR 5 .... 
,25 

·"" ,oo 
1,1tO 

,22 
,22 
,20 
,22 
'Jo 
,JO 
,29 
,2J 
,22 
,25 
,28 

. . OYNAFLEcT ~UMMAHY ANO AVERAGE CONDIT IOUS •• 

18K LOADS 
OMO SCI BCI TO FAIURE . Mll~ ,99 ,31 ,07 l ,Z5D2t06 . MAX 1,62 ,5'1 ,18 2, 5856+05 . AVE 1,21 ,Jg ,II 6,6D99t05 

• STRUCTURAL NO, REQUIRED FOR 10, YEARS ADOITIOIJAL LIFE 15 
• AVERAGE SCI & BCI INDICATE PAVEMENT ANO SUBGRAOf STHONG, 
• lf PRESENT TREl<OS CONTINUE, THE STRUCTURAL t•EEUS ARE 
• LOW Al<O TH• HOAU WILL PR0DAOLY LAST OVEH l[N YHRS, 

. SclREQ: ,59 BCIREO: .1• OMDREO: 1, 7• I OS YRS: 13 

YlTF • 
14 • 
10 • 
13 • 

,uo • 

,-...... ... ...... .. .. ... .. ------------.. ----... ... ,,, .... ____ .. __ .... ........... __________ ................... ___________ .., .. .. -....................... .. ............... -... -------------------
• • SEkVIC~AulLITY SUMMAHY ANO AVEHAGE co1,un IONS • • 

NO, TESTS II DATC: 12 / '1/75 MPH 50, tlSI: AVERAGE J,l MINIMUM 2,9 MAXlr1UM J,lf 

A'lf.RAG[ 5LJRf~CE WEAR 3 1 !:> 
~VE.RAG[ w£ATHEfUt~G .3,b 
AVERAGE KVr Ut:.PlH (11~) ,18 

~ v rR~Gl. 
TRANSVERSE 

~CALEO NOT 
(fTJ SEALtO 

0, O, 

CRACKING PER 
LOtiG! TUUl NAL 

SEALED NOT 
IFT t SE ALED 

o, o. 

AVERA GE POPOUTS 3, 
AVERA(,£ lJNIFORMIJY '1,3 
YI~ llf YX 21f YA 2q 

10 0 0 SQ, 

"iAP 
1 YPE 

SO,FT, 
6~J. 

FT' 
LOAD 

ALLIG, 
TYPE 
SQ,FT, 

0, 

AVt:HAGE P,~,1, INDICATES THAT THE SERVICE NEEDS ARE LOW • 
AND WILL PkuBABLY FALL BELOW THE T,S,1, IN NOT L[SS TIIAN TEN YRS• 

AVERAGE 
PA TCHIIIG PER 
lOu(J ~u. FT. 

SKlN DEEP 
SC.,,fT I SCil,FT. 

a, o. 

AIIERAGE CONDITION 
OF TAANSVERS~ ANO 

LONG!TIJOWAL 
CRACKS 

OPEN, AURAS, '1Ul T, 
3,8 3,0 3,8 

·--------- ----..... ·-----·-------·---""•-- -----·------ - -,.-.. - -.----- .............. .......................... ...................... -----·-·-··----.. -..... .............. _______ . 
• • Sl<lOtt.EH:n. TEST CATA • • • • • S~IOMETEH SUMMARY AND AVEHAGE C0NDIT10W:i • • • 

• NO, T[ SlS 6 Dall Y/11/75 TEMPS: AIR 53,00 ASPHALT tiS,O• 

• TEST 01 02 OJ U'I 05 Ob U7 Od 09 10 11 12 13 
• St<.O IND !;)0 ~O 62 69 66 6&f •• •• t• •• •• • • •• 

Figure 2. Relationship 
between operating costs, 
running speed, and PSI. 

Figure 4. Pavement condition versus time. l I 
...... ~,: ~ !' 

PSI TSI 
2 - --- -- -
1 I 

g~~ r'~'""'; . l 
~ ~ 

' "~''"~ ;~ ~ . ADEQUACY fj 
2 10: 
I I~ 

·:!~ :· 
,_ "'"'"' w -----!---SKID j 

INDEX 40 J 
20 I 
o I i i I I I I I I 

68 70 'fl 7~ 
YEAR 

j 
eo 

SKID INDEX: MINIMUM 50 MAXIMUM b9 AVEHAGE 60 

A\I ERAl,E SKIO INDEX INDICATfS THAT THE ROAD IS 
MAH.Gll~I\L• FUHTHER MONlTORIJ\lG SUGGESTEO, 

Figure 3. Relationship 
between accident 
occurrence, running 
speed, and PSI. 

0 

0 

0 
0 

0 

~ 
0 

a. 

Figure 5. TSI versus ADT per lane. 

4 0 

~ 

1 ·5 2.0 .i-:-_....:..._:.:_=..!..,.::,..- ~ 
V) 

0 

ADT/LANE, 1000 

Running Speed 

,~ 



condition listing gives a preliminary indication of which 
pavements most need attention but not the best method 
for rehabilitation and can be used to establish the exist
ing needs with respect to rideability for each district. 
The total lane kilometers of pavement below a specific 
level of service can be obtained and related to the cost 
needed to maintain or restore those areas by reference 
to the appropriate detailed data sheets. Also by com
paring listings from previous years, one can predict 
failures and estimate future needs. 

A similar listing based on the minimum PSI reading 
within each highway section is also provided in the pro
gram. This list reflects short rough areas requiring 
maintenance such as patches, bridge decks, and utility 
construction sites. This list is required because a short 
rough stretch could be left unidentified if the average 
PSI value on that pavement is adequate. 

A third serviceability listing identifies sections that 
have reached the TS! specified for these sections. The 
sections that have dropped below TSI by the greatest 
amount appear first on the list. Before the pavement is 
programmed for rehabilitation however, consideration 
must be given to things such as costs due to maintenance 
delays, impacts on the present and future economics of 
the area, and changes in traffic configurations on ad-
j oining facilities. 

PAVEMENT DISTRESS RATING 

In the routine evaluation of distress, 11 pavement param
eters are reviewed; the 7 parameters that are given a 
rating on a scale from Oto 5, where 5 is a condition 
showing no distress, are opening, abrasion, multiplicity 
of cracks, wear, weathering, popouts, and uniformity 
of surface. The other 4 parameters, given an approxi
mate value per 1000 square units of pavement, are 
transverse cracking, longitudinal cracking, map crack
ing, and patching. Definitions of the conditions for each 
rating used in Utah are given in a previous report (4). 
This evaluation should be done only by trained personnel 
so that consistency throughout the state can be main
tained. Each number on the rating scale should be well 
defined, and the evaluator should be familiar with each 
pavement condition. 

Pavement distress does not necessarily indicate a 
rough condition that would be noticeable to materials. 
For example, a cracked pavement may provide a smooth 
ride for a period of time. However, a cracked surface 
allows moisture to reach the subgrade; a loss in matrix 
and erosion around the cracks may then occur and even
tually lead to complete failure. Rutting can occur with
out creating a rough situation under certain driving con
ditions but can cause difficulty when drivers change lanes. 
Also, rutting can cause hydroplaning when pavement is 
wet and will eventually lead to strain cracking along the 
wheel path. The Maintenance Division must not only 
correct deteriorated pavements but also recognize which 
pavements most need attention to prevent extensive 
deterioration and greater costs. 

STRUCTURAL ADEQUACY 

The structure of a pavement being considered for reha
bilitation must be analyzed for ability to support traffic 
loads. The Dynaflect is used to predict the remaining 
years to failure based on measured traffic loading on the 
highway and projected yearly increase. A listing is then 
made of the pavements in each district in the order in 
which they will probably fail structurally. Sections can 
be selected from this list for increases in structural 
adequacy. The maintenance engineer may request a 
secondary analysis, which also would incorporate use 
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of the Dynaflect, to obtain a more extensive testing of 
weak areas. If an overlay is selected as the mode of up
grading the structure, the deflection data can be used to 
design the thickness of the overlay. A thicker overlay 
may be placed on the deteriorated areas, and some areas 
may even be left untouched rather than overlay the entire 
section with one thickness (5). Skipping nondeteriorated 
areas could greatly reduce Tue cost of a rehabilitation. 

For comparison, the structural adequacy prediction 
was modified to a Oto 5 rating similar to those used in 
the PSI and distress analyses. This system should be 
more compatible with the rest of the pavement rehabilita
tion model. In cases where a years-to-failure criterion 
is desired, the following can be used: 

Structural Years to Structural Years to 
Rating Failure Rating Failure 

5.0 >10 2.5 3 
4.5 8 to 10 2.0 2 
4.0 6 to 7 1.5 1 
3.5 5 1.0 0 
3.0 4 

In the past, failure predictions based on structural 
adequacy have been misused; Dynaflect data cannot be 
used absolutely to predict the failure of a pavement. The 
analysis can only indicate structural failure based on the 
load-carrying capacity of the pavement structure. The 
modes of failure of a highway are interrelated. The 
presence of any one of the three basic failure modes 
(roughness, distress, or structural) usually precedes 
the appearance of the remaining two. Theoretically, 
years to failure based on a structural analysis should 
result in a decrease by 1 year each successive year; for 
example, at 10 years 1 year, at 9 years another year, 
and so forth, to 10 years and failure " In :reality, how
ever, we often observe predictions such as 10 years to 
failure the first year, 5 years the next year, and 2 years 
the next year. This apparent accelerated failure can be 
due to increased traffic loading, a rough condition, or 
distress weakening of the pavement structure. The ob
servation of any single year's prediction can be misin
terpreted, misused, and inevitably mistrusted. There
fore, adopting the Oto 5 rating system of structural 
failure prediction rather than years to failure seems 
reasonable" The basic theory, however, remains sound. 
A reasonable indication can be obtained of how well the 
structure is supporting the present traffic loadings and 
how long the structure will perform adequately under 
projected traffic loadings if pavement distress or other 
factors do not accelerate failure. 

SKID RESISTANCE 

The Mu-meter is used to evaluate pavement surfaces for 
slipperiness. This device estimates surface skid resis
tance by pivoting the testing wheels to an angle with the 
line of movement at 64.4 km/h (40 mph) and measuring 
the resulting side force generated. The skid indexes 
range from Oto 100; any surface that measures below 35 
is considered to be in a hazardous condition. Lengths 
of 402 m (0.25 mile) are tested every 3.22 km (2 miles) 
within each section (plus any areas that appear to be 
slippery). Two listings of highway sections are needed 
to properly select highway sections for skid improve
ments. The average skid values of each section are 
listed in order from most slippery to least slippery to 
isolate sections that need surface rehabilitation. Mini
mum skid reading within each section is also listed to 
indicate smaller areas that need attention such as patches, 
nonuniform construction, or bleeding areas. 
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OVERALL PRIORITY RANKING 

When reviewed individually, these lists can be helpful 
in establishing priorities as to which pavements are in 
need of maintenance, what type of failure is present, 
and to some extent how far the problem has progressed. 
However, to obtain an indication of the overall condition 
and to gain insight as to the most efficient form of re
habilitation to pursue, one must analyze the listings 
collectively as well as individually. 

The interrelation between the general failure modes 
is important in determining the type and time of a reha
bilitation effort because one form of deterioration leads 

Table 1. Pavement 
state Lenrh Beginning sections ranked by Number Route (km Terminus 

average PSI. 
1 E02 13.52 Saltair 
2 106 0.56 Junction utah-131 
3 171 2.82 Redwood Road 
4 201 1.27 Junction ·I-15 
5 186 1.61 East end US-40 
6 171 8.53 Junction Utah-111 
7 E02 5.79 Coalville 
8 270 1.21 East end I-15 
9 201 3.27 Redwood Road 

10 071 1.61 Draper West 

Note; 1 km = 0.6 mile. 

Figure 6. Development of pavement failure. 
NEW 

PAVEMENT 

3rd. LEVEL Deflection -High 
Distress - Ye• 

PSI - Low 

Table 2. Pavement state Le:;rh Beginning 
sections ranked by Number Route (km Terminus 
final index number. 

1 106 0.56 Junction Utah-131 
2 E02 13.52 Saltair 
3 201 1.27 Junction I-15 
4 186 1.61 East end US-40 
5 201 3.27 Redwood Road 
6 071 1.61 Draper West 
7 270 1.21 East end 1-15 
8 171 2.82 Redwood Road 
9 E02 5.79 Coalville 

10 171 8. 53 Junction Utah-111 

Note: 1 km = 0.6 mile. 

to another. The degree to which deterioration progresses 
indicates when and how extensive the maintenance strat
egy must be to ensure proper service. Figure 6 is a 
diagram of the development of pavement failure. Because 
skid problems are surface problems and only slightly 
related to other modes of failure, they are not included 
in the flow chart. In new highway construction the intent 
is to obtain a pavement system that is structurally sound, 
has no initial pavement distress, and has a smooth riding 
surface. Pavement deterioration can occur if one of these 
requirements is not fully met in construction, if some un
expected problem occurs while the pavement is in service, 
or as the natural pavement aging processes take place. When 

Ending 
Terminus Index 

SLC Airport 1.9 
4th N. Bountiful 2.3 
Junction Utah-!15 2.7 
Junction utah-271 2.7 
2500 West 2.9 
4000 West 3.0 
Echo Dam 3.0 
1st W. Railroad 3.0 
Junction 1-15 3.1 
11 400 South 3.1 

Ending Final Avg 
Terminus Index Structure Distress PSI Skid 

4th N. Bountiful 2.4 4.0 1.0 2.3 70 
SLC Airport 2.4 1.0 4.2 1.9 58 
Junction Utah-271 2.4 1.0 3.6 2.7 63 
2500 West 2.5 4.0 1.0 2.9 35 
Junction I-15 2.6 1.0 3.8 3.1 51 
11 400 South 2.7 5.0 1.0 3.1 29 
1st W. Railroad 2.8 1.0 5.0 3.0 33 
Junction Utah-Il 5 2.9 4.0 3.0 2.7 49 
Echo Dam 3.0 3.0 3.7 3.0 43 
4000 West 3.2 5.0 3.3 3.0 56 
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Figure 7. Pavement evaluation system. 
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one of these modes of failure appears the pavement has 
reached first-level deterioration. If not corrected, the 
deficiency can lead directly to further problems, or the 
pavement could continue to age naturally, until the ap
pearance of a second mode of failure. The pavement is 
then at the second level of deterioration. Inevitably the 
pavement system reaches the third level of deterioration 
if no rehabilitation effort is made at the appearance of 
any of the three modes of failure. 

Each year data are added to a graph containing data 
from previous years. General trends are illustrated 
and made easily comparable for the four main failure 
modes (Figure 4). 

The most efficient level for rehabilitation of a pave
ment depends on traffic demands placed on the system, 
which include ADT, 80-kN (18-kip) loads, functional 
class, and running speed. These parameters were used 
to list overall maintenance priorities. For highways 
with high ADT, the system weights the PSI proportion
ately to account for user costs. Structural adequacy 
of pavement is given extra attention where there is much 
truck traffic. An overall Oto 5 rating that considers 
these variables is thus obtained for each pavement . 

A final summary table (Table 2) gives the value of 
each of the four failure modes for each specific section 
of highway. This listing enables the reviewer to observe 
the section's relative condition and aids in choosing a 
rehabilitation strategy. For example, pavement 1 is 
structurally sound and has good skid resistance, but 
rates poorly in the distress and PSI columns. Although 
a more detailed analysis and field evaluations would be 
necessary before a final decision on rehabilitation could 
be made, some form of stress-relieving interlayer with 
overlay seems to be a consideration. This could mini
mize reflective cracking and create a smooth riding sur
face. Because the structure appears to be adequate, 
possibly enough material is in place. Therefore, re
cycling may be considered; however, bringing in the 
necessary machinery for such a short section may not 
be possible. 

Pavement 2 is deficient in structural adequacy and 
PSI but has little distress and fair skid resistance. 
Further Dynaflect testing should be requested, and an 
overlay should be designed to support the traffic load-

' ... -;,;~~:?n.~ ... ~,ih 

ing; thus, the PSI measurement of the section would be 
upgraded. Action should be taken before heavy distress 
occurs. 

Reviewing the lists indicates direction for further 
analysis of various rehabilitation strategies. A flow 
chart of the entire evaluation system is presented in Fig
ure 7 (6). The pavement condition evaluation conducted 
annually by the Materials and Re search Section is limited 
to number of kilometers of highway that can be tested. To 
realize the greatest benefit from this program, we must 
make a careful selection of which pavements to test. 
The following are used as criteria for establishing testing 
priorities for any given year: 

1. Control sections tested every year to ensure con
sistency in data, 

2. Pavements with indexes below 3.0 on any failure 
mode listing for the previous year, 

3. Sections requested for testing by district per
sonnel, and 

4. Pavements that have not been tested for 3 years. 

CONCLUSIONS 

The goal of pavement evaluation and rehabilitation is to 
minimize cost of constructing, maintaining, and operating 
on any given highway and still maintain level of safe 
service. To minimize user costs and prevent total loss 
of a pavement, a minimum value of the serviceability 
index should be specified where rehabilitation is indicated. 
This TSI, as defined in this report, is dependent on ADT 
as well as functional class. 

The priority listings developed in this report give 
serviceability, distress, structural adequacy, and skid 
resistance of each pavement tested. These lists can be 
used in the development of highway rehabilitation strat
egies, programs for pavement testing schedules, and 
maintenance budgets to be submitted to legislative bodies. 
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Prediction of Rigid-Pavement 
Performance From Cumulative 
Deflection History 
William H. Righter and Edward L. Moore, Clarkson College of 

Technology, Potsdam, New York 

Data from the AASHO Road Test were used to investigate a functional 
relationship between the cumulative deflections sustained by a rigid 
pavement and a quantitative measure of the corresponding condition of 
the pavement. Cumulative deflections were estimated from periodic 
Benkelman beam deflections. Deflections had been measured at approx
imate 2-week intervals during the road test, and we assumed in the analy
sis that such deflections were representative of those that would have 
been measured had Benkelman beam deflections been measured contin
ually. The present serviceability index (PSI) was used as a quantitative 
measure of pavement condition. Because of wide variation in response to 
loading of similarly constructed test sections and even between replicate 
test sections, no definitive relationship could be established that could 
predict PSI as a function of cumulative deflection. However, when data 
from test sections· having the same slab thickness were averaged, a PSI
cumulative deflection relationshio could be described by two st raight 
lines intersecting at a threshold cumulative deflection. For cumulative 
deflections less than the threshold, an increase in cumulative deflection 
produced small changes in PSI; for cumulative deflection larger than the 
threshold, relatively small increases in cumulative deflection produced 
large changes in PSI. The level of the threshold cumulative deflection 
increased with increasing slab thickness. 

Most methods of rigid pavement design for airfields and 
highways are based on considerations of load-induced 
stresses in elastic slabs. Repeated application of loads 
that induce stresses well below the modulus of rupture 
of a given material can cause the material to fail. This 
phenomenon, fatigue failure, is attributed to the fact 
that materials are not ideal homogeneous solids (1). 
Portland cement concrete (PCC) exhibits this behavior. 
Pavement distress due to fatigue may become more 
important in the future as aircraft and highway loads 
increase and exceed those contemplated by designers 
because the number of load repetitions that produce 
fatigue distress decreases as the load-induced stress 
increases. 

Curves depicting the fatigue phenomenon usually 
have stress or strain on the ordinate versus cycles of 

load on a logarithmic abscissa. Such relationships are 
difficult for the pavement engineer to apply to in-service 
rigid pavements because measuring in situ stresses or 
strains is difficult and time consuming. Deflection mea
surements are made much more easily; the Air Force 
has a vehicle-mounted, optical-deflection measuring 
system under development that will be able to measure 
and compile deflections accurately with little or no inter
ruption to traffic. Thus a correlation of deflections with 
a rigid-pavement performance index, which includes 
fatigue effects, would provide a valuable tool to the pave
ment engineer. 

BACKGROUND INFORMATION 

Fatigue of concrete has been investigated in terms of 
stress by several investigators (2, 3, 4). Nordby (4) re
viewed research findings involving the fatigue of PCC 
and noted that most of the research performed on both 
plain concrete specimens and those with reinforcement 
similar to that of highway pavements was motivated by 
the fact that many failures of concrete pavements by 
cracking were due to repeated applications of stress. 
Fatigue research on plain concrete beams indicates (4) that 
plain concrete may not possess a fatigue limit within 10 
million cycles of load, that inadequately aged and cured 
concrete is less resistant to fatigue than well-aged, 
well-cured concrete, and that as the induced stress is 
decreased the fatigue strength is increased substantially. 

There is substantial agreement among fatigue inves
tigators that, for reinforced concrete specimens (4), 
(a) most failures of 1·ein.forced beams were due to failure 
of the reinforcing steel that was accompanied by severe 
cracking in the concrete and stress concentrations as
sociated with these cracks and (b) beams accumulated 
residual deflections over many cycles of load but re
covered somewhat during rest periods, indicating, at 



least for reinforced concrete beams, that the fatigue 
phenomenon is a function of the frequency of loading. 

Lloyd, Lott, and Kesler (2) found that under repeated 
loading the strength of a specimen was reduced and the 
strength at failure was usually much less than the static 
flexural strength. PCC was found to behave similarly 
to other materials under cyclic loading in that the 
strength reduction was found to be proportional to the 
logarithm of the number of load cycles to failure. Be
cause concrete does not have a fatigue limit (i.e., there 
is no stress level below which concrete can be stressed 
an indefinite number of times without fatigue failure), 
reference is frequently made to the fatigue strength of 
concrete. The fatigue strength is the strength expressed 
as a percentage of the static ultimate strength corre
sponding to a given number (frequently 10 million) of 
cycles of load (5). 

Linger and Gillespie (6) reported a comprehensive 
evaluation of results of previous investigations of the 
fatigue characteristics of PCC and determined that the 
cumulated deformation was an indication of fatigue dam
age. Awad and Hilsdorf (7) found that damage to plain 
concrete caused by large repeated loads depends on the 
number of stress cycles and the total time the concrete 
has to sustain the stress. This finding seems to indicate 
that fatigue of a rigid pavement would depend on the 
speed of a vehicle and its wheelbase; both affect the fre
quency of loadings. Traffic spacing would also be a 
factor. 

The experimental fatigue research on concrete beams 
reported in the literature was carried out on plain or 
reinforced specimens for which the support conditions 
remained constant throughout the test durations, which 
is in contrast to in-service conditions for rigid pave
ments. Special studies undertaken at the AASHO Road 
Test (8) revealed that, during periods of changing air 
temperatures, points on the surface of slabs were in 
continuous vertical motion, which would cause a con
tinuous change in the geometry of slab support. At 
times, the slab would only be partially supported. 

When Burmister (9) developed a theory of the struc
tural behavior of rigicl pavements, based on a layered 
solid elastic model, it was suggested that the design be 
based on a criterion of limited deformation under load. 
Although the tentative suggestion was that the maximum 
allowable deflection for a 203-mm (8-in) PCC slab be 
approximately 3.05 nun (0.012 in) to prevent fatigue 
failure (10), most design procedures used today are 
based onstress because a relationship between deflection 
and performance has not yet been developed for rigid 
pavements (11). 

Ahlvin and others (12) recommended that considera
tion be given to the determination of maximum allowable 
deflections that can be tolerated in a rigid-pavement 
structure. They questioned whether designing for a 
given number of loadings by the largest load expected 
to use the pavement is realistic and suggested that "de
signs which incorporate strain and/or deflection his
tories should be investigated" to analyze random loading 
characteristics (mixed traffic with aperiodic loading 
frequency). 

THEORY 

Recently, a functional relationship has been shown to 
exist between the cumulative deflection that a flexible 
pavement experiences in its service life and the perfor
mance history of the pavement (13). The objective of 
this research effort was to determine if a similar rela
tionship could be established for rigid pavements. 
Righter and Harr hypothesized that there is a functional 
relationship between the total energy imparted to a given 
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rigid-pavement system as measured by cumulative de
flections and the condition of that system. 

Some methods of rigid-pavement design assume the 
existence of a reproducible stress-strain relationship . 
However, the field measurement of load-induced stress 
is very difficult and time consuming. The prediction of 
load-induced stresses is even more tenuous because the 
dynamic loads imposed on pavements by highway vehicles 
and especially aircraft are difficult to assess because 
they depend not only on characteristics of the vehicle but 
also on pavement roughness (14). 

A need for an index that characterizes the dynamic 
response of a rigid pavement and can easily be measured 
becomes apparent. Cumulative deflections may provide 
such an index for flexible pavements (15). A theoretical 
basis for the supposition that cumulative deflections may 
also provide such an index for rigid pavements can be 
shown by the relationship between the load-induced de
flection and strain energy of a plate (slab) supported on 
a Winkler foundation. 

Rigid pavements are commonly modeled as plates 
supported by Winkler foundations. Timoshenko and 
Woinowsky-Krieger (16) analyzed a circular plate sup
ported by a Winkler foundation. Assuming as an approxi
mation that the deflections can be expressed as 

w(r) =A+ Br2 (1) 

where A and B are constants, the total strain energy of 
the system for a load P applied at the center was found 
to be 

J:2Ja U = 4B2D1Ta2 (I+ v) + 1/2 k(r)[w(r)J2 rdrdli 
. 0 0 

(2) 

where 

D = Eh3 
/ [ 12 (1 - 1l)J, flexural rigidity of the plate; 

h = thickness of the plate; 
a = radius of the plate; 
v = Poisson's ratio of the plate; and 
k = modulus of subgrade reaction. 

A and B are constants that are determined by imposing 
the condition that the total strain energy of the system is 
minimum when stable equilibrium is achieved. Since 
the maximum deflection occurs directly under the load 
(r = 0), Equation 1 il1dicates that A is the maximum 
deflection, Wmax . Therefore, examination of Equation 2 
indicates that the strain energy is a function of the plate 
and foundation parameters and the deflections. Equation 
2 indicates that load-induced deflections are related to · 
the strain energy of a deflected plate supported by a 
Winkler foundation. Within this context, the maximum 
deflected shape of a pavement provides a measure of the 
net energy introduced into a pavement by a load (vehicle 
or aircraft). 

PROCEDURE AND ANALYSIS USED TO 
TEST WORKING HYPOTHESIS 

To test the working hypothesis, rigid-pavement deflection 
measurements and corresponding assessments of the 
condition of the pavement over a sufficient period of time 
were required. The time interval over which these data 
were needed was such that the condition of the pavement 
changed markedly within the time interval. A sufficient 
time interval, then, depended on the design of the pave
ment, ambient conditions, and the nature and frequency 
of the traffic. 

Data required to test the hypothesis were available in 
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Figure 1. Typical edge and corner deflection histories of 
AASHO Road Test section. 
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Figure 2. Serviceability versus cumulative corner deflection data 
for 203-mm slabs. 
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the histories of some of the test sections trafficked in 
the AASHO Road Test. The present serviceability index 
(P~T) (17) rif QnmA h:1Qt Qo.Ptirm.t::! rlirl nnt f"'h!lngo appl"'af'ti!l-
bly during the road test, and data from those test sec
tions, which were considered to be overdesigned for the 
purpose of this study, were not used. 

When assembling AASHO Road Test data, we selected 
five variables as likely to be related to the PSI: cumula
tive deflection, axle load, reinforcing, subbase thick
ness, and slab thickness. However, in performance 
analysis carried out on road test data by others (1), sub
base thickness and reinforcing were not found to be 
statistically significant and these variables were not 
considered further. 

A function was sought that would predict PSI as a func
tion of cumulative deflection, load, and pavement slab 
thickness: 

PSI = f1 (cumulative deflection, load, slab thickness) (3) 

If this function were known, predicting the serviceability 
level of a rigid pavement would be possible if deflection 
and traffic records were compiled. 

A linear correlation analysis was carried out on the 
variables in Equation 3. The correlation matrix indi
cated a slight linear correlation between slab thickness 
and PSI and load and PSI. Further examination did not 
reveal a definite nonlinear relationship between slab 

ANALYSIS 

Figure 3. Curves of averaged data for three slab thicknesses. 
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thickness and PSI or load and PSI. Therefore, load and 
slab thickness were eliminated from Equation 3. Since 
both slab-corner deflections and slab-edge deflections 
were measured in the road test, regression analysis 
was performed on the following functions: 

PSI= f2 (cumulative edge deflection) 

PSI = f3 ( cumulative corner deflection) 

(4) 

(5) 

As expected, a strong linear correlation between edge 
'.:lnrl fll"ll"'noY" rl,:::iflof"tinnt::! ,11!lt::! fnnnrl tn AYiQt !lnrl l?q_n!ltirmQ 

4 and 5 were anticipated to have similar forms. 
Throughout the duration of the AASHO Road Test, 

edge and corner Benkelman beam deflections were mea
sured periodically. A typical deflection history for one 
test section is shown in Figure 1. Because deflection 
measurements were not taken continuously, estimating 
the deflections that occurred in the interval between 
contiguous deflection measurements was necessary. The 
deflection measurements (corner and edge) taken at the 
end of an interval were assumed to be representative of 
the deflections (corner and edge) throughout the interval. 
Deflections used in computing cumulative deflections 
are indicated by broken lines in Figure 1. 

The wheel loads of the vehicles used in measuring 
Benkelman beam deflections were different from the 
wheel loads of the vehicles used for trafficking. To ac
count for the change in load, we had to scale the Benkel
man beam deflection data so that the deflections were 
representative of those caused by the vehicles used for 
trafficking. We assumed that the load-deflection rela
tionship was linear. This assumption seems to be justi
fied by previous findings (8, 18). 

The, traffic history of ea chtest section was then ap
plied to the scaled deflection measurements to obtain 
cumulative edge deflections and cumulative corner de-
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Table 1. Results of linear regression analysis of averaged data for three slab thicknesses. 

Cumulative Edge Deflection Cumulative Corner Deflection 

Slab Curve l Curve 2 Curve 1 Curve 2 
Thickness 
(mm) a, b, Range (mm) a, b, Range (mm) a, b, Range (mm) a, b, Range (mm) 

127 8.76 -0.85 <419 100 68.27 -11.44 >419 100 7.65 -0.63 <609 600 79.12 -13.04 >609 600 
165 5.18 -0.14 <584 200 121.30 -20 .27 >584 200 6.29 -0.35 <762 000 110 .24 -18.05 >762 000 
203 5.78 -0.30 <939 800 146.20 -23 .81 >939 800 6.66 -0.45 <l 041 400 68.40 -10. 74 >l 041 400 

Notes: 1 mm - 0.039 in. 
Curves are shown in Figure 3, 

Figure 4. Serviceability versus averaged cumulative 5 
corner deflection for three slab thicknesses. 
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Figure 5. Serviceability versus averaged cumulative s 
edge deflection for three slab thicknesses. 
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flections. The procedure whereby cumulative deflections 
were estimated for each test section can be expressed 
symbolically as 

D1 = i th Benkelman beam deflection, and 
N1 = number of trafficking loads applied between i th 

and (i - 1) Benkelman beam deflection measure
ment. 

n 

Cumulative deflection = ~ L/W1 D; N; 
i=l 

where 

L = load of trafficking vehicles, 

(6) 

W1 = wheel load of vehicle used in Benkelman beam 
deflection measurement, 

To investigate the nature of the functions in Equations 
4 and 5, we plotted PSI versus cumulative corner and 
cumulative edge deflection data. PSI versus cumulative 
corner deflection curves for seven test sections are shown 
in Figure 2. Two observations are suggested from examina
tion of Figure 2: The data extend over a wide range, and 
most of the curves are nearly horizontal for PSI values 
greater than 4 and then a break occurs after which a 
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relatively small change in cumulative corner deflection 
produces relatively large changes in the level of service
ability. 

Before regression analysis was performed, an attempt 
was made to linearize the PSI and cumulative deflection data. 
The shape of the curves in Figure 2 suggested that lin
earization might be achieved by transgenerating the data 
by taking the natural logarithm of both the PSI and cumu
lative deflection. Regression analysis on the transgen
erated data gave a multiple correlation coefficient (R11

) 

of about 0,5 for both cumulative edge and cumulative 
corner deflections. Thus, only about half the variation 
in the PSI level is explained by cumulative edge and cumu
lative corner deflections, but there exists at least a 
general relationship between PSI and cumulative deflec
tions. 

The regression analysis did not differentiate between 
the various slab thicknesses because of the lack of linear 
correlation between cumulative edge deflection and slab 
thickness and between cumulative corner deflection and 
slab thickness discussed previously. However, slab 
thickness can be taken into account if the data from test 
sections having the same slab thickness are isolated and 
then analyzed. To establish a more definitive functional 
relationship between cumulative edge deflection, cumu
lative corner deflection, and PSI, we averaged the data 
for each slab thickness. When these curves representing 
the averaged data were plotted to a semilogarithmic 
scale, each curve could be represented by two straight 
lines (Figure 3), One line represented the PSI and 
cumulative relationship for the initial part of the curve 
when there were small changes in PSI, and the second 
line approximated the curve where small changes in 
cumulative deflection resulted in large changes in the 
level of PSI. Simple linear regression analysis was 
carried out on the averaged data to obtain the parameters 
of the following regression equations: 

PSI= a1 + b1 log1o (cumulative edge deflection) (7) 

and 

PSI= a2 + b2 log10 (cumulative corner deflection) (8) 

The results of the analysis are given in Table 1 and 
are plotted in Figures 4 and 5, which indicate the follow
hig: 

1. The relationships between PSI and cumulative 
corner and edge deflections are well defined for the av
eraged data; 

2. The cumulative deflection corresponding to the 
intersection of the two straight lines composing each 
curve, referred to as the threshold cumulative deflection, 
increases as the pavement slab thickness increases; 

3. The position and slope of the initial part of each 
curve are nearly the same for each slab thickness, and 
one can reasonably assume that the positions of the 
curves are related to the as-built condition of the pave
ment rather than slab thickness; and 

4. Although the slopes of the second part of each 
curve appear to be about the same when plotted to a 
logarithmic scale, the cumulative deflection associated 
with reducing the PSI of the 203-mm (8-in) thick slab 
from 3 to 2 is nearly three times as great as that cor
responding to a similar change in PSI for the 127-mm 
(5-in) slab. 

SUMMARY AND CONCLUSIONS 

The objective of this research was to test the validity of 
the following hypothesis: There is a functional relation-

ship between the total energy imparted to a given rigid
pavement system as measured by cumulative deflections 
and the condition of that system. 

Analysis of AASHORoad Testdataindicates the hypoth
esis is valid for rigid pavements if the behavior of an 
average pavement of given thickness is considered. In 
addition, the following conclusions and observations can 
be stated. 

1. The PSI and cumulative deflection relationship de
termined from averaged road test data indicates that early 
in the service life of a pavement increases in cumulative 
deflection result in small changes in PSI until a threshold 
cumulative deflection is reached. For cumulative deflec
tions greater than the threshold value, the pavement 
serviceability decreases more rapidly as the cumulative 
deflection increases. This phenomenon was noted for 
both slab-edge and slab-corner cumulative deflections. 

2. The threshold cumulative deflection at which a 
sharp break occurs in the PSI and cumulative deflection 
curve increases as the slab thickness increases. All other 
factors being equal then, the effects of increasing slab 
thickness are twofold: The deflection caused by a given 
load decreases as slab thickness increases, and the 
cumulative deflection corresponding to a given level of 
pavement serviceability increases as the slab thickness 
increases. 
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Performance of the Mays Road Meter 
Hugh J. Williamson, Yi Chin Hu, and B. Frank McCullough, Center for Highway 

Research, University of Texas at Austin 

Serviceability index values obtained from the Mays meter and from the 
surface dynamics profilometer have been shown at times to differ by 
more than a point. A hypothesized explanation of these large discrepan
cies, based on the responses of the two machines to roughness with dif
ferent ranges of wavelengths, is presented. Data from two sets of test 
sections are shown to be consistent with the hypotheses. The repeata
bility and day-to-day consistency of the Mays meter are also analyzed. 

The Mays road meter (MRM) measures effect of the 
roughness of a road by summing the deflections of the 
rear axle of an automobile relative to the automobile 
body as the vehicle travels over the pavement. The 
mechanical details of the device, the measuring tech
nique, and the calculation of a serviceability index (SI) 
from the MRM roughness measurement are discussed 
by Walker and Hudson (1). 

The surface dynamics profilometer (SDP) is a more 
sophisticated device that can be used to obtain a mea
surement of road-surface elevation versus distance along 
the road in each wheel path. Obtaining an SI value for a 
road section as a function of the SDP measurements is 
also possible by using time-series analysis to compute 
characterizing measures of roughness and by using a 
regression model developed to relate roughness to ser
viceability. 

Walker and Hudson discuss the calculation of SI values 
from measured profiles (2), and the measuring system 
is discussed by Walker, Roberts, and Hudson (3). 

Periodically, an MRM must be recalibrated oecause 
of changes in the characteristics of the suspension sys
tem that affect the measurements (1). Significant 
changes in compression-rebound characteristics of 
shock absorbers or of stiffness of spi·ings, for example, 
indicate the need for recalibl'ation. The recalibration 
can be achieved by using SDP measurements because the 
performance of the SDP is very stable in time. 

In addition to the shock absorber and spring charac
teristics, the following factors relating to the vehicle 
affect the MRM measurements: tire type and size, un
sprung mass and sprung mass, including luggage and 
placement, mass of operating crew, and gasoline in 
tank. Sprung mass refers to the mass suspended by the 
springs. Because of hardware provisions within the SDP 

that are designed to remove the effects of the suspension 
system, the SDP measurements are affected drastically 
less by these factors than is the MRM (3). 

An SDP measurement produces an a1jproximate plot of 
the actual road profile (very long waves are removed by 
electronic filtering); however, the MRM produces only 
a single index that is believed to be related to the extent 
or severity of the roughness. Thus the two kinds of mea
surement are different in nature. 

Because of the need for recalibration of MRMs and the 
much more detailed information provided by SDP mea
surements, the MRM will never completely replace the 
SDP and other similar systems. Because of its relatively 
low cost and simplicity of operation and maintenance, 
however, the MRM is more convenient for many pur
poses, particularly when only an overall indicator of 
roughness is needed and a large number of road sections 
are to be measured. Maintaining a fleet of MRMs to be 
used in different areas is feasible; however, owning a 
fleet of SDPs would involve a tremendous expense. Thus, 
there is considerable practical reason for interest in the 
adequacy of the MRM measurements. 

Road meters similar to the Mays meter are used in 
many parts of the country. Although the results pre
sented here apply only to the MRM, they are related in 
principle to the performance of other types of meters 
that are also based on the summation of rear-axle body 
deflections. 

A set of roughness measurements were made on 1-45 
near Huntsville, Texas, to study the effects of swelling 
clay distress on the continuously reinforced concrete 
pavement (CRCP). Both the SDP and the MRM were op
erated on those sections, and large discrepancies be
tween the SI values obtained from the two devices were 
observed. 

DIFFERENCE BETWEEN SI VALUES 
FROM PROFILOMETER AND 
MAYS METER ON HUNTSVILLE 
SECTIONS 

The CRCP test sections near Huntsville used in this 
study are sporadically affected by swelling clay and 



46 

intermediate-length roughness; also, wavelengths of 6.1 
to 24.4 m (20 to 80 ft) appear sporadically. Thes e long 
waves are caused in part by the swelling clay. Patching 
has been performed continually to repair structural fail
ures in the pavement. 

Serviceability indexes were obtained from both the 
MRM and the SDP on successive 347. 5-m (1140-ft) sec
tions along this project; for convenience, the SI values 
from the MRM and the SDP are denoted SI. and SIP, re
spectively. The SI. values range from only 3.2 to 3.5; 
the SIP values, however, vary from 2.5 to 5.0. Figure 
1 shows a plot of (SIP - SI.) versus SIP. The linear na
ture of the plot is due to the small range of the SI. val
ues; (SIP - SI,.) is nea1·ly the same as (SIP - a constant). 

The differences between SI,. and SIP cannot be ex
plained in terms of random measurement errors alone. 
We hYPothesized that the discrepancies could be ex
plained in terms of the nature of the roughness measure
ments. The SDP is capable of measuring roughness with 
a wide range of wavelengths, and the SI model includes 
terms with wavelengths from app1·oximately 2.6 to 26.2 m 
(8 .6 to 86 ft) (2) . The MRM, however , measures only 
that part of the roughness that causes the rear axle to 
deflect relative to the body of the automobile; although 
this is highly dependent on the suspension system of the 
particular automobile being used, one would suspect that 
the axle-body deflections would be more sensitive to 
short waves than to long waves. 

Figure 2 shows conceptually the effects of different 
tYPes of roughness on the SI, and SIP values. Ji, for ex
ample , the sho l't waves ar e sevel'e (have large ampli
tudes ), the SI,. value will be low whether t he long waves 
ar e severe (type d, Figure 2) or not (type b). The SIP 
value, sensitive to both short and long waves, however, 
is much lower in tYPe d than in tYPe b . Thus, any time 
the long and short waves are greatly different in severity, 
the SI. and SIP values are likely not to agree. Comparing 
the severity of roughness with different wavelengths is a 
significant problem. Although a real road profile cannot 
easily be classified as one of these four hypothetical 
cases, they serve to illustrate the principle. 

The mathematical methods most commonly used for 
analyzing highway r oughness on the bas is of wavelength 
a r e digital filtering (!, El 7) and power spectral analysis 
(2) . These methods 11avelleen dis cuss ed in the litera
ture and will not be treated in detail here. Because the 
computational speed of power spectral analysis is faster 
than that of digital filtering and because previous work 
(5) relating digital filtering output to s erviceabilit y was 
in a developmental stage when the Huntsville study began, 
power spectral analysis was employed. 

Power spectral analysis is a method that can be used 
to compute amplitudes of surface undulations with dif
ferent wavelengths . Figure 3 s hows the amplitudes as 
a fu nction of frequency (t he reclp1·ocal of wavelength) for 
two Huntsville sections for which Sip = 5.0 and 2.5. The 
amplitudes are greater for the section with the lower 
SIP value; however, this plot alone is not proof of the 
relative severity of the short as opposed to the long 
waves. There is clearly a need to convert the long 
waves, which have much larger amplitudes in general, 
and the short waves to a common scale to allow their 
comparison. 

COMPARISON OF SEVERITY OF LONG 
AND SHORT ROUGHNESS WAVES 

A scheme was devised to transform roughness amplitudes 
so that, for each of the wavelengths studied, derived 
roughness values fall within a range from O to 5, just as 
the SI values do. This approach involves the use of the 
power spectral values, which are directly related to the 

roughness amplitudes; the power spectral density cor
responding to a given wavelength is the square of the 
roughness amplitude divided by a constant [the frequency 
bandwidth, 0.0381 cycle/m (0.0116 cycle/ ft), in th.is 
case]. 

Walker and Hudson (2) averaged the power s pect r al 
values of 19 s ections wHh present s erviceability rating 
(PSR) values fr om 4.0 to 4.5 and of 10 sections with PSR 
valuesfrom2.0 to 2.5 for a set of frequency bands. Thus, 
we have an estimate of an average power spectrum for a 
road with a PSR of 2.25 and for a road with a PSR of 4.25. 

The results are given in Table 1 [in which a correction 
of a clerical error in Walker and Hudson's work (2) has 
been made in the _power for a frequency of 0.0381 cycle/ 
m (0.012 cycle/ ft} for the low PSR values]. This table 
can be used to assess the severity of the roughness in 
diffe1·e11t ranges of wavelengths. For example, if a r oad 
has a power of 0.0055 cm2/ cycle/m (0.0028 in2/cycle/ft) 
at wavelengths 4.39 m (14.4 ft), this r oad can be said t o 
be compar able to a 1·oad with a PSR of 4.2 5 with l'espect 
to the s everity of t he 4.39-m (14.4-ft) waves. Similar!~, 
if tile power is 0.0342 cm 3/ cycle/m (0 .0174 in2/cycle/ttJ, 
then the road is compa:nble to a t yPical r oad with a 2.25 
PSR with respect to 4.39- m (14. 4-ft) waves . 

Analysis of shorter wavelengths would be beneficial; 
because of high-frequency noise produced by the tape re
corder ol'igi11ally used on the SDP( however , very s hort 
waves ar e not discussed by Shaw 2). The noise pr oblem 
has subsequently been s olved by installing a newer tape 
recorder. The transformation of a power value to a 
more easily interpreted quantity is achieved by the method 
described below. 

Consider a wavelength of 4.39 m (14.4 ft). As indicated 
above, Table 1 gives two points on the SI versus power 
cur ve for this wavelength : SI ~ 2.25 when the power is 
0.0342 / cm 2/ cycle/m (0 .0174 in2/ cycle/ft) and SI ~ 4.25 
when the power is 0.0056 cm2/ cycle/m (0.0028 in2/cycle/ 
ft). In addition, we assumed that SI = 5.0 if the power is 
0 because O power is associated with a roughness ampli
tude of O at the wavelength in question. These three 
points on the SI versus power curve are joined by straight 
lines, as shown in Figure 4, to approximately the true 
function. Although this approach is somewhat crude be
cause of the small number of points available on the 
power versus frequency curves, the interpolated SI val
ues are much more easily interpreted than the power or 
amplitude values. Thus, the linear interpolation is ade
quate for the specific comparisons we wish to make. 

Another condition that was imposed is that an addi
tional point is added if negative interpolated SI values 
would otherwise have been obtained. Under this condi
tion SI = 0 for the largest power observed in the sample 
of pavement sections used in the study. Figure 4 shows 
the piecewise linear function for a wavelength of 4.39 m 
(14.4 ft). 

EXPLANATION OF MRM AND SDP 
DISCRE FANCIES 

Table 2 gives the interpolated SI values for each frequency 
for the sections shown as extreme points in Figure 1. 
The average interpolated SI, SI., and SIP values are given 
below: 

Wavelength 
(m) 

Frequency 
(cycles/ ml 

Avg Si p = 3.0 
Avg Sim= 3.4 

8.8 to 26.4 0.039 to 0.115 2.3 
2.6 to 3.3 0.302 to 0.381 3.6 

Avg Sip= 4.7 
Avg Si m = 3.2 

4.1 
4.2 

For the two sets of sections, 't11e SI,. averages differ 
by only 0.2 (3.4 versus 3.2), and the SIP differs by 1.7 
(3.0 versus 4. 7). The interpolated SI means for s hort 
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wavelengths differ by a relatively small amount, 0.6. 
A statistical test revealed that this difference is not 
statistically significant at the 0.05 level. (At-test for 
samples from populations with unequal variances was 
performed by using as data the individual section means 
over the three wavelengths (6, pp. 114-116). 

A 1.8 difference, however, appears in the interpo
lated SI means for the long wavelengths. This difference 
is clearly statistically significant at the 0.05 level. The 
large variation in severity of long-wavelength roughness 
apparently affects the SIP values but not the SI. values. 

Thus, the large difference in variation of SIP values 
as opposed to SI, values is explainable in terms of the 

Figure 1. (Slp· Slml versus Sip for Huntsville sections. 
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responses of the different machines to roughness with 
different ranges of wavelengths. This explanation is in 
accordance with the conceptual hypotheses presented 
earlier about the reasons for differences between SI,, 
and SIP values. 

That there is not a perfect correlation between the SI, 
values and the interpolated SI values for short wave
lengths is probably due in part to the influence of shorter 
waves that were not analyzed because of the high
frequency, tape-recorder noise discussed above . The 
important point is that the interpolated SI means have 
sufficient physical meaning to shed light on the SI, versus 
SIP discrepancies. 

ROUGHNESS MEASUREMENTS ON A 
DIVERSE SET OF PAVEMENTS 

Because of their special characteristics, the CRCP road 
sections discussed above are useful for illustrating cer
tain differences between the SDP and the MRM. We felt, 

Figure 2 . Hypothetical road profiles ana corresponding Sis. 
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however, that the results should be supplemented with 
a study of a more typical set of pavements with a wider 
range of SI. values. The Austin test sections, which are 
used to calibrate the Mays meters used in Texas, were 
selected because they are a diverse set of pavements and 
because MRM and profilometer data are readily avail
able for those sections. 

Figure 5 shows a plot of (SIP - SI.) versus SIP for the 
Austin test sections. For this set of test sections, the 
SI. and SIP do not have a consistent discrepancy, as they 
did for the Huntsville sections; when SIP is low, for ex
ample, the difference (SI, - SI.) is neither consistently 
low nor consistently high. The inconsistency is at least 
partly due to the fact that the conversion for the MRM 
roughness measurement to SI is based on the SIP values 

Table 1. Power spectrum statistics. 

Power Mean (cm2/cyc!e/m) 
Frequency Wuve length 
(cycles/ml Cm/ cycle) 2.0 < PSR < 2.5 4.0 < PSR ~ 4.5 

0.039 26.4 9.4390 2.5456 
0.076 13.2 0.4991 0.1023 
0.115 8.8 0.1493 0.0313 
0.151 6.6 0.0604 0.0149 
0.190 5.3 0.0490 0.0087 
0.226 4.4 0.0342 0.0056 
0.266 3.8 0.0212 0.0049 
0.302 3.3 0.0171 0.0043 
0.341 2.9 0.0161 0.0035 
0.381 2.6 0.0165 0.0033 

Note: 1 cycle/m = 0,3 cycle/ft; 1 m = 3.3 ft; 1 cm 2 = 0.16 in 2• 

Figure 4. Piecewise linear 5 
model for 4.39-m wavelength 
and 0.23-cycle/m frequency. 

4 

3 

Note: 1 m = 3.3 ft 
1 cm2 = 0.16 in2 

for those sections; in spite of that conversion, a consis
tent discrepancy would still be possible if the SI, values 
reflected information that simply was not present in the 
MRM roughness measurements. 

The sections with moderate SIP values, shown in the 
boxes in Figure 5, were selected for further analysis to 
explain differences in SI. when SIP varies within a very 
narrow 1·ange. The interpolated SI values are given In 
Table 3. Average values a.re given below (1 cycle/m = 
0.3 cycle/ft, 1 m = 0. 3 ft). 

Wavelength 
(m) 

8.8 to 26.4 
2.6 to 3.3 

Frequency 
(cycles/m) 

0.039 to 0.115 
0.302 to 0.381 

Avg Sip= 3.3 
Avg Sim= 2.6 

3.5 
3.8 

Avg SIP= 3.3 
Avg Sim= 3.7 

3.6 
4.4 

The interpolated SI means for long wavelengths differ 
by only 0.1, which is practically and statistically insig
nificant. The interpolated SI values for short wavelengths 
differ by O. 6, however, and this difference is clearly 
statistically significant at the 0 .05 level. (The section
to-section variation is smaller here than in the case in 
which a 0.6 difference was statistically insignificant for 
the Huntsville data.) 

Thus, the larger variation in short-wavelength rough
ness has a stronger effect on the SI1 values than on the 
SIP values. The wavelength analysis, then, is a.gain con
sistent with the conceptual hypotheses stated earlier 
about SI. and SIP differences. The wavelength studies 
support, but do not constitute an absolute proof of, the 
hypothesis that SI. and SIP differences can be explained 

0 o~---.o-o.._98 _____ 0 .... 1s_7 _ __ 0_._2s_s _____ o .... 39-3---.o....t.4-92---.o-'s-90----'"-_06---'ea 

Power (cm2 / cpm) 

Table 2. Interpolated SI for 
each frequency band for Sections for Which SI, < SI, Sections for Which SI, > SI, 

Huntsville CRCP sections. Wavelength Frequency SI,= 2.5 SI,= 3.1 SI, = 3.1 SI, : 3.2 SI, = 4.5 SI, = 4.6 SI, = 4.7 SI, : 5,0 
(m) (cycles/ml SI,= 3.5 SI, = 3.4 SI,= 3.4 sr. " 3.3 sr. = 3.2 SI, " 3.2 SI, = 3.3 sr. • 3.2 

26.4 0.039 1.5 3.1 4.4 1.8 4.1 4.8 4.8 4.8 
13.2 0.076 3.3 0.0 3.2 2.3 3.5 4,2 4.0 4.1 

8.8 0.115 1.6 1.6 2.6 1.9 3.4 3_6 3. 7 4.3 
6.6 0.151 2.7 2.0 1.8 2.1 4.4 4.0 3.8 4.2 
5.3 0.190 2.0 0.0 3.0 3.0 4.3 4. 1 3.6 3.9 
4.4 0.226 2.6 1.3 3.8 3.2 4.4 4.1 3.6 4.1 
3.8 0.266 3.1 2.0 4.0 3.4 4.4 3,9 3.0 4.2 
3.3 0.302 2.2 4.2 3.8 3.5 3.9 4.1 3.8 4.6 
2.9 0.341 3.3 3.7 4.1 3.9 4.2 4.2 3.8 4.1 
2.6 0.381 3.7 2.9 4.1 4.2 4.1 4.3 4.1 4.7 

Note: 1 cycle/m = 0.3 cycle/ft; 1 m = 3.3 It 



Figure 5. (Sip -Slml versus Sip for Austin 
sections. 
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Table 3. Interpolated SI for each frequency band for Austin flexible test sections. 

Sections for Which SI, > SI, 

Wavelength Fi· qaency SI, = 3.50 SI, = 3,30 SI,= 3.10 SI, = 3.20 
(m) (cycles/ml SI, = 2.59 SI, = 2.60 SI, = 2.40 SI, = 2.78 

26.4 0.039 3.8 2. 5 3.8 2.0 
13.2 0.076 4.2 3.1 3.7 3.9 
8.8 0.115 3.7 3.5 3.4 4.1 
6.6 0.151 3.0 3.8 3.2 4.3 
5.3 0.190 4.1 4.2 4.1 4.2 
4.4 0.226 4.0 4.0 3.6 4.1 
3.8 0.266 4.1 4.1 3.5 3.8 
3.3 0.302 3.6 4.1 3.6 3.3 
2.9 0.341 3.9 4.1 3.6 3.7 
2.6 0.381 3.9 4.1 4.0 3.6 

Note: 1 cycle/m = 0,3 cycle/ft; 1 m = 3,3 ft , 

in terms of different responses of the two machines to 
long and short roughness waves. 

REPEATABILITY OF THE MAYS METER 

The Austin test sections were also used to test the re
peatability of the Mays meter. The repeatability of an 
instrument refers to the degree to which the repeated 
measurements made with the instrument agree with one 
another. The sources of run-to-run measurement dif
ferences include variations in tire pressure and the in
evitable small differences in the wheel paths traversed 
in successive runs. If sufficient distances are driven, 
the change in the weight of the gasoline in the tank can 
also have a significant effect. Gradual effects, such as 
changes in the shock absorbers and springs, would not 
be expected to cause run-to-run differences, although 
these gradual effects do cause long-term variations and 
necessitate recalibrations of the MRMs. 

There were four repeated runs available for each sec
tion for each of two Mays meters. Under standard cali
brating procedures, the MRMs are operated five times 
on each section, and the most deviate measurement is 
discarded. Thus, since the most extreme measurement 
for each section was not available, the variance esti
mates computed here are slightly low. 

The conversion of each individual measurement to an 
SI value is possible. Standard statistical methods, then, 
can be used to compute the variance of the replication 
error. If SI1 j, j = 1, 2, 3, 4, are the SI value~of the 
MRM corresponding to the i th section, and if SIi' is the 
mean of these four values, then 

Sections for Which SI, < SI, 

SI, ~ 3.30 SI,= 3.50 SI, = 3.30 SI, = 3.50 Sl,=3.10 
SI, = 3.48 SI, = 3.71 SI, ~ 3. 57 SI, = 4.15 SI, = 3.75 

2.0 
3.7 
4.2 
4.2 
4.4 
4.2 
4.2 
4.4 
4.4 
4.7 

4.0 1.9 3.7 4.5 
4.2 3.4 4.2 3.7 
4.2 3.0 4.1 2.7 
4.5 3.4 4.3 2.8 
4.3 4.4 4.6 4.4 
4.2 4.2 4.2 4.5 
4.3 4.2 4.6 4.4 
4. 3 4.2 4.2 4.5 
4.3 4.2 4.3 4. 5 
4.6 4.4 4.8 4.6 

(I) 

is an estimate of the error variance, where n is the num
ber of sections used. Equation 1 is a standard one-way 
analysis of variance approach (6, 8). 

The error variance for two MRMs used by the Texas 
State Department of Highways and Public Transportation 
is given below. 

Mays Meter Pooled Variance 

0 -21 
D-10 

0.011 388 
0.010011 

d .f. F 

78 1.138 
72 

An F-test reveals that, at the 5 percent level of confi
dence, one cannot conclude that either of the MRMs pro
duces larger errors than the other. Since the error 
variances are both about 0.01, the standard deviation of 
the errors for both machines is about 0.1, which is only 
2 percent of the scale, 0 to 5, for the SI values; thus, 
both machines are highly repeatable. 

We suspected, because of their greater transverse 
surface irregularities, that roads with low SI values 
would induce greater measurement errors than would 
smoother roads. If this observation were true, more 
replicate measurements would be required on rough than 
on smooth roads to obtain average measurements with 
the same accuracy. The effect, however, was not ob
served in the Austin test-section data, but further study 
of this point would be beneficial. 
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CONSISTENCY OF THE TWO MAYS 
METERS USED 

There has been much speculation about the consistency 
of the MRM measurements because these measurements 
are affected by some factors that are difficult to control 
[such as weight in the automobile (e.g., of the gasoline) 
and the tire pressure]. Because two MRMs were used 
in this study, comparison of their SI values is possible. 

The runs with the two MRM machines were made a 
month apart, and a newer set of SIP values was used to 
calibrate the second MRM. The SI. values and the SIP 
values for the sections whose SIP values changed by 0.1 
or less during the time interval involved are shown below. 

Section Number §_l__e___ Sl m(D-21) Slm(D-10) 

41 2.45 2.44 2.57 
34 2.90 3.15 3.14 
33 2.95 3.24 3.17 
13 3.10 2.14 2.40 
8 3.15 3.54 3.75 
6 3.30 2.73 2.60 

21 3.50 3.75 3.71 
15 3.65 3.08 3.31 
28 3.85 3.98 4.10 

7 4.45 4.61 4.59 

Three points are important. 

1. The SI. values are in good agreement with the Sl0 

values. This agreement was expected because the SI. 
values are computed by using calibrations developed 
from these Sl

0 
values. 

2. In 9 of 10 cases , the SI. values are either both 
higher or both lower than the corresponding SIP values , 
which indicates that the two MRMs are more consistent 
with each other than with the SDP. Thus, the systematic 
differences between the MRM and the SDP discussed 
above are consistent from Mays meter to Mays meter. 

3. The fact that the pair of SI. values for any of the 
10 sections differs by no more than 0.26 indicates the 
excellent agreement between SI, values obtained by op
erating different machines on different dates. 

SUMMARY AND CONCLUSIONS 

Devices such as the Mays meter will never replace more 
sophisticated instruments such as the SDP. The Mays 
meter is not stable in time and, hence, must be recali
brated periodically by using a time-stable device such 
as the SDP. In addition, the SDP provides much more 
detailed information about the roughness of a road and 
is therefore required for some applications. Such ap
plications a.re discussed i n other repo1·ts (g_, ! • 17). The 
less expensive Mays meter s , however, pr ovide ad equate 
information in many cases if only a single overall mea
sure of riding quality is needed and if the calibration is 
current. 

The SI values for the same road section computed 
from SDP and from (calibrated) MRM roughness mea
surements sometimes desagree by over a point. The 
empirical evidence presented in this study indicates, 
however, that the differences are explainable by the 
fact that the Mays meter is sensitive primarily to short 
waves; however, the profilometer SI is based on rough
ness with a much wider range of wavelengths. In view 
of the observations made in the paragraphs below and 
the fact that the differences can be explained, this point 

does not indicate that measurements made with the Mays 
meter are invalid. The SJ. is best interpreted as a sum
marizing measure of short-wavelength roughness only. 
This tYPe of measure is important because research 
results have indicated that ratings of riding qualtiy 
by human panels are highly correlated with short 
waves (5). 

As a -by-product of this study, the repeatability of the 
two Mays meters used and their day-to-day consistency 
were examined. The standard deviation of the measure
ment errors in replicate SI0 values for each of the two 
machines is about 0.1, which is only 2 percent of the 
range of the scale, Q.to 5, for SI. Thus, the repeata
bility is good for both machines. 

Analysis of a small set of 10 sections measured on 
different dates with the two MRMs indicated high consis
tency between the two machines; the maximum SI. dif
ference for any section is 0.26. The tentative conclusion 
is that comparisons among SI measurements made under 
normal conditions with different MRMs can validly be 
made. This conclusion is consistent with the study of 
sources of MRM variations presented in (~). 
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