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FOREWORD 
The papers in this RECORD relate to skid resistance, road roughness, braking, ve
hicle control, pavement performance and serviceability, design, and measurement sys
tems for evaluating surface properties and vehicle interaction. 

Burns and Peters conducted sideway force measurements to determine frictional 
characteristics of pavements in Arizona. They found seasonal variation in skid resis
tance that cannot be attributed to temperature alone . The differential wheelpath friction 
was investigated and may be large enough to affect vehicle control. 

Ivey and Gallaway advocate the consideration of tire-pavement friction in the plan
ning and design of a roadway so that adequate skid resistance is provided for particular 
vehicle maneuvers and various highway geometrics. 

Traffic accidents can be reduced by decreasing the traveling speed. Weaver, Hankins, 
and Ivey developed guides for wet-weather speed zoning and give examples to illustrate 
the application of these principles. 

Gillespie, Meyer, and Hegmon recognize the variation of highway skid resistance 
and the anomalies of skid testing and conclude that statistical analysis is essential for 
proper interpretation of test results. 

In testing and evaluating pavement roughness, Rizenbergs, Burchett, and Davis de
vised an index based on the measurement of vertical accelerations of a test passenger 
during travel. The as-constructed condition of a roadway is a significant factor in the 
pavement riding quality throughout its lifetime. 

Road roughness can adversely affect vehicle handling and may result in loss of con
trol. This is shown by a simple mathematical model of a passenger car developed by 
Quinn and Hildebrand. 

Road roughness also affects vehicle braking, causes errors in friction measure
ments, and may be a reason for poor correlation of skid test results according to 
Wambold, Brickman, Park, and Ingram. 

Holbrook and Darlington recommended statistical methods to interpret the riding 
quality of a roadway from highway profile measurements. 

A tentative model for concrete pavement thickness design for a wide range of truck 
volumes was developed by Brokaw. The model is based on an extensive survey of road 
roughness obtained by a road meter. 

Swift developed instrumentation for measuring moving-load pavement deflections. 
The system is operable for vehicle speeds greater than 25 mph. 

Road profile data from the surface dynamics profilometer are being interpreted 
through models developed by Walker and Hudson to evaluate pavement serviceability. 

A continuous-time Markov process to predict pavement joint deterioration is dis
cussed by Holbrook. 

-Glenn G. Balmer 

V 



SURFACE FRICTION STUDY OF ARIZONA HIGHWAYS 
John C. Burns and Rowan J. Peters, Materials Di vision, Arizona Highway Department 

The specific aims of the program were to investigate the side-force method 
or cornering slip mode for the prediction of frictional characteristics of 
pavement surfaces in terms of pavement types, layout features, and traffic 
conditions. As part of the program, an evaluation of the adaptability of the 
Mu-meter as a standard highway friction-measuring trailer was conducted. 
In the evaluation items such as repeatability, speed, temperature, tire 
pressure, and the ability to correlate with other friction-measuring de-
vices were of prime interest. The research indicated that the Mu-meter, 
when modified, is a highly acceptable, economical, and functional friction
measuring trailer capable of testing 250 lane-miles per working day. 

•DURING August 1972, the Arizona Highway Department published its findings (1) of a 
research program to investigate the side-force method or cornering slip mode for the 
prediction of frictional characteristics of pavement surfaces. As part of the program, 
an evaluation of the adaptability of the Mu-meter as a standard highway friction
measuring trailer was conducted. This paper is a compendium of that report. 

MU-METER 

The Mu-meter is a continuous recording friction-measuring trailer (Fig. 1). It mea
sures the side-force friction generated between the test surface and the 2 pneumatic 
tires that are set at a fixed toe-out angle of 71/2 dE;!g to the line of drag (Fig. 2 ). Pulling 
the Mu-meter over a surface produces a frictional force that is sensed by a transducer 
located in the apex of the trailer's A frame. The resulting hydraulic pressure is trans
mitted through a flexible line on the recorder's Bourdon tube and recording mechanism. 
The recorder stylus makes a trace on the moving pressure-sensitive chart paper. The 
chart paper moves at a rate of 1 in. for every 450 ft of surface tested. 

The Mu-meter was originally designed to measure the actual surface friction condi -
tions of airport runways. The unit was a completely mechanical device that had to be 
manually put into the testing position before a test could be made and taken out of the 
test position before it was moved to another site. For highway work, this method was 
extremely time-consuming and unsatisfactory. 

The utah State Department of Highways had converted the Mu-meter to a more auto
matic system, and we expanded on those ideas to make the system fully automatic. A 
hydraulic system was added to the test unit that consisted of 2 hydraulic rams and a 
hydraulic control system for moving the test wheel in and out and moving the recording 
wheel up and down (Fig. 3). The hydraulic system worked extremely well and enabled 
tests to be made by the operator from the cab of the towing vehicle. Thus, testing could 
be accomplished without stopping. 

To simulate wet pavement conditions, a watering system was added that enabled a 
uniform 0.018-in. layer of water to be placed in front of the test tires. A valve regu
lated the flow and ensured that the water layer remained consistent at all speeds. Tests 
indicated that the Mu-meter yielded the same results even when the' water layer thick
ness was only 0.005 in. At the present time, however, the 0.018-in. water setting is 
being used for all testing and was the amount used for all tests and correlations pre
sented in this report. 

A special electrical monitoring system was integrated into the hydraulic and water 
systems. The system included a number of microswitches that enabled the driver to 

Publication of this paper sponsored by Committee on Surface Properties-Vehicle Interaction. 
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Figure 1. Original (left) and 
modified (right) Mu-meter. 

Figure 2. Schematic of 
Mu-meter. 
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determine the condition of all systems through a series of lights on the control panel. 
The system was very efficient and easy to install. 

The towing vehicle, which has now become a part of the skid test unit, is a 1-ton 
truck that carries a 300-gal water supply and all of the support equipment (Fig. 4). 
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The total cost to create an acceptable friction-measuring test unit was approximately 
$10,600 (Mu-meter, $5,585 ; truck, $2,700; and labor and parts, $2,300). The upkeep 
of the unit is also economical; a test tire ($24.00) will last for a comple te inventory of 
the Arizona highway system. Compared to other available skid trailers, this unit will 
result in savings from $25,000 to $85,000. 

The modified Mu-meter is highly maneuverable, and tests can be conducted without 
stopping or interfering with traffic flow. Approximately 250 lane-miles of highway can 
be tested in one 8-hour day. The normal test speed is 40 mph; higher speeds are pos
sible between test sites. An automatic speed control on the truck ensures the desired 
test speed. 

EVALUATION 

Repeatability 

In the evaluation of the Mu-meter, the variable repeatability was studied at 29 sites 
of varying surface and friction types. 

The Mu-meter made a series of 6 passes over each site at speeds of 20 and 40 mph, 
6 passes over selected sites at 10, 20, 30, 40, and 50 mph, and 12 passes over each 
site at 40 mph. Each site was 500 ft in length. There was no significant increase in 
the standard deviation as speed was increased from 10 to 50 mph on selected sites. 
However, the fluctuation about the average for individual tests increased significantly 
with increasing speed. 

The Mu-meter reading for each pass was calculated by the operator by visually av
eraging the entire reading for the 500 ft of test area. The averages from these in
dividual readings were used to calculate all of the standard deviations for a series of 
passes. Thus, the standard deviations include an error in the averaging of the actual 
recorded friction. This method was used, however, because it is the method that 
would normally be used in field testing and inventory work. Even with the included in
terpretation error, the standard deviation for 29 sites and 6 passes at each site was 
found to be 1.4 friction values at 40 mph, which is very good for a friction-measuring 
trailer. When all locations were averaged, the standard deviation was the same for 6 
passes as it was for 12 passes at the same speed. 

A question arose as to whether the standard deviation might be related to the fric
tion value at a particular site. For this reason, the average Mu-meter reading for 
each site was compared to the standard deviation. It was concluded that the standard 
deviation was not significantly affected by the friction value of the pavement surface. 

Tire Pressure 

The results of numerous tests on the effect of tire pressure change on the measured 
surface friction indicated that there is an increase of 0.5 friction numbers with an in
crease of 1 lb of tire pressure. 

Temperature 

No relation was found between temperature and friction probably because of the non
destructive method of the Mu-meter test and the type of rubber used in its pneumatic 
tires. 

~ 
A strong correlation was found between test speed and friction. Increasing speed 

reduces the coefficient of friction, as measured by the Mu-meter. Although the texture 
of the surface is reflected in the slope of the speed gradient, it can be assumed that 
there will be a decline of 4.0 friclion numbers for every 10-mph increase in test speed. 
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From these correlations, a prediction can be made of what the friction value will be at 
higher speeds. 

Geometry 

The slope of the highway did not appear to affect the Mu-meter, but a sharp curve 
may cause the unit to record a lower friction than may actually exist, as is the case with 
other skid trailers. Fortunately, modern highway curves are not that sharp. 

CORRE LA TIO NS 

The final test of the Mu-meter was its capability to correlate with 3 other types of 
friction-measuring devices: locked-wheel trailer (Fig. 5), stopping distance car (Fig. 
6), and pendulum tester such as the British portable tester (Fig. 7). 

The Mu-meter correlated extremely well with the first and second but only fairly 
well with the third (Fig. 8 and Tables 1 and 2). Because the British portable tester 
does not correlate well with other test devices, it is assumed that the lack of correla
tion was due to the inconsistency of the British portable tester and not the Mu-meter. 

The results indicate that the Mu-meter correlates extremely well with another Mu
meter similarly modified, to standard skid trailers, and to the stopping distance car 
and that by simple equations the Mu-meter reading can be interchanged with the values 
recorded by other accepted friction-measuring equipment. The results also indicate 
that the Mu-meter correlates much better to other equipment when pavement is wet by 
its own watering system instead of by a water truck or sprinkling system. This may 
have been the cause of the lower correlations reported by Gallaway and Rose (2). Be
cause of its gener::illy gre::iter friction range; the Mn-meter also appears to be-more 
sensitive than the other units. 

We hoped we could evaluate the minimum acceptable Mu-meter reading at 40 mph 
by calculating the corresponding Mu-meter reading for a recorded value of 35 for other 
skid trailers and a 46 for the skid car (3). There was a wide range in the calculated 
values because of the inconsistencies ofthe trailers. When all units were averaged, a 
corresponding Mu-meter value of 42 was calculated. When only the skid trailers were 
averaged, a value of 43 was calculated. For this reason and because the accident 
analysis indicated a braking point of approximately the same value, a wet Mu-meter 
reading of 43 at 40 mph appears to correlate best with other skid-trailer values of 35 
at 40 mph. In the future, when units have been standardized, this value may be changed 
to conform with other devices. 

GENERAL OBSERVATIONS 

The ?v1:u-meter, being completely mechanical, pro,;ed to be an ext1·e1nely t1~ouble
free testing unit. The only inoperative time was due to a broken hitch and an initially 
defective recorder, which was promptly replaced. The unit can function at speeds as 
high as 85 mph (limits of tow truck) and has suspension superior to most highway ve
hicies. It is a rugged unit and can be towed anywhere a truck can travel. In the 2 
years we have had the unit, it has been out of operation for approximately 2 weeks. 

SKID INVENTORY 

During the program, a complete inventory of 3,439 miles of the state highway sys
tem was conducted. The inventory consisted of skid tests made at every other mile
post. In the increasing milepost direction, tests were made at the even-numbered 
mileposts. In the decreasing milepost direction, tests were made at the odd
numbered mileposts. In this way, a test was made at least once at every milepost. 

The surface friction inventory made by the Mu-meter will be used to locate low 
friction areas and monitor the yearly frictional changes of the entire highway system. 
Pavement problem areas can then be detected. Predictions can also be made as to 
when borderline cases will, if ever, fall to questionable friction levels so that they 
can be corrected before becoming hazardous. 



Figure 4. Complete surface friction test unit. 

Figure 6. Stopping distance car. 

Figure 8. Correlation between Mu-meter and other 
pavement friction testers. 
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Figure 5. Locked-wheel skid trailer. 

Figure 7. British portable tester. 

Table 1. Correlation values of Mu-meter and other 
pavement friction testers. 

Variable• 
Correlation 

y X Equation Coefficient 

1 2 Y = 5.923 + 0.9430(X) 0.9820 
1 3 Y = 8.180 + (X)' - ' 
1 4 Y = 14.939 + 1.2105(X) 0.9897 
1 5 Y = 22 .456 + 1.4755(X) 0.9800 
1 6 Y = 17.829 + 2.1416(X) 0.9172 

Standard 
Errorb 

3.45 
' -

3.16 
2.72 
3.21 

1 1 = Arizona Mu-meter; 2 = Utah Mu-meter; 3 • Colorado skid trailer; 4 = New Mexico 
skid trailer; 5 • Arizona skid car; and 6 = California skid trailer. 

bAII values are for X-variable except the first. 
tTheoretical, based on Utah-Colorado correlation. 



6 

Table 2. Correlation values of Mu-meter, skid car, and British portable tester. 

Variablea 
Correlation Standard 

y X Observations Regression Equation CoeUicient Error 

3 1 26 Y = 8.349 + 0.8590(X) 0.9383 4.44 
7 l 25 Y = -3.424 + 0.8030(X) 0.8661 6.55 
1 4 26 Y = 13.138 + 2.2416(X) - 0.01886(X)2 0.8539 7.45 
I 5 19 Y = 26.208 + 4.1320(X) - 0.09857(X)' 0.8~3~ 6.~3 
6 1 24 Y = 21.169 + 0.4741(X) 0. 7946 5.23 
6 l 24 Y = 35.154 + 0.2717(X) 0.6130 4.97 

7 2 26 Y = 15.219 + 0.6777(X) 0.9802 2.72 
3 2 27 Y = 11.915 + l.6450(X) - 0.01024(X)2 0.9438 4.46 
2 4 30 Y = -13.309 + 2.3952(X) - 0.01650(X)' 0.9394 6.93 
2 5 18 Y = 15.377 + 2.8023(X) - 0.02864(X)2 0.8760 9.28 
6 2 24 Y = 31.744 + 0.3789(X) 0.8527 4.69 
8 2 22 Y = 40.866 + 0.237l(X) 0. 7652 4.09 

3 '1 24 Y = 9.339 + 2.3903(X) - 0.02031(X)2 0.9506 4.24 
3 2 27 Y = 11.915 + l.6450(X) - 0.01024(X)2 0.9438 4.46 
3 1 26 Y = 8.349 + 0.8590 (X) 0.9383 4.44 
3 5 19 Y = 27.850 + 3.7960(X) - 0.08719(X)2 0.9163 4.56 
3 7 26 Y = 22.001 + 0.8793(X) 0.8894 6.14 
0 3 23 Y = 16.870 + 0.5499(X) 0.8703 4.24 
8 3 22 Y = 35.621 + 0.2520(X) 0.6656 3.17 

3 4 24 Y = 9.339 + 2.3903(X) - 0.02031(X)2 0.9506 4.24 
1 5 18 Y = 20.011 + 0.7971(X) 0.9499 6.29 
2 4 30 Y = 13.309 + 2.3952(X) - 0.01650(X)2 0.9394 6.93 
7 4 28 Y = 24.426 + 0.5883(X) 0.9212 5.16 
1 •I 26 Y = 13.138 + 2.2416(X) - 0.1886(X)2 0.8539 7.45 
ij 4 25 Y = 37.426 + 0.352l(X) 0.7919 5.38 
8 4 23 Y = 42.561 + 0.2685(X) 0.7896 3.95 

4 5 18 Y == 20.011 : 0. 7971(X) 0.9499 6.29 
3 5 19 Y = 27.850 + 3.7960(X) - 0.08719(X)2 0.9163 4.56 
2 5 18 Y = 15.377 + 2.8023(X) - 0.02864(X)2 0.8760 9.28 
1 5 19 Y = 26.208 + 1.1320(X) - 0.09857(X)2 0.8535 6.53 
8 5 18 Y = 47.224 + 0.2025(X) 0. 7076 4.85 
7 5 19 Y = 41.488 + 0. 3741(X) 0.6951 9.06 
6 5 19 Y = 46.947 + 0.2103(X) 0.5376 7.73 

6 7 24 Y = 21. 718 + 0. 6025(X) 0.8860 4.16 
6 3 23 Y = 16.870 + 0. 5499(X) 0.8703 4.24 
6 2 24 Y = 31. 744 + 0. 3789(X) 0.8527 4.69 
6 J 24 Y = 21.169 + 0 .4741(X) 0. 7946 5.23 
6 4 25 Y = 37 .426 + 0 .352l(X) 0. 7919 5.38 
8 G 24 Y = 26.816 + 0.4995(X) 0. 7729 3.51 
6 6 19 Y = 46.947 + 0.2103(X) 0.5376 7.73 

7 2 26 Y = 15.219 + 0. 6777(X) 0.9802 2.72 
7 4 28 Y = 24.426 + 0. 5883(X) 0.9212 5.16 
3 7 26 Y = 22.001 + 0. 8793(X) 0.8894 6.14 
6 7 24 Y = 21. 718 + 0 .6025(X) 0.8860 4.16 
7 l 25 Y = -3.424 + 0. 8030(X) 0.8661 6.55 
R 7 23 Y = 35.878 + 0.3570(X) 0. 7573 4.09 
7 5 19 Y = 41.488 + 0. 3741(X) 0.6951 9.06 

8 4 23 Y = 42.561 + 0.2685(X) 0. 7896 3.95 
8 6 24 Y = 26.816 + 0.4995(X) 0.7729 3.51 
8 2 22 Y = 40.866 + 0.237l(X) 0. 7652 4.09 
8 7 23 Y = 35. 878 + 0.3570(X) 0. 7573 4.09 
8 s 18 Y = 47.224 + 0.2025(X) 0. 7076 4.85 
8 3 22 Y = 35.621 + 0.2520(X) 0.6656 3.17 
8 l 24 Y - 35.154 + 0.2717(X) 0.6130 4.97 

1 1 = Mu-meter using own watering system at 20 mph; 2 = Mu-meter using own watering system at 40 mph; 3 = Mu-meter using 
external watering system at 20 mph; 4 = Mu-meter using external watering system at 40 mph; 5 = Mu-meter using external 
watering system at 60 mph; 6 = skid car using external watering system at 20 mph; 7"" skid car using external watering system at 
40 mph; and 8 = British portable tester. 

iiiii 
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SEASONAL VARIATION 

The research studies show that the coefficient of friction appears to have seasonal 
variations that follow similar patterns at any particular location in a given area. The 
average pattern for each direction of a highway in a 20-mile area is shown in Figure 9. 
The patterns and values are almost identical for each direction. A climatological in
vestigation of these results was generated and included a comparison of (a) tempera
ture versus fric tion and (b) days since the last 0. 01 in. or more of rain vers us friction. 
The results indicate that the variation is due to a combination of factors; however, 
temperature and days since last rain do not explain the phenomenon satisfactorily. 
Correlations were made with higher amounts of rainfall, but the correlation was lower 
than with the 0.01 in. of rain. Further examination of the data is necessary to deter
mine the significance of all the variables affecting this variation. 

The seasonal variation must be considered when skid data are analyzed because a 
pavement that may have a satisfactory friction level at one time of the year could have 
an unsatisfactory value at another time of the year. Present information indicates 
that the lowest friction level is reached during the summer months in Arizona, and 
the Arizona Highway Department plans to conduct its friction inventories during these 
months. 

DIFFERENTIAL WHEELPATH FRICTION 

During our testing, a condition was noted that we feel warrants special attention and 
further investigation. The condition occurs when the 2 wheelpaths in which a vehicle 
rides have a different coefficient of friction. We are aware that there is usually a 
small difference, but this is not the condition we are describing. The differential 
wheelpath friction we are considering is one in which a vehicle may be riding on 2 dif
ferent surface types, 2 different ribbons of asphaltic concrete or concrete pavement, 
or on one wheelpath that is flushed or polished and one that is not. To our surprise, 
a very small difference in the wheelpath frictions will cause a car to spin out of control 
when braked. Examples of 2 conditions are shown in Figures 10 and 11. 

In Figure 10, the wet stopping distance number at 40 mph (SDN4o) was 50 for the 
right wheelpath and 60 for the left wheelpath, a 17 percent difference. In the left pic
ture, the car skidded at 30 mph and rotated 25 deg counterclockwise. In the middle 
picture, the car skidded at 40 mph and rotated 40 deg counterclockwise. In the right 
picture, the car skidded at 50 mph and rotated 95 deg counterclockwise. When the di
rection of skidding was reversed, the same values were recorded with the car turning 
clockwise. In Figure 11, the wheelpath had a wet SDN40 of 67 on the right and 41 on the 
left, a 39 percent difference. In the left picture, the car skidded at 40 mph and rotated 
90 deg clockwise. In the right picture , the car skidded at 50 mph and rotated 270 deg 
clockwise. Again, when the direction of skidding was reversed the same values were 
recorded with the car rotating counterclockwise. 

Figure 11 shows an extreme case that portrays what might happen if one wheelpath 
were flushing while the other were not. However, the first case is one that is fairly 
common and, although both wheelpaths have a satisfactory level of friction, a hazardous 
condition occurs because of their difference. As the speed increases, the effects in
crease dramatically. Under such conditions, the normal driver tends to remove his 
foot from the brake as he begins to rotate. When he does, his car is propelled in the 
direction the vehicle is turned, perhaps off the road or into the oncoming traffic lane. 

Because construction practices at the present time can produce lanes containing 2 
ribbons and because a friction inventory would not detect unsatisfactory friction differ
ences in the wheelpaths (for only one wheelpath is tested), it is the opinion of the au
thors that an investigation should be conducted to determine whether both wheelpaths 
should be tested. In the case of skid trailers , the trend is to lock only one wheel ; but, 
if both were locked and had independent recorders, such differential friction areas 
could be located and corrected. In such a case, some form of stabilizing unit would 
have to be added to the trailers. Further research is needed to determine an accept
able differential wheelpath friction level. 
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FRICTION ANALYSIS 

As part of the study, an analysis of the percentage of the highway system in each 
friction range was made (Fig. 12). These and the following interpretations are made 
from the highway inventory previously mentioned. Only 2.8 percent of the Arizona 
highway system has a skid number below 40, and 50 percent is within the Mu-meter 
frictional range of 71 to 80. These results indicate that the skid resistance level of 
the Arizona highway system is goad and that the pre~ent pavement d&signs 311.d aggre
gate types are producing satisfactory skid-resistant surfaces. 

ACCIDENT ANALYSIS 

During the research study, the question arose, What is a satisfactory level of fric
tion? To determine this, an accident analysis was made of the entire Arizona highway 
system and correlated to the skid inventory previously described. The results of this 
analysis were most revealing. The accident types were divided into 3 categories: dry 
pavement accidents, wet pavement accidents , and wet skidding accidents. 

Most wet-weather accidents were in the low skid- resistance ranges. The analysis 
indicated that, although less than 3 percent of the total Arizona highway system had a 
coefficient of friction below 40, 29 percent of the wet-weather accidents occurred in 
those areas. When a friction level of below 50 is considered, it relates to less than 7 
percent of the highway system but 43 percent of the wet-weather accidents. 

A study of the amount of rainfall occurring on the days of the accidents was made , 
to determine whether there was a significant amount of rainfall necessary to create a 
hazardous condition. A 50-mile section of portland cement concrete freeway was se
lected, and the accidents were analyzed for a 3-year period of recorded information. 
The analysis was based on the relation between the total number of accidents occurring 
and various daily rainfalls . These accidents per amount of rainfall were compared to 
the percentage of the 3 years that the particular amount of rainfall was present. The 
accumulated percentages were calculated (Table 3) and then plotted. 

The location where the curve reached a one-to-one slope was picked as the point 
where the accumulated percentage of accidents begin increasing faster than the accumu
lated percentage of days. This point was related to the accumulated percentage of ac
cidents that were present at a particular amount of daily rainfall. The results revealed 
that the slope reached unity at approximately 26 percent of the accumulated accidents. 
This percentage relates to a rainfall of approximately 0.11 in./day. Simply, this means 
that 0.1 in. or more occurred only 23 percent of the time but was responsible for 74 
percent of the accidents. The same relation holds true when only sections with a Mu
meter reading of 40 or below were considered. Apparently, although a small amount 
of water is necessary to reduce the friction level as recorded by the Mu-meter, at least 
0.1 in. / day is necessary to create a significant increase in the wet -weather accident 
rate. 

CORRECTIVE MEASURES FOR SLICK PAVEMENTS 

We found that the methods of correcting low friction pavements by the use of chip 
seals, slurry seals, and healer 1::Jcal'ifyiug are very effeclive, and all have an adequate 
coefficient of friction after construction. However, as others have also noted, there 
is a question of how long each method can last prior to the reappearance of the original 
or a lower friction value. In our opinion, the slurry seal should only be used as an in
termediate step in the correction of low friction pavements because it could flush and 
create an even worse condition after a short period of time. As for heater scarifying 
and chip seals, the predicted life may vary significantly with construction techniques. 
It is generally agreed, and our research confirmed, that an open-graded asphaltic con
crete finishing course should be considered as a lasting remedial action. 

FRICTIONAL EFFECTS OF ASPHALT REJUVENATING AGENTS 

In the evaluation of asphalt rejuvenating agents, various surface types and amounts 
of applications were studied. The results from these tests are shown in Figure 13. 

-



Figure 9. Seasonal variation on concrete pavement. 
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Figure 11. Differential wheelpath friction at SDN40 of 67 (right) and 41 (left). 
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Table 3. Daily rainfall and accident rates from January 1968 to December 1970. 

Accidents Days of Occurrence 

Rainfall Accumulated Accumulated 
(in./day) Number Percent Percent Number Percent Percent 

<0.01 11 4.60 4.60 92 46.23 46.23 
0.01 12 5.02 9.62 12 6.03 52 .26 
0.02 14 0.80 10.48 13 ~.03 08.7~ 
0.03 4 1.67 17 .15 6 2.51 61.30 
0.04 3 1.25 18.41 11 5.52 66 .83 
0.05 2 0.83 19.24 3 1.50 68 .34 
0.06 4 1.67 20 .92 3 1.50 69 .84 
0.07 3 1.25 22.17 3 1.50 71 .35 
0.08 4 1.67 23 .84 7 3.51 74 .87 
0.09 2 0.83 24.68 3 1.50 76 .38 
0.11· 2 0.83 25.52 2 1.00 77 .38 
0.12 3 1.25 26.77 !l 2.01 79 .39 
0.13 9 3.76 30.54 2 1.00 80.40 
0.14 4 1.67 32.21 3 1.50 81.90 
0.15 2 0.83 33.05 1 0.50 82.41 
0.16 9 3.76 36.82 3 1.50 83.91 
0.17 11 4.60 41.42 2 1.00 84.92 
0.18 4 1.67 43.09 I 0.50 85.42 
0.19 5 2.09 45.18 I 0.50 85.92 
0.20 8 3.34 48 .53 6 2.51 88.44 
0.21 1 0.41 48.95 l 0.50 88.94 
0.26 5 2.09 51.04 3 1.50 90.45 
0.27 2 0.83 51.88 1 0.50 90.95 
0.28 4 1.67 53.55 1 0.50 91.45 
0.29 3 1.25 54.81 1 0.50 91.95 
0.34 20 8.36 63.17 2 1.00 92.96 
0.36 4 1.67 64.85 1 0.50 93.46 
n oo 3 • oc cc 1" l n en f\') nc 

.L.~~ VV,.LV v.~v ;;:J'1,.:,v 

0.38 8 3.34 69.45 1 0.50 94 .47 
0.43 8 3.34 72.80 1 0.50 94 .97 
0.45 2 0.83 73.64 1 0.50 95.47 
0.52 10 4.18 77 .82 3 1.50 96.98 
0.59 3 1.25 79.07 I 0.50 97.48 
0.64 8 3.34 82.42 l 0.50 97.98 
0.74 14 5.85 88.28 l 0.50 98.49 
0.77 13 5.43 93.72 l 0.50 98.99 
1.33 4 1.67 95.39 l 0.50 99.49 
2.43 11 4.60 100.00 1 0.50 100.00 

8 Point at which accident rate increases faster than the accumulated percentage of days. 

Figure 13. Frictional effects of emulsified petroleum resin. 
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The surface friction was measured prior to the application of the agent. As soon as the 
agent was placed and demulsified (turned brown), the friction was remeasured and the 
value recorded (shown as point A). The friction level was measured each hour after the 
application demulsified. In some cases, the pavement was sanded or broomed; these 
points are shown on the graph as the letters S and B respectively. A marked increase 
in the friction can be seen after each of these procedures. From these tests, the fol
lowing conclusions can be drawn: 

1. The application of an asphalt rejuvenating agent (emulsified petroleum resin) 
causes an initial drop of approximately 53 percent in the Mu-meter reading; 

2. The application of sand is beneficial but, when combined with brooming, increases 
the surface friction significantly and raises it to a satisfactory level; 

3. In all of the cases tested, a satisfactory level of friction was achieved when the 
surface was sanded and broomed; 

4. In the cases tested, all of the surfaces that were sanded and broomed regained 
most of their original friction within 24 hours; 

5. The pavement can reach an acceptable level without sanding or brooming, but 
may take a much longer time and, in some cases, may never recover its original level; 

6. When an agent is applied to a pavement, the wet friction is the same as the dry 
up to a Mu-meter reading of 60 (this phenomenon is unique and has only been observed 
after such applications); and 

7. If a surface originally has a low friction value, an application of an agent may 
create a hazardous condition that may not be easily corrected. 

Present tests indicate that it is possible to safely use an asphalt rejuvenating agent 
if the pavement is sanded and broomed afterward. If the original pavement friction. is 
low, however, friction tests should be performed before the pavement is opened to traf
fic, thus ensuring that the pavement has risen to an acceptable friction level. 

CONCLUSIONS AND RECOMMENDATIONS 

1. The Mu-meter, when modified, is a highly accurate friction-measuring trailer. 
It has a standard deviation of 1.4 and correlates extremely well to other skid trailers 
and the stopping distance car. A wet Mu-meter reading of 43 at 40 mph appears to 
correlate best with wet values of other skid trailers of 35 at 40 mph. 

2. At a total cost of $10,600, including tow truck and modifications, the Mu-meter 
test unit is inexpensive compared to other skid trailers. General savings for this unit 
could range from $25,000 to $85,000. 

3. This unit can test 250 lane-miles of highway per day with a minimum of mainte
nance. It is sturdy and more maneuverable than most skid trailers. 

4. The Mu-meter inventoried 3,439 miles of the Arizona highway system with the 
following results: Only 2 .8 percent of the system had a Mu-meter reading lower than 
40, but 29 percent of the wet-weather accidents were in the same range. Only 23 per
cent of the wet-weather days had greater than 0.11 in. of rain, but 74 percent of the wet
weather accidents occurred on those days. This indicates that it may be necessary to 
have greater than 0.1 in./day of rain to create a hazardously wet condition under similar 
conditions. 

5. The seasonal variation was studied, but temperature and days since last rain do 
not satisfactorily explain the phenomenon. The variation seemed consistent for all 
pavement in a particular area. 

6. The effect of different wheelpath frictions was also studied. A difference of 10 
wet stopping distance numbers between wheelpaths can cause a braking car to spin out 
of control even though both wheelpaths have an acceptable level of friction. For this 
reason, it may be necessary to test both wheelpaths in the future. 

7. Initial studies indicate that chip seals, slurry seals, and heater scarifying are 
acceptable short-term solutions to slick pavements, but an open-graded asphaltic finish
ing course should be considered as a permanent remedial action. 

8. Asphalt rejuvenating agents can be safely applied if the surface is then sanded and 
broomed and if it initially had an acceptable friction level. 
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9. Consideration should be given to the development of a complete pavement eval
uation system other than the acceptance or rejection based solely on a recorded fric
tion number. 

10. Further research should be initiated to investigate various deslicking methods 
including methods to ensure permanent skid-resistant surfaces on portland cement con
crete pavements. The studies should evaluate texturing techniques, addition of skid
resistant aggregate to the finished concrete, and the frictional effects of grooving. 

REFERENCES 

1. Burns, J. C., and Peters, R. J. Surface Friction Study of Arizona Highways. 
Materials Division, Arizona Highway Department, Aug. 1972, 75 pp. 

2. Gallaway, B. M., and Rose, J. G. Comparison of Highway Pavement Friction 
Measurements Taken in the Cornering Slip and Skid Modes. Texas Transportation 
Institute, Texas A&M Univ., Jan. 1971. 

3. Kummer, H. W., and Meyer, W. E. Tentative Skid Resistance Requirements for 
Main Rural Highways. NCHRP Rept. 37, 1967. 



TIRE-PAVEMENT FRICTION: A VITAL DESIGN OBJECTIVE 
Don L. Ivey and Bob M. Gallaway, Texas Transportation Institute, 

Texas A&M University 

This paper presents the argument that tire-pavement friction should be 
considered during the design of a new highway facility. The concept of 
balanced friction design for safety is presented, and is based on the precept 
that different maneuvers require different levels of available friction and 
that different highway geometrics produce the need for different maneuvers. 
Presented in support of these arguments are the most pertinent results of 
various research and development studies. The information and examples 
should be useful not only in designing new highways but also in making 
decisions concerning the correction of deficiencies in existing highways. 

eTHE REDUCTION of the losses due to skid-initiated, wet-weather accidents is a goal 
that has been set by highway officials. Working toward this goal has generated a tre
mendous amount of research on specific aspects of the problem, but use of this infor
mation to evaluate the causative factors has been limited. 

The purpose of tire-pavement friction is to allow the driver of the vehicle to perform 
those maneuvers that he can reasonably expect to accomplish; maneuvers range from 
the normal driving realm to an emergency avoidance maneuver. When the driver can
not perform an attempted maneuver, whether it be because the tire-pavement interface 
cannot accept the imposed loads, the capabilities of the vehicle are exceeded, or driver's 
skills are poor, the result is likely to be an accident. In trying to accommodate all 
factors that enter into wet-weather accidents, Hankins, Gregory, and Berger (1) pre
pared a skidding-accident systems model that included 40 separate variables;-a simpli
fied representation is shown in Figure 1. Even though complex, this model .includes 
only those most obvious influencing factors, which constitute only a small part of the 
problem. 

Since the 1930s when Moyer (2, 3, 4) conducted a comprehensive study of the re
quirements of motor vehicles for trre:-pavement friction, writers on this subject have 
been making recommendations for those levels of friction they judged to be appropriate 
for a range of highway geometrics and conditions. For example, Kummer and Meyer (5) 
recommended a coefficient of friction of 0.37 for a mean traffic speed of 50 mph and -
0.41 for a mean·traffic speed of 60 mph. These are not radically different from those 
made by Moyer in 1932 but were developed from extensive information that was not 
available to Moyer. 

The concept of maintaining certain values of friction over an entire roadway network 
is an important contribution and undoubtedly has led to much improvement in highway 
safety. Today, however, we should be prepared to design pavement surfaces to resist 
the specific horizontal shear loads that are imposed on them, these loads being a func
tion of the maneuvers that can be reasonably expected. This design concept is analo
gous to designing a beam for the loads that are imposed on it. This same concept, in 
a generalized way, has been used to derive the levels of friction that were previously 
mentioned, but it has been done in a research environment and limited to normal ma
neuvers rather than in the highway design environment where design for friction can 
interact appropriately with geometric design decisions. The reason for this is partly 
the seeming complexity of the problem and partly the preoccupation of highway engi
neers with the vertical wheel loads a pavement must resist under traffic. In many 
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early designs pavement friction was something that just happened when a roadway was 
built. Sometimes it was good, sometimes it was bad, but the concept of actually de
signing for friction is comparatively new to most highway engineers. 

Engineers have accepted the simple concept of a single friction value to satisfy all 
parts of a highway system and have neglected a more permanent solution to the prob
lem and the potential long-term gains it would bring. Experience and data now available 
make it possible to design tire-pavement friction to accommodate most maneuvers that 
drivers wm attempt. 

BALANCED FRICTION DESIGN FOR SAFETY 

The thesis is this: A single skid number is not appropriate for all roads and all 
positions on any given road. We would not think of designing a building by using the 
same beam cross section for each span and every load condition. An engineer is taught 
to design a beam to resist the shear and moment that. it must resist, i.e., those internal 
reactions directly related to the geometry of the beam and the loads that are imposed. 
Similarly, as shown in Figure 2, a pavement surface should be designed to resist antic
ipated tractive loads. 

This means that available tire-pavement friction must be set at some level above 
the demand for tire-pavement friction (essentially a function of roadway geometrics), 
just as yield point is above the working stress, as shown in Figure 3. Figure 4 shows 
another illustration of the design concept of a balanced friction design for safety. The 
numbers on the abscissa relate to the numbers on the plan view at the top of the figure. 
The curves show the demand for friction by a certain percentage of drivers. For ex
ample, the 98 percent curve means 98 percent of the drivers do not exceed this friction 
demand. The supply level is the amount of friction that is available. Any demand 
above this level could not be accommodated, and skidding would result. The main point 
is that we should put our costly high-friction surfaces at the locations where demand is 
greatest. 

The equations needed to design pavement friction are presented in several reports 
(5, 6). The engineering approach to using them is, in most cases, to determine the ap
propriate input data in terms of speed, stopping distance, cornering radius, and accel
eration or deceleration and, thus, to determine the demand for friction. These same 
equations are suggested for a similar application in the recent report by Weaver, 
Hankins, and Ivey (7). In that report the available f:dction is determined empirically 
and used to determTne the safe driving speed, the reverse operation of the friction de
sign process. The equations are presented in detail in the next section of this paper. 
Empirical determinations of the demand for friction to be available soon from an NCHRP 
project for certain types of curves and intersections will be a valuable supplement to the 
information now available for use in the design equations. 

The equations presented here are far from perfect, and their application requires 
something no computer program has succeeded in duplicating-considerable engineering 
judgment. Aside from the basic design equations and the necessary input data for their 
use, the other item needed to apply the balanced friction design concept is a consistent 
way of measuring tire-pavement friction. 

A new fedeully cuurdinated program for highway safety, initiated by the Federal 
Highway Administration, seeks to encourage new studies where gaps exist in the present 
work and undertakes the closure of other gaps by direct administrative contracts. The 
federally coordinated program for the reduction of wet-weather accidents has under
taken, among other things, the elimination of the large differences among skid number 
values acquired by different ASTM E 274 skid test units. These differences have been 
so great that we have been operating during past years under an act not unlike the Mann 
Act (8): that is, it has been illegal to transport a skid number across state lines for 
engineering purposes. 

To repeal this act, the FHWA is committed to providing a network of inventory skid 
measurement systems and guide specifications for inventory equipment and field-testing 
procedures. The National Bureau of Standards will provide the national reference skid 
measurement system. There will be 3 field test and evaluation centers at Texas A&M 
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University, at the Ford Proving Grounds (Yucca, Arizona), and at Ohio State University. 
At each of these centers, there will be an area reference skid measurement system 
that will be calibrated at the appropriate center and correlated with the center area 
reference system at designated intervals. When all inventory systems have been re
lated to the NBS in this way, it will then be possible to relate skid number values taken 
in one state to those observed in any other state. 

At this time, there will be a great temptation for governmental agencies to specify 
certain values of skid numbers on highways. Reasonable decisions must be made con
cerning the value of tire-pavement friction needed at specific points on highways; or, 
better still, a balanced friction design policy should be established based on appropriate 
design equations. 

DESIGN EQUATIONS 

Design equations are presented as concisely as possible; previously published infor
mation is incorporated by the use of appropriate references. Friction numbers are 
used for continuity with skid numbers. The numbers are the required values of friction 
multiplied by 100, just as skid numbers are observed values of friction multiplied by 100. 

Stopping Maneuvers 

The AASHO code (9) provides an acceptable relation between stopping distance and 
the demand for friction as shown by the following equation: 

where 

d = stopping distance, ft; 
V vehicle speed, mph; 

v2 
d = -- + 1.47 Vt 

')f"I ~ 
<JV < 

f coefficient of friction between tires and roadway; and 
t = perception-reaction time, sec. 

Rearranging Eq. 3 and using a 2. 5-sec perception-reaction time currently recom
mended by AASHO (~) relate the demand friction for stopping maneuvers to speed by 

where 

v2 
FNd = ------

0.3(d - 3.67V) 

FN4 demand friction number for stopping within the available distance; 
V vehicle speed, mph; and 
d available distance, ft. 

Cornering ManeuvP.rs 

The equation used by AASHO in the development of standards for horizontal curves is 

where 

e superelevation rate, ft/ ft; 
f = coefficient of friction; 

V vehicle speed, mph; and 
R curve radius, ft. 

y2 
e + f = 

15R 
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This equation was found to give a reasonable estimate of the available friction in a 
dynamically stable cornering maneuver in a recent study (10) conducted for AASHO. 

Rewriting the equation for consistent comparison to values of skid number yields 

FN = 6.67V2 - lOOe 
C R 

where FN0 = lOO(f), the demand for lateral friction during cornering. 
The friction demand determined from this equation is only appropriate provided the 

vehicle smoothly traverses the path of the highway curve. Therefore, it should only be 
used for curves having spiraled transitions or at points significantly removed from 
abrupt transitions. It there is no transition from tangent to curves with a curvature of 
2 deg or greater, the equation developed by Glennon and Weaver (..!.!_) should be used: 

v2 
FN = - lOOe 

0 0.786R + 40.3 

Combination Maneuvers 

Many maneuvers involve some combination of cornering and braking or accelerating. 
A common way to determine the total friction demand is the vector sum of the demand 
for the individual changes in speed or direction (5). 

If the maneuver is a combination of cornering-and braking as might be found in 
traversing a freeway exit ramp, individual values of FN

0
, the friction demand for cor

nering, and FNd, the friction demand for decelerating, may be calculated. The total 
friction demand, FNt, is found by 

From observations of traffic, Glennon (12) derived the following expression for cor
nering in the nonconstrained passing maneuver: 

y2 
FN = - + 2 

• 220 

This equation was based on a number of other assumptions as described in Weaver's 
report (13). If the forward acceleration is assumed to vary linearly from 40 to 60 per
cent, fullthrottle at 40 and 80 mph respectively, the FN. needed in accelerating can be 
found from 

w f(W/2) = - a 
g 

FN. 2 a (100) 
g 

The appropriate acceleration, a, at 40 percent full throttle was reported by Kummer 
and Meyer (5) as 6.4 ft/ sec2

• The acceleration at 60 pe1·cent was 5.0 ft/sec 2
• From 

the vector sum of these 2 effects, the resultant demand for friction was found. The 
same procedure can be ·used in any maneuver where estimates of the degree of corner
ing and braking or accelerating can be supplied. 

AVAILABLE FRICTION 

Any moving object possesses kinetic energy proportional to the square of its velocity. 
Dissipation of this energy is required to stop the body. Energy of the wheeled vehicle 
(neglecting wind resistance and changes in elevation) is dissipated betwe1.:1n Lhe Ure and 
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the pavement and in the braking system by the creation of a friction force opposing the 
direction of motion of the vehicle. After wheel lockup, the total friction force available 
to oppose the motion of the vehicle must be generated at the tire-pavement interface. 

There are many causes of pavement slipperiness. In general it is due to (a) the 
presence of water or other friction-reducing materials in the tire-pavement contact 
area and (b) high traffic volumes that, through pavement wear and aggregate polish, 
drastically reduce the friction of pavement surfaces. Many parameters affect the in
teractions at the tire-pavement interface. Considered to have major effects are (a) 
mode of operation, i.e., rolling, slipping, or sliding; (b) pavement-surface characteris
tics, mainly macroscopic and microscopic roughness and drainage capability, (c) water
film thickness at the interface, (d) tire-tread depth and elastic and damping properties 
of the tire rubber, and (e) vehicle speed. 

Numerous research studies have indicated that almost all pavement surfaces exhibit 
adequate friction for normal stopping and cornering maneuvers when dry and clean. 
When wet, however, this is no longer the case. A knowledge of the relative effects of 
water-film thickness and the water escape mechanism at the tire-pavement interface 
are therefore of paramount importance. 

Relevant Surface Factors 

Attempts have been made to characterize properties affecting friction of pavement
surface types by using qualitative terms such as surface macrotexture ; aggregate size, 
shape, microtexture, and mineralogy; and the drainage characteristic of the total sur
face. Although the relative magnitude of the influence of these characteristics is open 
to debate, it is generally agreed that they largely determine the ultimate friction proper
ties of surfaces. It is the authors' opinion that the influence of all these characteris
tics is primarily due to the effect they have on the way water can escape from the tire
pavement interface. 

The importance of the type and magnitude of surface texture on the friction proper
ties of pavement surfaces has been studied by several researchers (5, 17, 18, 19, 20). 
Pavement surface texture refers to the distribution and the geometric configuration of 
the individual surface aggregates. There is not sufficient agreement among the various 
researchers to adopt a standard nomenclature for discussing textural parameters. 
However, general practice today favors the use of the terms macroscopic texture (mac
rotexture), which refers to the large-scale texture caused by the size and shape of the 
surface aggregate, and microscopic texture (microtexture), which refers to the fine
scaled roughness contributed by individual small asperities on the individual aggregate 
particles. 

Macrotexture and microtexture respectively provide for gross surface drainage and 
subsequent puncturing of the water film. Another factor that acts in combination with 
macrotexture and microtexture is the internal drainage of the pavement surface course 
itself. Goodwin (19), Hutchinson et al. (20), and Gallaway (21), among others, have 
postulated that high-void-content surfaces, porous pavements, or vesicular aggregates 
provide internal escape paths for water under a tire and thus lessen hydrodynamic 
pressure buildup. This would result in better tire-gripping capability and lessen the 
need of macrotexture to provide initial, gross drainage. Research directed toward 
measuring dynamic drainage capabilities of pavement surfaces is in the experimental 
stage (22). 

Withrespect to the size of the coarse aggregate, the majority opinion seems to be 
that finer mixes are superior to those that are coarser, at least in bituminous construc
tion (22, 23). However, the advantages of fine mixes are not always apparent, and some 
investigators have suggested that particle size has actually little or no effect on fric
tional characteristics (24, 25). 

The shape of the aggregate particles is a significant factor in skid-resistance con
siderations. The individual particles should be angular and sharp in order to give a 
gritty, sandpaperlike texture (26, 27, 28). Skid-resistance measurements have been 
found to be about 25 percent higherlorbituminous mixes containing angular aggregates 
than for those containing rounded aggregates (29). The importance of the aggregate 
shape has also been borne out by laboratory experiments (30, !_!, 32). 

iii 
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Wear and polishing under traffic result in skid-resistance variations across the 
width of the road (32); these may lead to directional control instability during braking 
regardless of the minimum value of friction. It has been shown analytically (33) that, 
for a coefficient of friction of 0.40 along one wheelpath and 0.60 along the other, a 
3,000-lb vehicle will turn about 17 deg in a locked-wheel stop from 40 mph. This prob
lem is further accentuated on multilane highways where the driving lane is normally 
more slippery than the passing lane (35, 36). 

Because the nature of the wear is clirectly related to the resistance of the surface 
aggregate to polishing, wear can actually be desirable on road surfaces. Differential 
wear, due to variation in hardness of the aggregate constituents or matrix or both (26, 
34), greatly contributes to the retention of the rough texture. Particle-by-particle -
wear, during which aggregate particles are dislodged from the surface before they get 
excessively polished, continuously rejuvenates the surface (28, 35). In addition, 
particle-by-particle wear does not just ensure prolonged skid resistance but distributes 
the energy of stopping to the brakes, tires, and road surface and, therefore, provides 
instantaneously higher skid resistance. 

Test Pavements and Equipment 

In a study (37) to test the skid resistance of a number of typical highway surfaces 
under simulated rainfall, variables included rainfall intensity, pavement macrotexture, 
tire tread design, tread depth, tire pressure, and vehicle speed. In other tests (38), 
to evaluate the effectiveness, as measured by skid resistance, of different finishes on 
a portland cement concrete pavement, variables included rainfall intensity (water depth), 
tire tread type, tire tread depth, tire pressure, surface finish, and vehicle speed. 

A brief description of the experimental and field surfaces is given in Tables 1 and 
2 respectively. Major equipment used in the study is shown in Figure 5 and consisted 
of water tank truck, rainfall simulator, and skid test system. 

The framework of the rain simulator is composed of 4-in. wide by 1-in. deep channel 
iron. A 4-in. diameter pipe serves as the manifold, and 2-in. diameter pipes are used 
as feeder lines for the shrub-head nozzles. Eight 20-ft long sections of the rain sim
ulator wet an area approximately 210 ft long by 30 ft wide. 

A 4,000-gal water truck equipped with a high pressure pump was used to supply 
water to the system. Desired water depths were measured at various distances along 
the drainage path. Rainfall intensities were deduced from the amount of water caught 
in metal cans during a 12-min interval. The number and type of nozzles and header 
water pressure that were used to produce different rainfall intensities are given in 
Table 3. 

The friction measurements reported were obtained with the Texas Highway Depart
ment research skid trailer system, which conforms substantially to ASTM standards 
(E 274-65T). ASTM standard 14-in. tires (E 249-66)were used and inflated to 24 and 32 
psi. The friction force is measured with a strain-gauge instrumented drag link. Fig
ure 5 shows the system under test conditions. Friction measurements were taken at 
20, 40, and 60 mph with E-17 tires of 3 tread depths: full tread, half tread, and smooth. 
Three commercial tires were also tested at 2 pressures and 3 tread depths. 

Skid measurements were made by using the trailer's internal watering system; mea
surements were also made under simulated rain at a minimum of 3 rainfall intensities 
(6 or more water depths). Reported data represent an average of at least 4 skid test 
measurements for each variable in the study. 

The portland cement concrete field surfaces (Table 2) were tested on a restricted 
scale because they were formed on a new section of a 4-lane divided highway east of 
College Station. A summary of the data taken on these surfaces as well as those sur
faces previously described in Table 1 is presented and discussed in the following para
graphs. 

Test Results 

The field sections of PCC were finished by natural bristle brush, plastic bristle 
broom, metal tines, and a combination burlap drag followed by metal tines. Seven test 
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Figure 4 . Balanced friction design for safety. 
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Table 1. Experimental test surfaces. 

Aggregate Avg 
Texture 

Test Weight Max THO Speci- Construe- Preparation Prior Depth• 
Pad b'ur{ace Type (percent) Type Size (in.) Iication tion Date to Test (in. ) 

Portland cement 67 Rounded siliceous 1% Existing run- 1953 Cleaned with water 0 .039 
concrete (tran- gravel way surface and power broom 
verse drag)b 

33 Siliceous gravel 

2 Clay-filled tar None None None Type E' 1968 Scrubbed with water 0.005 
emulsion (Jennite), and rubber float 
flushed seal 

Hot-mix asphalt 35 Coarse crushed 'I, Type D 1968 Ground with terrazzo 0.014 
concrete (terrazzo limestone machine and 
finish) 30 Medium crushed polished with water, 

limestone fly ash, and rubber 
25 Fine crushed float 

limestone 
10 Field sand 

Hot-mix asphalt 60 Coarse crushed '/. Type F 1968 Polished with water, 0,029 
concrete siliceous gravel Ily ash, and rubber 

20 Fine crushed !loat 
siliceous gravel 

20 Field sand 

Hot-mix asphalt 30 Coarse rounded '!, Grade C 1968 Polished with water, 0.024 
rnnr!'PIP iiliri;>on1 gr;wel fly OUilh, and rubber 

25 Fine rounded float 
siliceous gravel 

35 Crushed limestone 
fines 

10 Field sand 

6 Surface treatment 100 Rounded siliceous 'I, Grade 4 1970 None 0.119 
(chip seal) gravel 

7 Surface treatment 100 Lightweight aggre- y, Grade 4 1970 None 0.148 
(chip seal) gale (fired clay) 

e Hot -mix asphalt 40 Lightweight aggre- y, 1970 Scrubbed with water 0. 022 
concrete gate (!ired clay) and broom and 

40 Lignite boiler slag polished with water, 
aggregate One sand, and rub-

20 Siliceous field sand her float 

aabtained by impression methotJ. 
bWith respect to direction of vehicular travel. = 
cA J/16 in. maximum size type E mix composed of slag and limestone screenings used as base for seat. 
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sections, each 800 ft long, were constructed with initial texture depths, measured by 
the putty impression method, ranging from 0.039 in. for the burlap drag finish to 0.094 
in. for the longitudinal tines finish. 

These 7 test sections were constructed in October and November 1971. After con
struction they were tested for skid resistance by using the Texas Highway Department 
ASTM trailer at speeds of 20, 40, and 60 mph. 

Prior to opening the highway to traffic (June 1972), the rain simulator (Fig. 5) was 
moved to the project and skid-resistance measurements were taken under simulated 
rainfall conditions. These data together with data of the skid trailer and the internal 
watering system were acquired by using the tires previously described. 

The skid trailer friction data for the field and experimental test surfaces were ana
lyzed by using a computerized multiple regression program to obtain the best fit of the 
data. Equations relating the effects of speed, water depth, texture, tire type, tire tread 
depth, and tire pressure to skid number (SN) were developed, and the equations developed 
for a selected portion of the research are presented. The data indicate a 10 to 15 per
cent increase in the SN value for the full-tread ASTM tire over the 3 commercial tires 
used in the study. This difference, shown in Figure 6, was not shown when a larger 
sample of commercial tires was under different setting conditions (39). 

Figure 7 shows regression lines for a selected commercial tire tested for skid num
ber as a function of speed on experimental test pads with tire pressure, tread depth, 
and water depth held constant. For comparison purposes, the broken lines show ASTM 
values of SN as a function of vehicle speed where the various surfaces were wet ·only by 
water from an internal watering system of a locked-wheel skid trailer. Although data 
are given only for pads 2 and 6, they are representative of general findings that show 
that ASTM skid numbers are significantly higher than locked-wheel friction values de
termined on naturally wet (rain-slick) surfaces. 

Figure 8 shows data developed on the PCC field surfaces given in Table 2. Finish 
F2 (transverse tines) yields significantly higher SN values than the other finishes used. 

A tentative relation defining available friction as a function of the major parameters 
was developed by Hankins from a portion of the study presented here. This relation
ship is 

when 

where 

SN = 0. 7483(FM)1
"
0308J 4o) 0.34903 

~Vel 

FM = [0.938 + (0.00675 x Vel - 0.9)(Tread - 2.33)] (SN40) 

{29+ [(Vel - 36.4)(75 - 135 Tread) - 3,600] (Text)}(WD) 

Vel = vehicle speed, mph; 
SN40 = basic friction value, ASTM skid number at 40 mph; 

Tread = tire tread depth, value 1 for smooth and value 2 for full-treaded tires; 
Text = pavement surface texture, in.; and 

WD = water depth on pavement surface, in. 

Gallaway (40) had already developed the following equation to determine water depth: 

WD = [3.38 x 10-3(~yo-u(L)o.43(l)o.s9(~)°"42]- T 

where 

WD = water depth above top of texture, in.; 
T = average texture depth, in.; 
L drainage path length, ft; 
I rainfall intensity, in./hr; and 
S cross-slope, ft/ft. 
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Table 2. Portland cement concrete finishes of field 
surfaces. 

Finish 

Number 

FL. __ 
F7 
F3 
Fl 
F2 
F6 
F4 

Description 

lllrrl® d<ll.: koolrol socttoi,) 
,Nn\u.rnl llbe r lm.u,1h 
Plastic bristle broom 
Plastic bristle broom 
Steel tines 
Burlap drag plus steel tines 
Steel tines 

Direction 

Louq'!ludlnnJ 
TrAJl'8'Y(U'8!t 
Longitudinal 
Transverse 
Transverse 
Longitudinal 
Longitudinal 

Avg 
Texture 
Depth" 
(In.) 

0,030 
0.04i 
0.046 
0.064 
0.070 
0,0B6 
0.094 

8 Determlned by putty Impression test. 

Figure 5. Equipment used for surface wetting and friction 
testing. 

Figure 6. Skid number versus speed on experimental 
surfaces. 
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Table 3. Rain simulation. 
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Figure 7. Skid number versus speed for selected tire on 
experimental surfaces. 
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Figure 8. Skid number versus speed on PCC field surfaces. 

z 
!!l 

0: .., 
ID 
::E 
::, 
z 
C 

i: 
"' 

ALL TIRES (! 24 P'i 
TREAD DEPTH = 10/32 In 
WATER lEPTH = I mm 

70 1----

50 

40 

30 

20 

0 
0 

Fl - TRANS. PLASTIC BRISTLE 
F2- TRANS. TINES 
F3- LONG. PLASTIC BRISTLE ..i,::=c.:.:._ __ , 

F4- LONG. TINES 

F5- BURLAP FOLLDWED BY L NG. TINES 
F6- BURLAP DRAG CONTROL 

F7- TRANS, NATURAL BRISTL • .:i-..:Bc..:R.:.US::;H;__ _ _ _ ~ 

20 40 

SPEED (MPH) 

60 

SECTION NO. 

f2 

23 



24 

Nomographs for the solution of these equations have been developed by Hankins and 
are presented in a current report (7). These relations give reasonable approximations 
for the available friction of a pavement under given rainfall conditions when the value 
of SN40 has been determined in accordance with ASTM E 274-70. 

Concerning the way in which the equation fit the data used in its development (data 
from 5 Texas A&M Research Annex test pads), Hankins (7) states: "The correlation 
coefficient was 92 with a standard error of estimate of 1.2 skin numbers indicating that 
the predicted available friction could vary from the measured available friction by :!:2.4 
skid numbers with a 95 percent confidence level." The authors think that these rela
tions can be productively used to predict available friction from values of SN40 until 
such time that a better relation, based on more comprehensive data, is derived. 

SUMMARY 

The initiation of design procedures for pavement friction would not invalidate the 
current AASHO procedures that are addressed most appropriately to common geometric 
situations. They will allow a more objective evaluation of any given geometric layout 
in the geometric design stage and allow the prediction of the amount of friction needed. 
The need for an unusually high friction would probably indicate the need for a geometric 
layout change, a change obviously more desirable during design than after construction 
is completed. The AASHO policy has assumed the availability of certain levels of fric
tion, and its assumptions are conservative with respect to the demands of the basic 
driving maneuvers considered. The major difference in the new approach is that dif
ferent maneuvers, including those needed in some emergency situations, would also be 
considered. For these less common maneuvers, we should also consider allowing 
some margin of safety in terms of available friction. 

The implementation of this concept of designing pavement friction will fulfill the 
highway engineer's obligation to drivers until such time that research and experience 
indicate that changes and refinements in the basic equations should be made. 

The use of these procedures, however, will not result in the elimination of wet
weather accidents, but will result in a significant reduction. The effect of rainfall 
on visibility (41) is probably one of the most influential factors in the number of wet
weather accidents. Wilson (42) found that, regardless of the speed posted, the average 
driver will not drive below 31fto 40 mph in a free-flowing traffic condition with visi
bility limited to 100 to 200 ft and that the distance allowed between vehicles is not de
creased at low traffic volumes. It could be concluded that the average driver is in the 
habit of driving unsafely during low visibility conditions. Moreover, our present social 
view is that driving is considered to be a right rather than a privilege, and drivers are 
licensed who are not prepared for normal driving situations, much less emergency con
ditions. Therefore, drivers will continue to have more accidents in the exceptional 
environment, i.e., wet weather, than they have under normal conditions. 

Although this situation will continue to detract from the effectiveness and safety of 
highways, it should not deter efforts to design and construct appropriate surfaces to 
meet the demand, in both normal and emergency conditions, for tire-pavement friction. 
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WET-WEATHER SPEED ZONING 
Graeme D. Weaver, Kenneth D. Hankins, and Don L. Ivey, 

Texas Transportation Institute, Texas A&M University 

Speed is a significant factor in many wet-weather skidding accidents. Es
tablishing wet-weather speed limits at certain locations, therefore, may be 
one way to reduce these accidents. This paper assimilates findings from 
various skid-research efforts to form a basis for equating the available 
friction at a site (pavement skid resistance) to the expected friction de
mand for selected maneuvers. Friction normally decreases as speed in
creases. Because the speeds in question are usually higher than 40 mph, 
the standard speed at which the skid number is determined, the change in 
available friction with respect to speed must be considered. Methods to 
accomplish this are discussed. The paper presents curves to determine, 
for various pavement frictions, the critical speed for hydroplaning, stop
ping maneuvers, cornering maneuvers, passing maneuvers, emergency 
path-correction maneuvers, and combined maneuvers. A design process 
to establish the wet-weather speed limit is discussed, and examples are 
presented to illustrate the use of the curves. 

•SPEED is a significant factor in many wet-weather accidents. Practically every 
driver realizes that he must reduce his speed when the roadway is wet if he is to 
maintain vehicle control. Unfortunately, the degree of speed reduction may not be 
readily apparent. 

Because the potential for skidding is so speed-sensitive, establishing wet-weather 
speed limits represents one procedure with which to attack the wet-weather skidding 
problem. Other corrective measures such as geometric improvements and intensive 
driver education are obviously warranted in many cases. However, these measures 
represent long-term objectives in the total skid-reduction program, whereas wet
weather speed zoning offers the possibility of relieving the immediate problem in pri
ority locations. 

Broadly stated, skidding accidents result from the dynamic interaction of 4 basic el
ements: vehicle, roadway, driver, and environment. Although simply stated, the 
problems posed by skidding accidents are complex. Many individual factors affect skid 
potential; thus, the problem is compounded greatly by the combined factors acting as a 
total system or sequence of events. 

Considerable research has been conducted on isolated factors to determine the in
fluence of each on skid potential. Friction or skid-resistance characteristics of pave
ments have been investigated both in the field and under controlled conditions. Projects 
recently completed investigated the relation of highway geometrics to vehicle skidding 
(1, 2, 3). The hydroplaning phenomenon has received considerable attention by NASA 
and- other agencies, and research is being conducted currently to study its relation to 
the vehicle skidding problem ( 4). 

The effects of vehicle tire condition, speed, pavement texture, and pavement skid 
numbers have been studied at accident sites. Extensive tests have been conducted to 
investigate the combined influence of water depth, tire condition, skid number, pave
ment texture, and speed(~. Vehicle suspension and steering charact_eristics are rel-
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atively new research targets. Although the solution to the problem cannot be considered 
complete, much information exists, and a significant portion of it can be implemented 
at this time. 

As a preliminary step toward reducing the toll of skidding accidents, the Texas leg
islature placed on the State Highway Commission the authority and responsibility to es
tablish reasonable and safe speed limits when conditions caused by wet or inclement 
weather require such action. According to the legislation, the establishment of wet
weather speed limits should be based on "an engineering and traffic investigation." A 
study (6) was recently completed by the Texas Transportation Institute having as its 
primary objective the assimilation of pertinent findings from various skid-related re
search efforts to provide an objective basis on which potential wet-weather accident 
sites can be analyzed and, hence, safe wet-weather speed limits may be determined. 

This paper presents the significant findings of that study. A basis is given for equat
ing the available friction at a site (pavement skid resistance) to the expected friction 
demand for selected traffic maneuvers including hydroplaning, stopping maneuvers, 
cornering maneuvers, and passing maneuvers. Also discussed is a design process to 
establish the wef-weather speed limit. 

FACTORS AFFECTING VEHICLE SKIDS 

Relation of Friction Availability and Demand 

The performance of desil'ed maneuvers is dependent on the existence of tire-road 
surface friction. The friction required (demand) by a vehicle to perform a given ma
neuver increases with speed. On the other hand, the friction available to the vehicle 
(skid resistance) at the tire-pavement interface normally decreases with increased 
speed. The relation between friction demand and friction availability is shown sche
matically in Figure 1 (7). Loss of control usually occurs when the friction demand ex
ceeds the friction avaiiable. The friction at the point where availability and demand 
are equal is defined in this report as "critical friction." It should be noted that the crit
ical friction for a given maneuver occurs at a critical speed. For speeds less than the 
critical speed, sufficient friction exists to perform the maneuver. The critical friction 
concept is used throughout this report as a basis for evaluating the individual factors 
that influence friction availability and the vehicle maneuvers that affect the friction 
demand. 

Available Friction 

A widely accepted measure of pavement friction is the skid number (SN) determined 
by the locked-whe l skid trailer traveling at 40 mph and using an internal watering sys
tem (ASTM E 274-70). In this report, SN (including the effect of speed) is assumed to 
be equivalent to available friction. Other studies (3, 7, 8) have shown this assumption to 
be reasonably valid for relatively steady-state cornering and stopping. Although it is 
well documented that individual tires can develop significantly higher friction forces in 
a braking or side-slipping condition, these maximum values can rarely be realized si
multaneously by all 1 wheels on a vehicle. Consequently~ the SN iB n.asumed to provide 
a reasonable approximation of the average friction available to the vehicle. 

Friction measurement by this method, however, is obtained at only one speed, 40 
mph. To reiterate, friction decreases with increased speed. Because the speeds in 
question here are usually higher than 40 mph, the change in available friction with re
spect to speed must be considered. The available friction, including the effects of 
speed, may be approximated by 3 methods: 

1. By conducting standard skid-trailer measurements at 20, 40, and 60 mph and 
determining the speed and SN relation graphically; 

2. By conducting the 20-, 40-, and 60-mph skid measurement with an external 
watering system ( 3); and 

3. By conducting standard 40-mph skid measurements and determining the applicable 
SN at other speeds by using curves similar to those shown in Figure 2. 
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Using the input factors of pavement surface texture, water depth, vehicle speed, and 
tire tread depth from Gallaway 's studies (5, 12), the Texas Highway Department devel
oped an equation to predict the available friction on wet pavement ( 6). Also, Gallaway 
(5) developed an equation to determine water depth on the pavementas a function of tex
ture, drainage length, rainfall intensity, and cross slope. Nomographs have been de
veloped to solve these 2 complex equations for various parameters. So that the deter
mination of available friction can be simplified for operational purposes, representative 
values have been selected for tire tread depth, pavement texture, water depth, and rain
fall intensity. For a texture of 0.050 in. (measured by the putty method), tire tread 
depth of %2 in., and average 85th percentile rainfall intensity of 0.14 in./hour, the 
speed-SN relations developed by the Texas Highway Department are shown in Figure 2 
( 6). Similar curves may be developed from the basic equations for any particular values 
of the individual factors. 

The available friction curves shown in Figure 2 were developed from skid data ob
tained under an external watering system (rain machine) rather than under the standard 
ASTM internal watering system. These curves more clearly reflect pavement charac
teristics under actual wet-weather conditions. The available friction curves are super
imposed on the friction demand curves in the remainder of this paper to permit deter
mination of critical speed. 

Stopping Maneuvers 

The ability to see the roadway ahead is vital to the safe and efficient operation of a 
vehicle. Although it is desirable to provide ample sight distance for practically un
limited passing opportunity, compromises must be made and the roadway must be de
signed to less than this optimum. General practice has been (9) that the minimum ac
ceptable design will provide at least sufficient sight distance to allow a driver to safely 
stop his vehicle before he hits an obstacle in his path. 

Rearranging the basic stopping distance equation and substituting a 2.5-sec 
perception-reaction time gives the following demand friction in stopping a vehicle 
within the available sight distance (2.): 

y ?. 
FN. = 0.3 (d - 3.67V) 

where 

FN. = demand friction number for stopping; 
d = available sight distance, ft; and 
V = vehicle speed, mph. 

(1) 

Figure 3 shows the relation of available friction and friction demand for stopping ma
neuvers. 

Cornering Maneuvers 

Findings in a recently completed research study (3) showed that the skid number pre
dicted by an ASTM locked-wheel trailer approximated the average lateral friction avail
able during a cornering maneuver provided that the skid number was considered a func
tion of vehicle speed. Thus, a reliable estimate of critical speed may be obtained from 
the standard centripetal force equation: 

where 

e = superelevation rate, ft/ft; 
f = coefficient of friction; 

V = vehicle speed, mph; nnd 
R = curve radius, ft. 

v2 
e + f = 15R (2) 
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Figure 1. Relation between friction demand and 
pavement skid resistance. 
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There is the provision that friction, f, be approximated by skid number and considered 
to be speed dependent. The friction demand for cornering, FN0 , may then be described 
by 

FN V 2 

100 + e = 15R (3) 

Figure 4 shows the lateral friction demand during traversal of nonsuperelevated 
highway curves for degrees of curvature from 0.5 to 20 deg (1). The variation of SN 
with speed is superimposed. The critical speed is established by the intersection of 
the applicable SN curve and the degree of curvature curve. 

The curves shown in Figure 4 are developed on a 0-superelevation basis to which ap
propriate correction factors may be easily applied for a desired superelevation rate. 
To include the effect of superelevation, the given demand curve, FN0 , is translated 
vertically by the amount of the superelevation expressed in percent. For example, if 
a 15-deg curve contained 0.05 positive superelevation, the 15-deg curve would be low
ered 5 units of FN as shown by the dashed curve in Figure 4. Similarly, the curve 
would be translated upward an equal amount if the superelevation were negative. 

The critical speeds determined from curves shown in Figure 4 represent allowable 
speeds provided the vehicle smoothly traverses the path of the highway curve. There
fore, Figure 4 should be used for spiraled transitions or at locations within a curve. 

Photographic studies of vehicle maneuvers on highway curves (1) indicated that most 
vehicle paths, regardless of speed, exceed the degree of highway curve at some point 
throughout the curve. Results of these studies indicated that the radius of path followed 
could be expressed by 

Rv = 0.524R + 268 

where 

Rv = vehicle path radius, ft; and 
R = highway curve radius, ft. 

( 4) 

A large percentage of the observed vehicles negotiated the minimum path radius at 
the ends of the curve near the transition between tangent and curve. Because the fric
tion demand at these locations is more stringent, critical speed should be determined 
on the basis of this minimum radius. When Rv is substituted in Eq. 3, the friction de
mand for cornering, FN0 , becomes 

y 2 
FNc = 0.786R + 40 .3 - lOOe (5) 

Figure 5 shows speed-friction relations for various degrees of curvature ( 1). It is sug
gested that these curves be used for determination of critical speeds on curves having 
abrupt transition regions at either end (non.spiraled curves and at ends of curves). 

Passing Maneuvers 

The passing maneuver may be one of the most critical nonemergency maneuvers per
formed on a 2-lane highway. Several characteristics combine during the passing ma
neuver to influence the demand friction: The maneuver is performed at relatively high 
speeds; the passing vehicle executes both pullout and return maneuvers against negative 
superelevation due to normal crown; and the maneuver involves combinations of forward 
and lateral acceleration. 

From studies of actual passing maneuvers on 2-lane highways (10), Glennon (2) de
termined frictional requirements for the critical portion of the passing maneuve:rbased 
on maximum lateral friction demand. Assuming an e value of -0.02 to represent the ad
verse pavement cross slope, Glennon developed the following relation for lateral fric
tion demand during the passing (pullout) maneuver: 
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(6) 

where 

FNP = friction demand number for passing, and 
V = vehicle speed, mph. 

Based on Kummer and Meyer's (11) relation between forward friction demand and speed 
for full-throttle acceleration of an American standard automobile, Glennon developed a 
demand friction-speed relation by using the vector sum of forward and lateral acceler
ation demand. The demand curve, shown in Figure 6, is based on Glennon's results 
but does not include his safety margin (~). 

Emergency Path-Correction Maneuvers 

Drivers are occasionally required to perform corrective maneuvers to avoid leaving 
the roadway. Although it is not feasible to satisfy the more severe frictional require
ments such as might be imposed in attempts to regain control after a violent swerve, 
the demand friction to correct minor encroachment paths should be considered, par
ticularly on tangent sections. 

Glennon (7) calculated frictional requirements for emergency path corrections under 
several conditions. He concluded that the friction demand was highly sensitive to the 
encroachment angle and the initial distance from the edge of the roadway. Assuming a 
-0.02 cross slope, Glennon developed the following friction demand for path correction 
(Fig. 7): 

v2 (1 - cos e) 
f = 15 (W - 1.47V sin 6) + 0.02 

where 

V = vehicle speed, mph; and 
e = encroachment angle, deg. 

Hydroplaning 

(7) 

Numerous factors influence the hydroplaning potential; the more significant are 
pavement texture, speed, water depth, tire inflation pressure and tread depth, and 
wheel load. Martinez, Lewis, and Stocker (4) considered these influencing factors on 
a portland cement concrete and a bituminous pavement. 

Although no single critical speed is appropriate for the range of pavement, tire pres
sure, and tire parameters investigated, it is obvious that partial hydroplaning and thus 
some loss of vehicle control results at speeds significantly below the speed limit on 
most major rural highways. No critical speeds lower than 40 mph were found. The 
approximate median value for all parameters investigated resulted in a 50-mph critical 
speed, and this speed could be increased by providing a high surface macrotexture. It 
is suggested that critical wet-weather speed for hydroplaning be determined from curves 
shown in Figure 8. 

Combined Maneuvers 

Many common maneuvers include some combination of acceleration, braking, and 
cornering. The total friction demand may be determined by vector summation of the 
friction demand for the individual maneuvers. The following example illustrates the 
manner in which the critical speed may be determined for a combination maneuver. 
The maneuver involves combined braking and cornering such as might be experienced 
at an exit ramp to a stop-controlled service road. 

Engineering studies revealed the following site characteristics: 

1. Available friction, FN, 30; 
2. Available stopping sight distance, SD, 400 ft; and 



Figure 4. Critical speed for smooth transition on nonsuperelevated 
horizontal curves. 
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Figure 7. Critical speed for emergency 
path corrections on 2-lane highway_ 
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3. Spiral transition curve on ramp to a 20-deg maximum curvature with no su
perelevation. 

The procedure is as follows: 

1. Make an initial assumption of critical speed, say VO = 30 mph. 
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2. From Figure 4 (or Figure 5 for abrupt transition) and the friction demand curves, 
determine the friction number demand for cornering, FN0 , by using the assumed speed, 
VO • As shown by the dashed line in Figure 4, FN0 = 22. 

3. From Figure 3, determine the friction number demand for stopping, FN., by 
using the assumed speed, V0 • As shown by the dashed line in Figure 3, FN. = 10. 

4. Compute the total friction demand number for the combined maneuver, FNt. The 
total friction demand is the vector sum of the cornering demand, FN0 , and the stopping 
demand, FN2. 

= ./<22)2 + ( 10)2 

= 24.2 

5. Because FN0 , FN,, and, hence, FNt are dependent on the assumed speed, the 
resultant interaction point (point having coordinates V0 , FNL) must be located in Figw·e 
2. Il the point lies above the available friction curve applicable to the site (in this case, 
the SN4o = 30 cm·ve) a lower initial speed, V0 , must be assumed, and the above process 
(steps 1 through 4) repeated. Similarly, if the point lies below the applicable available 
friction curve, a higher speed, V0 , must be assumed, and the process repeated. The 
critical speed (the speed at which the point falls on the applicable SN-versus-speed 
curve) may be closely approximated in 2 or 3 trials. 

6. Plotting the interaction point having coordinates V0 = 30 and FNt = 24.2 on Fig
ure 2 reveals that the point lies slightly below the applicable SN4o = 30 curve (point A, 
Fig. 2). Therefore, a higher speed, V0 = 35 mph was assumed, and the process was 
repeated. For V0 = 35 mph, FN0 = 30 (Fig. 4), FN, == 15 (Fig. 3), and FN~ == 33.5. The 
interaction point (coordinates 35, 33. 5) is plotted as point B in Figure 2 and lies slightly 
above the SN40 = 30 curve. A straight line between points A and B indicates a critical 
speed for the combination maneuver of approximately 32 mph (speed at point C). 

WET-WEATHER SPEED ZONING 

In many instances, the safe wet-weather speed must be less than the existing 70-mph 
statewide posted speed where the available friction simply does not provide the capabil
ity of performing certain maneuvers at 70 mph. Thus, if speed reduction is the single 
criterion, the problem is one of establishing, at these points, a reasonable wet-weather 
speed that is compatible with available friction. 

The primary advantage of wet-weather speed zoning at selected sites is that it offers 
a method to alleviate the most hazardous locations (those that exhibit a history of skid
related accidents) on a priority basis. Although introduction of a statewide wet-weather 
speed limit would probably represent the most expedient attempt to reduce traffic op
erating speed during inclement weather, it offers one distinct disadvantage: The speed 
limit on all highways would be dictated by the safe wet-weather speed on lower quality 
highways. Thus, under blanket speed control, the speed would be reduced unnecessarily 
on many highways that provide surfaces and geometrics less susceptible to skidding. 

The process outlined in the research (6) report for determination of the safe wet
weather speed limit involves equating the -available friction at the selected site to fric
tion demand for traffic operational maneuvers expected at that site. Therefore, cer
tain engineering characteristics of the site must be known from which the available 
friction may be determined. Similarly, certain traffic operating characteristics must 
be determined. A critical speed is determined for each expected maneuver. The speed 
limit will be governed by the expected maneuver producing the lowest critical speed. 
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Several examples are presented to illustrate the design process for establishing the 
wet-weather speed limits at sites exhibiting different engineering and expected traffic 
operating characteristics. 

Determining Wet-Weather Speed Limit on Tangent Section 

The following site characteristics are assumed: 

1. SN4o = 40; 
2. Sight distance, SD = 700 ft; 
3. Highway section is level tangent and has no paved shoulders; 
4. Pavement texture = 0.05; and 
5. Pavement exhibits good drainage with no evidence of rutting or ponding. 

The procedure is as follows: 

1. Identify the traffic maneuvers (stopping, passing, and emergency correction) 
that would be expected at the site. (Because the site is a level tangent section, corner
ing or combination maneuvers would not be expected. Therefore, critical speeds for 
these maneuvers would not be applicable at this site. Similarly, because there is no 
evidence of rutting or ponding and good drainage is provided, critical speed to produce 
hydroplaning is not applicable at this site.) 

2. From Figure 3, the critical speed for a stopping maneuver (SN4o = 40, SD = 700 
ft) is 59 mph. 

3. From Figure 6, the critical speed for a passing maneuver (SN4o = 40) is 51 mph. 
4. From Figure 7, the critical speed for an emergency path correction (SN4o = 40, 

no paved shoulders) is 52 mph. 
5. The lowest critical speed from steps 2, 3, and 4 is 51 mph, governed by friction 

demand for a passing maneuver. 
6. Rounding off to the nearest 5-mph increment, the wet-weather speed limit would 

be 50 mph. 

Determining Wet-Weather Speed Limit on Horizontal Curve 

The following site characteristics are assumed: 

1. SN40 = 35. 
2. Horizontal curvature = 3 deg with an abrupt transition from tangent section to 

the circular curve (that is, no spiral was used at the transition). 
3. Superelevation, e = 0.05 percent. 
4. Seal course pavement surface is slightly flushed in the wheelpaths. The texture 

in the wheelpaths is 0.020 and 0.065 other than in the wheelpaths. The flushed wheel
path is considerably wider throughout the curve than on the tangent approach. 

5, The pavement grade is 0.4 percent. 
6. The pavement surface is slightly rutted in transition area from normal crown to 

superelevated section. Based on string-line measurements of rut depth, observations 
of a flat area in the superelevation transition, and the differential texture between the 
wheelpath and surrounding Rurfa.~f\ P.xpected water depth is approximately 0.160 in. 

7. Sight distance, SD, is more than 1,000 ft. 

The procedure is as follows: 

1. Identify the traffic maneuvers (passing and cornering) that would be expected at 
the site. 

2. Because appreciable water depths are expected and rutting is evident, the critical 
speed for hydroplaning should be determined. 

3. Because adequate sight distance is available, stopping maneuvers are not critical. 
4, From Figure 5, the critical speed for cornering (SN4o = 35, D = 3 deg, e = 0.05) 

is more than 70 mph. 
5. From Figure 10, the critical speed for hydroplaning (texture = 0.02, water 

depth = 0.160 in.) is 40 mph. 
6. From Figure 6, the critical speed for a passing maneuver (SN4o = 35) is 45 mph. 

-;.. 
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7. The lowest critical speed determined in steps 4 through 6 is 40 mph, governed 
by hydroplaning. 

8. The wet-weather speed limit would be 40 mph. 
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SKID RESISTANCE TESTING FROM 
A STATISTICAL VIEWPOINT 
T. D. Gillespie, W. E. Meyer, and R. R. Hegmon, 

Pennsylvania Transportation and Traffic Safety Center, 
Pennsylvania State University 

Standards of minimum skid resistance for highway pavements must be 
compatible with the limitations of locked-wheel skid testers and skid re
sistance characteristics of the highways. Variance of skid testing data 
arises from the testers, test tires, and pavements. The magnitude of each 
source is illustrated, and some of the causes are explained. The influence 
of the variance is examined with respect to the confidence of skid test data 
in repeat and survey modes; the point is made that a large number of tests 
should be conducted whenever possible. It is concluded that the reduction 
of variance due to the tester and the test tire, though desirable, will not 
eliminate the need for statistical methods in skid test data analysis. The 
way in which minimum skid resistance standards should be defined is dis
cussed as is a proposed method by which statistical uncertainty can be re
flected in the interpretation of results from survey testing. 

•A UNIFORM method for measuring pavement skid resistance has long been needed. 
The locked-wheel pavement skid tester has become accepted in the United States as the 
best current means of skid resistance measurement. The Federal Highway Administra
tion is expected to soon adopt a set of minimum skid resistance requirements applicable 
to all highways that fall within the purview of the National Highway Safety Program 
Standards. Individual states will be required to conduct surveys to achieve these stan
darcts.- As this time approaches, there is need to consider in detail how the standards 
must be defined to be compatible with the performance limitations of the tester and 
with the skid resistance characteristics of the highways. 

MEASUREMENT STANDARD OF SKID TESTERS 

The locked-wheel skid tester is a measuring device that is not entirely precise and 
accurate. That is illustrated by the use of a micrometer to measure a particular di
mension of a machine part. If a large number of measurements are made, they will 
not all be identical, but will be distributed (usually normally distributed) about some 
mean that can be calculated from the individual measurements. If, with an infinite 
number of tests, the mean of the measurements is equal to the "true" dimension as 
determined from a reference standard, the micrometer is accurate. Whether accu
rate or not, the spread of the measurements is indicative of its precision. An NCHRP 
project (1) and the FHWA Area Reference Center Program formally address them
selves to-the problem of skid tester accuracy. Though accuracy and precision are in
terrelated, the following discussion will be primarily addressed to the problem of pre
cision. 

The precision of a skid tester relates to its ability to reproduce data in a number of 
repeat tests. Repeat tests here refer to any number of tests on the same pavement and 
under the same conditions during one continuous effort, aside from day-to-day tester 
variability, variability of test tires, and other such factors that may also be considered 
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in the category of accuracy problems. In repeat tests, the data exhibit either sys
tematic or random variations; the latter are usually distributed normally about a mean. 
The standard deviation or variance (which is the square of the standard deviation) is 
used as a measure of the precision; for a normal distribution, 68 percent of the data 
points fall within ±1 standard deviation of the mean, and 95 percent of the data points 
fall within ±2 standard deviations. 

Because of variability it is only possible to determine the true mean obtained by the 
tester or the true skid resistance as measured by that tester by taking an infinite num
ber of tests. (The true means obtained by different testers will also differ because of 
systematic errors that affect their accuracy.) Fortunately probability theory provides 
an alternate approach, which is more practical and economically acceptable than con
ducting an infinite number of tests. Using statistical methods, one can draw inferences 
about the tester's true mean from only a limited number of skid tests. 

Any finite number of random tests has a mean value that is probabilistically related 
to the mean of an infinite number of tests; the closeness and certainty of the relation 
are determined by the variance of the data and the number of tests. That is, the less 
variance in the data and the larger the number of tests are, the closer the sample mean 
is expected to be to the true mean. 

One way to express this relation is shown in Figure 1 (2). For a given number of 
tests, Figure 1 shows the confidence interval of the data mean when the standard devi
ation of the tester has been estimated. The standard deviation of the tester is obtained 
from a reasonably large number of similar tests while the measured parameter (i.e., 
pavement skid resistance) remains constant. The confidence coefficient (0.90) and 
probability (0.90) used in constructing these curves were selected because they yield 
practical sample sizes and reasonable ranges that subjectively agree with typical tester 
behavior. The choice of higher or lower values has a marked effect on the location of 
the curves and the implied relation, suggesting the need for further research in this 
area. 

Nevertheless, if this graph is accepted for purposes of illustration, a simplified 
though approximate interpretation is that, for a given set of test data, one may be 90 
percent confident that the true mean of the tester is within the indicated interval of the 
data sample mean. 

Thus, it is demonstrated that the locked-wheel tester can provide only an estimate 
of skid resistance. This statement applies to any measuring device; however, it car
ries particular significance with respect to the practical employment of locked-wheel 
skid testers. 

Table 1 gives data taken by 6 testers in 10 repeat tests at the same location on a 
pavement during a skid-tester calibration and correlation study (3). At other speeds 
(30 and 60 mph) the standard deviations for the indi victual testers changed significantly, 
although the data spread over all testers remained at about the same magnitude. The 
standard deviation of each tester was estimated by the standard deviation given in Table 
1 on the basis of 10 tests. Figure 1 shows that the best tester is 90 percent confident 
of obtaining a mean skid number within 0.6 SN of its true mean; the poorest tester is 
only within 2 .4 SN. 

The data given in Table 1 were assembled from the tests of 6 typical testers operated 
under closely controlled conditions. The average standard deviation for all 6 testers 
is approximately 2 SN and may be considered to be representative of typical testers in 
use today. Applying this standard deviation to Figure 1, one can see that at the stipu
lated confidence level a typical tester can only be expected to measure a mean skid 
number within 2 .5 SN of its true value for 5 tests and within 1.5 SN for 10 tests. On a 
percentage basis, these figures translate into roughly 6 percent and 4 percent for 5 and 
10 tests respectively on pavements such as those on which Table 1 data are based. 
Practically, these values may be taken as an indication of the accuracy of a tester in 
determining the skid resistance of a particular pavement location relative to the num
ber of tests that are made. 

According to the data shown in Figure 1, the best skid resistance data are obtained 
when a large number of tests are made wit.h a tP.stfir having a low standard deviation. 
The key question then becomes, What are the sources of data variance, and how can 
they be controlled? 
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The answer is that variance of skid test data has many sources that can be grouped 
into 3 major sources: pavement, test tire, and tester. Within each of these, the vari
ance includes influences from sources such as the operators, test procedures, and 
data evaluation methods. Figure 2 shows data from several series of tests that illu
strate the magnitude of the variance from each of the 3 major sources. On a specific 
pavement site 50 tests were run with an ASTM E 249 test tire and a commerical steel
belted radial tire. The reduction in standard deviation between the first 2 series of 
tests was attributed to the greater uniformity of the steel-belted test tire. Tests with 
the ASTM tire on a textured steel plate yielded a reduction in standard deviation, sug
gesting a reduction in pavement variability. In this case, the downward drift of the 
data with successive tests was accommodated by using a sloping "best fit" control line 
because the metallic surface was visibly burnishing. Finally, the steel-belted tire 
was tested on the textured steel surface and yielded an even smaller standard deviation. 
Regarding this last test condition, it may be concluded that both the ASTM test tire and 
the pavement (even in repeat tests at the same location) each roughly double the spread 
of the test results. 

The tests described illustrate the nature of data variance and the typical magnitudes 
of the influence from pavement, test tire, and tester. To expect all users to run such 
extensive tests with locked-wheel skid testers is both impractical and unnecessary. 
Because all survey work must be done with the ASTM test tire, the standard deviation 
of interest is that of the tester and the tire combined. 

To obtain an estimate of the standard deviation for a tester with test tire would re
quire at least 50 tests to be conducted on the most uniform available pavement sites. 
The pavements should have adequate side slope to prevent water accumulation; how
ever, complete drying of the site between tests is impraclical because the lime for tests 
would become excessive. The testing rate should not exceed 1 test per minute. If a 
data drift is observed that can logically be attributed to changes in test conditions (and 
can be substantiated by control tests), a best fit straight line may be applied to the data 
as was done in the cited example (Fig. 2). 

The tests should be conducted over a variety of surfaces and speeds representative 
of those found in routine testing. If th-3 standard deviations obtained are clearly and re
peatably functions of speed or friction level, they may be applied accordingly. 

The standard deviation thus obtained is still only an estimate and applies to the com
bination of tester and tire. The actual deviations should be kept to a minimum by main
taining test tires in good condition and discarding those that have been dry skidded or 
have become visually nonuniform. Similarly, operators have an influence on the data, 
especially through the procedures used . Every effort should be made to maintain con
sistency of performance through accurate speed holding, controlling lateral placement 
of the tester, and consistently evaluating skid records. Good tester design and high 
quality equipment are essential in keeping variability to a minimum. Consistent water 
system performance and low drift in the gain and zero of the instrumentation are im
portant in this respect. 

PAVEMENT FRICTION VARIANCE 

The discussion thus far has dealt with skid-tester variability and its influence on 
the confidence interval of the skid resistance determined by sampling at just one pave
ment site. However, the friction of a pavement varies laterally, longitudinally, and 
temporally. The last factor affects the ultimate level of significance in a skid resis
tance survey, but for now the interest may be confined to the first 2 factors. 

Figure 3 shows typical skid number profiles across 2 typical pavements. The pro
files were obtained by averaging the skid numbers from 10 longitudinal pavement sites 
when the lateral position was closely maintained with a tracking device. Though not 
shown by the average, typical variations as large as 20 percent were observed at in
dividual longitudinal locations when the tester moved into or out of the wheel track. 
For this reason, close control of lateral position in skid resistance testing is impor
tant. A skilled and experienced driver can keep variations due to this source to a 
minimum but cannot eliminate them because, as shown by the graph, a 10-in. deviation 

--



Figure 1. Statistical relation of number of 
skid tests and confidence interval associated 
with data mean. 
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Figure 2. Repeatability tests with 2 tires and 2 
surfaces. 
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Table 1. Repeat data for 6 testers at test speed of 40 mph. 

Tester 

Test 2 s 4 5 6 

1 48.2 55.7 47.9 46.5 46.0 40.0 
2 48.2 48.7 44.8 42.0 46.0 40.0 
3 49,3 49.7 45.8 43.5 52.0 39.0 
4 47.1 51.7 49.9 42.0 46.0 40.5 
5 49.3 48.7 49.4 46.5 42.0 39.5 
6 52.4 51.7 44.3 44.5 49.0 41.0 
7 48.2 48.7 47.4 42.0 44.0 41.0 
8 50.2 49.7 46.3 48.5 46.0 41.5 
9 49.1 49.7 44.3 50.0 48.0 40.5 

10 50.7 44.8 46.0 39.0 

Mean 49.11 50.50 46.49 45.05 46.50 40.20 
Standard 

deviation 1.525 2.149 2.074 2,99 2.718 0.856 

41 



42 

from the intended path can produce a 2 to 3 percent variation. Because of the problem 
of wheel track detection and tester control, lateral placement errors are an ever
present cause of variance in survey testing data. 

Figure 4 shows the skid number profile measured longitudinally along 3 miles of a 
2-lane highway that has few access points. The tests were run so as to eventually ob
tain 20 evenly spaced data points per mile. The pavement was homogeneous in age, 
design, and construction method. The data suggest that the pavement is frictionally 
homogeneous because no noticeable trend appears even though the data vary over a 30 
percent range. On the other hand, the homogeneity would not have been apparent had 
only 5 or 10 consecutive tests been made, for example, between test numbers 25 and 35. 

The element of risk or chance in skid testing can be illustrated by closer examina
tion of the data shown in Figure 4. Table 2 gives the means, standard deviations, and 
confidence intervals for the case in which either 3, 5, 15, or 64 tests are conducted 
over the test distance. For the cases with 3, 5, and 15 tests, the data points are se
lected at uniform intervals from the sequence of 64 points to simulate the way data 
migh,t be acquired in routine testing. Neither the means nor the standard deviations 
show a clear trend but are statistically a result of pure chance. The fact that the 
standard deviation for the case of 15 data points is less than that for 64 is a result of 
chance and demonstrates the risk involved in estimating the standard deviation from a 
limited amount of data. When, however, the statistical significance of the data is con
sidered and the confidence interval is determined (by using Fig. 1), the importance of 
a large number of tests becomes obvious. 

The data given in Table 2 were obtained with a locked-wheel tester using an ASTM 
test tire so that the calculated standard deviations include the composite of tester-tire 
and pavement variability. Assuming the variances do not interact, the standard devia
tions combine according to the relation 

where 

s 0 = composite standard deviation, 
Sr = tester-tire standard deviation, and 
Sp = pavement standard deviation. 

Using 2 .0 SN as a conservative estimate of the tester-tire standard deviation, the 
pavement standard deviation can be computed and is given in the last column in Table 2. 
From the set of 64 tests for which the statistical confidence is highest, the pavement 
contribution to the test data variance is greater than that of the tester-tire combination. 
Thus, even when testers and test tires have been improved to the point where they be
come insignificant as sources of variance, the statistical problem in skid resistance 
surveying will remain because of the nonhomogeneous nature of the pavements. 

From the standpoint of homogeneity, the pavement used as an example is typical and 
far better than many encountered in skid resistance surveys. Yet, to obtain an esti
mate of pavement skid resistance that has a precision of 3 or 4 percent (in this case 
less than a 2 SN confidence interval) requires far more than 5 tests specified as mini
mum in ASTM Method E 274-70. On the other hand, there is a practical limit to the 
number of tests that can be accomplished with a single tester in routine use. Figure 5 
shows the mean skid number, standard deviation, and confidence interval versus the 
number of tests for tests conducted according to the ASTM Method E 274-70 and at the 
rate of 4 tests/min. The mean skid number, standard deviation, and confidence inter
val values are cumulative from the first to the nth test so that the values at the nth 
test are the result that would have been obtained if testing had been discontinued at that 
point. 

The 4-tests/min rate is high enough that tire heating occurred and caused a down
ward trend in the skid resistance data. A similar effect might just have well been ob
served on a pavement that is nonhomogeneous. The trend shows up as a downward drift 
in the mean skid number and an eventual upward drift in the standard deviation. The 
confidence interval itself starts high and settles down, in this case a little faster than 

= 
iiii -



43 

expected because of a chance low point in the standard deviation. In theory, the confi
dence interval will continue to decrease with increasing number of tests such that the 
data mean is expected to approach the true mean of the tester. In this case, as in 
others that will occur in practice, systematic changes in test conditions take place in 
the course of the testing and, thus, prevent the confidence interval from approaching 
zero. A total of 10 or 20 tests appears to represent the point of diminishing returns. 
A data drift as shown in Figure 5 might also arise from pavement nonhomogeneity, and 
the more complicated problem of defining homogeneous test sections would be raised. 

CONCLUSIONS 

From the discussion of the application of statistical methods to the problem of vari
ability in skid testing and some typical examples of actual tests, certain conclusions 
can be drawn about the limitations of using the locked-wheel method for skid resistance 
measurement. 

1. The skid tester-test tire variance is of the same order or somewhat smaller than 
the variance of typical pavements. 

2. Even if skid tester and test tire variances could be eliminated, the necessity of 
statistical analysis of skid test data remains because of the variance in pavements 
themselves. 

3. The optimum number of tests is a compromise between precision and practical
ity. The point of diminishing returns appears to be about 10 to 20 tests per test sec
tion. 

4. The practical limit of precision in skid testing appears to be typically 3 to 4 per
cent and to depend primarily on pavement homogeneity and obtaining a statistically sig
nificant number of tests . 

5. Precision skid resistance data in short pavement sections or at discrete locations 
cannot be obtained without multiple passes through the test section to achieve statistical 
validity of the data . 

SETTING MINIMUM SKID RESISTANCE STANDARDS 

In the establishment of minimum skid resistance standards, 2 factors must be rec
ognized: Skid resistance cannot be determined to an arbitrarily high degree of pre
cision, and the definition of requirements in terms that necessitate discrimination of 
skid resistance at discrete pavement locations will greatly increase the effort involved 
in testing. 

In the final analysis the standards must recognize traffic demands created by factors 
such as grades, curves, speed limits, and intersections and must likewise allow for 
skid resistance determination wherever possible by averaging from a large number of 
tests. 

The suggested method is to define skid resistance standards by categories based on 
the design standards of each test section as measured by the criteria for design of 
curves, grades, shoulders, speed, and other factors that affect traffic friction require
ments. The acceptability of a given highway would then be determined by comparison 
of the mean skid resistance, reduced by a weighted portion of the associated confidence 
interval, and the minimum requirement. 

Methods that require discrete minimum friction levels in individual curves or other 
traffic situations have been postulated. To include the degree of refinement that recog
nizes singular locations of low skid resistance level or high traffic demand will require 
adoption of repeat testing methods and will increase the effort required in survey test
ing by an order of magnitude. 

APPLICATION TO SKID RESISTANCE SURVEYS 

Extensive effort is required to ensure high statistical confidence in all skid resis
tance surveys. A logical alternative is to conduct 2 surveys : a general survey to iden
tify highway sections suspected of failing to meet minimum requirements and a pre
cision survey of the suspected sections to obtain the precision dala necessary for final 



Figure 3. Average lateral profiles for 2 highways. 
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judgment on compliance with requirements and to determine the maintenance action 
r equired. 
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Judgment of individual pavement sections might be done in both types of s ur veys in 
the fashion shown in Figure 6. Rather than consider only the skid number means one 
should, it is suggested, consider the mean minus one-half the confidence interval. The 
sldd resistances of surfaces A and B are clearly above the minimum requirement and 
may be judged adequate even though they differ in mean and confidence interval. Even 
when the confidence interval is large because of a low number of data points, such as 
on surface A, further testing is not required. Surfaces E and F have means that are 
r espectively above and below the minimum r equirement. Surface Fis clearly sub
s tandard, and s urface E should likewise be considered substandard because the confi
dence interval indicates that portions of it are substandard. If the confidence interval 
in this latter case is large because of a low number of test data, a precision survey 
is called for. The larger number of data points may possibly reduce the confidence in
terval enough so that the mean minus one-half the interval will no longer fall below the 
minimum standard. 

Surfaces C and D are more difficult to judge because of the closeness of their skid 
nwnber means to the minimum requirement, and the judgment must take into account 
other phenomena in skid resistance testing. For instance, temperature and seasonal 
effects are known to influence sldd resistance, and the effects are variable throughout 
the country. If it is postulated that surface must be adequate at all times, a seasonal 
tolerance based on empirical knowledge of such effects in the local geographic area can 
be added to the minimum and used to adjust the requirement. As illustrated, this would 
make surfaces E and F clearly substandard. 

In the general survey, the suggested criterion for identifying suspected substandard 
surfaces is whether the sldd number mean less one-half its confidence interval falls be
low the adjusted requirement. For such surfaces, precision surveys should then be 
conducted during that portion of the test season when the minimum skid resistance pre
vails. 

A frequent second objective in skid resis tance surveys is predicting when highways 
will reach substandar d skid resistance levels , and statistical methods can also be used 
for that. The use of data means with confidence intervals can be implemented in exist
ing procedures, thereby placing the predictions on a more rational basis because the 
data variances can be transformed into variance on the predictions as well. 

In this paper no attempt has been made to set statistical criteria for methods in the 
use of locked-wheel skid testers or for decisions on pavement skid resistance adequacy. 
The criteria used in the discussions illustrated how and why pavement skid resistance 
is a statistical quantity. The valid use of skid resistance data requires statistical 
methods, and it is hoped that its importance and some potential methods may be recog
nized. 
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PAVEMENT ROUGHNESS: MEASUREMENT AND EVALUATION 
Rnlands L. Rizenberg~, James L. Burchett, and Lurry E. Do.via, 

Bureau of Highways, Kentucky Department of Transportation 

Vertical accelerations of a passenger traveling in an automobile on a sec
tion of road at 51.5 mph (23.0 m/s) are automatically summed. A rough
ness index is obtained by dividing this sum by the time elapsed during the 
test. Continuity in measurements since 1957 has been preserved through 
correlations among successive vehicles involved and reference pavements. 
In general, bituminous construction has smoother riding surfaces than con
crete construction. The smoothness of concrete pavements, however , has 
improved on those projects where slip-form paving was used. Interstate 
highway and parkway construction continues to yield smoother pavements 
than other major construction. The rate of increase in roughness was 
found to be different for each pavement type and varied according to the 
original or as-constructed roughnP.sS of the pavement, structural number, 
and type of highway facility involved. 

•IN EARLY road-roughness testing in Kentucky, local irregularities in pavement pro
files were detected by a roller type of straightedge . Although this method continues to 
be used to control construction tolerances , i t was r ecognized in the early 1950s that a 
rapid method of recording profile characteristics more closely associated with riding 
quality was needed. Attention was then directed toward the response of a vehicle trav
eling on a highway at a normal speed. Various parameters associated with vehicles in 
motion were investigated; this led to the adoption of a triaxial arrangement of accel
erometers mounted on the chest of a test passenger. Multichannel recording equipment 
was l.nslalled in an automobile to record passenger accelerations (1). A number of 
analytical approaches were tried (2). Finally, it was decided to sum the area under the 
vertical acceleration trace only and to express this measurement in terms of a rough
ness index (3, 4). The manual method of analysis was both tedious and time -consuming. 
Subsequentli instrumentation was added to automatically sum the vertical accelera
tions. This automatic sys tem enabled an exb:msive survey program. Several variables 
affecting the results were investigated, and test procedures were developed to minimize 
their influences (5). Subsequent investigations have been concerned with the frequency 
content of vertical accelerations and the contribution of various frequencies to the 
roughness index. Test sedans were periodically replaced. Each change required a 
correlation between the old and the replacement vehicle. 

Roughness measurements were obtained on more than 50 representative bituminous 
and concrete paving projects completed before 1957. Those projects have been re 
tested periodically. Major bituminous and concrete paving projects completed since 
1957 have also been added to the testing program and periodically retested. Projects 
largely involved Interstate highways and parkways (expressways). By 1970, 234 proj
ects were being monitored for roughness. 

Measurements were used to evaluate quality of workmanship and construction, to 
quantify rates of deterioration, and to identify contributing causes. Roughness indexes 
were related to service age, cumulative traffic, and equivalent axle loads (EAL). 

Publication of this paper sponsored by Committee on Surface Properties-Vehicle Interaction. 
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AUTOMOBILE METHOD OF RIDE-QUALITY TESTING 

Instrumentation 

The automatic roughness-measuring system (ARMS) is shown in Figure 1. The ac
celerometer is powered and balanced by circuits in the control console. The output 
signal is amplified and rectified by a selenium bridge and integrated by a solion cell. 
The integrator output is read on a de digital voltmeter, which is also used for monitor
ing the ARMS in performing component adjustments and for calibrations. A recorder 
provides a chart for visual field or laboratory inspection. Figure 2 shows the instru
mentation installed in the automobile and the test passenger with the accelerometer on 
his chest. 

Procedures 

Pressure in the tires was adjusted to 24 lb/ in.2 (1.7 kg/ cm2
) when cold and did not 

exceed 28 lb/ in; (2.0 kg/ cm2
) during a test; the gas tank was at least half full. The in

strumentation power was turned on at least 10 minutes prior to testing to allow for ade
quate warm-up. Temperature in the vehicle was maintained at about 75 F (24 C). The 
accelerometer was balanced and calibrated; integrator output was nulled, and a full
scale calibration was performed. 

The test passenger, of medium build and frame and weighing 150 to 170 lb (68 to 77 
kg), was seated erectly, but relaxed, in the right front seat of the test vehicle with his 
arms resting in his lap. The accelerometer, mounted on an aluminum platform, was 
suspended from a cloth strap looping over his shoulders and behind his neck and rest
ing against his chest. A mirror mounted on the right sunvisor permitted the test pas
senger to view a bubble level on the mounting platform to maintain the proper position
ing of the accelerometer. 

Sufficient starting distance preceded the test section to permit the vehicle to attain 
the test speed, normally 51.5 mph (23.0 m / s). At the end of each test excursion, the 
integrator output and elapsed time were recorded, and, by substitution into the ap
propriate equation (6), a roughness index (RI) was calculated. If a retest yielded an 
RI differing by more than -i:4 percent, the pavement was retested. The closest values 
were averaged. Roughness measurements were not conducted under rainy or wet con
ditions or at temperatures below 45 F (7 C). 

Vehicle Replacements 

During the past 13 years, 3 full-sized Ford sedans have been employed in roughness 
testing: a 1957 Ford from January 1957 to May 1963, a 1962 Ford Galaxie from May 
1963 to July 1968, and a 1968 Ford Galaxie from July 1968 to the present. Odometers 
in the first 2 vehicles at the time of retirement from roughness testing indicated ap
proximately 90,000 miles (145,000 km). 

Each vehicle replacement required a correlation of roughness measurements obtained 
with the old and replacement vehicles. Test sections of both flexible and rigid pave
ments were selected to represent pavements with excellent to poor ride qualities. The 
correlation in 196 3 was primarily conducted on 2-lane roadways that exemplified the 
prevailing routes of travel. By 1968, emphasis in roughness testing was shifted to 
Interstate highways and parkways, and correlation between vehicles, therefore, was 
conducted on those projects. Consequently, the range in pavement roughness was 
greatly reduced, and pavements having very high RI values were no longer available. 

Results of vehicle correlations in 1968 are shown in Figure 3. Separate linear re
gression equations were warranted for each pavement type. Because of the high ve
hicle correlations, periodic replacement of the test automobile has not perceptibly af
fected continuity in roughness measurements. Equations used in calculating the rough
ness index incorporated, among other considerations, differences in ride quality of the 
automobiles. Thus, all measurements are relative to the original test vehicle. 



Figure 1. Automatic roughness-measuring system. 
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Tire Replacement 

Tires on the test vehicles were replaced with identical kind. The new tires were 
preconditioned on the test automobile, or another sedan, for at least 500 miles (800 km) 
prior to their use in roughness testing. The front end of the automobile was then in
spected and aligned, and the tires were balanced. Tires were not permitted to wear 
below 1/a in. (3.2 mm) tread depth and were replaced when flat spots, out-of-roundness, 
or any other defects were detected. Performance of replacement tires was checked on 
reference surfaces. 

Reference Surfaces 

The dynamic response of the test vehicle was continuously monitored to achieve re
liable roughness measurements. Deterioration of the suspension system or tires af
fects test results and may introduce serious errors. Two low-traffic roadway sections, 
one bituminous and one concrete, were selected as reference surfaces and periodically 
tested. 

The addition or removal of weights from the vehicle was found to be the most ex
peditious procedure by which to alter test results. In the event the RI on the reference 
surfaces was judged to be too high, addition of weights improved the ride quality and 
thereby reduced the RI. Before such remedies were applied, however, a careful in
vestigation was initiated to pinpoint the source of the problem. Some fault was usually 
found with one or several tires due to improper front-end alignment or wheel balance, 
and the defective tires were replaced or the wheels were rebalanced and the front end 
aligned. Close attention was always given to regular maintenance of the vehicle. 

Measurements on the 2 reference surfaces were at times supplemented with mea
surements on other pavements for which previous data were available before final judg
ment was made as to vehicle condition. At times, roughness data were simply cor
rected on the basis of previous measurements obtained on the reference pavements 
when their retesting yielded values outside acceptable limits. These procedures were 
generally satisfactory in providing reasonable means to ensure short-term and, to a 
lesser extent, long-term reproducibility of roughness measurements. 

Most pavements become rougher with age. Available evidence suggested that the 
reference pavements have become rougher, but not nearly so much as most other proj
ects under surveillance . Data revealed a slight trend toward increased RI during a 3-
year period. Whether this increase can be attributed solely to changes in the pavement 
profile or to the deterioration in ride quality of the vehicle cannot be conclusively stated. 
Discrepancies created by using data from the reference surfaces as outlined created 
errors in roughness measurements and, thus, underrated the roughness of pavements 
with the passing of time. The end result, of course, is that recently constructed pave
ments may indicate a somewhat smoother ride quality than their surface profiles may 
warrant, and retesting of projects constructed several years ago may show less de
terioration than had actually occurred. 

Frequency Composition of Measured Accelerations 

Accelerations sensed with the accelerometer reflect the composite characteristics 
of the pavement profile, vehicle, and passenger. The pavement profile, therefore, 
cannot be specifically described unless the frequency response of the entire system be
tween the sensor and the pavement is known. We were somewhat compelled to inspect 
the measured accelerations in terms of discrete frequency ranges and to note their con
tribution to the roughness index. 

A bituminous surface and a concrete surface having nearly the same roughness in
dexes were selected for this analysis. The pavements could be described as represen
tative of those pavement types in terms of their wavelength characteristics. A filtering 
device was incorporated into the ARMS instrumentation to allow recording of filtered 
output. Pavement sections were tested repeatedly with the filter acting as a low-pass 
filter. Several frequency ranges were used. 

A roughness index was also obtained for each frequency rangP. . RP.RUHR of the low-
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pass filter measurements are shown in Figure 4 in terms of cumulative percentage of 
the total roughness index. Several observations are noteworthy. First, profile char
acteristics of the 2 pavements were quite different, even though their roughness in
dexes were the same. Profile amplitudes associated with shorter wavelengths were 
somewhat larger on concrete pavements than on bituminous pavements. Second, ac
celerations associated with 20- to 100-ft (6- to 31-m) waves contributed a major por
tion of the ro1Jglrness index. Third, acceleration frequencies of 1 Hz or less contrib
uted significantly to the Hl even though their amplitudes were quite low. The explana
tion for what appears to be a contradiction lies with the method by which the RI was 
obtained. The method entailed summing of acceleration signals, or areas under the 
acceleration trace, which were random in nature. The higher frequency signals were 
superimposed on the lower frequencies and thereby added to or subtracted from the am 
plitude of the lower frequency signals. The net effect was a disproportionately lower 
contr ibution from the highe1' fr equency accelex'ations. 

Test Speed 

It was recognized that the ride quality of vehicles changes with speed; therefore, a 
standard speed was necessary if pavements were to be compared and rated. A speed of 
51.5 mph (23.0 m/s) was chosen because it approximated the average running speed on 
rural roads at that time . Statewide road improvement programs and construction of the 
Interstate and parkway systems have significantly raised running speeds, which now 
approach 70 mph (31 m/s) on expressways. 

Sections on Interstate highways were selected for testing at 51.5 mph (23.0 m/s) and 
70 mph (31 m/ s). Data and results of linear regression analysis are shown in Figure 
5 . The following observations are made. 

1. Profile characteristics of the 2 pavement types wer e s ufficiently dissimilar to 
warrant separate regression equations. 

2. Roughness indexes at 70 mph (31 m/s) were significantly higher than at the nor
mal test speed. On bituminous pavements, the RI was 44 percent to 49 percent higher. 
On concrete pavements, the RI was 23 to 28 percent higher . 

3. Differences between RI for the 2 speeds were somewhat affected by the roughness 
level of the road. On roughe r pavements, the percentage differences between RI for 
the 2 speeds were the greatest. 

4. Pavement profile characteristics for the same type of pavements were rather 
similar as reflected by the statistical parameters for the regression lines. 

Figure 5 shows the influence of speed on roughne ss measurements and permits ex
trapolation of roughness indexes to higher test speeds. The measurements were made 
with the 1962 vehicle and not with the current test automobile, and, as pointed out ear
lier, each automobile responds somewhat differently to roadway excitations. 

EVALUATION OF PAVEMENT ROUGHNESS 

ment and that which develops after construction through use or abuse. It is recognized 
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tle, and the pavement heaves. Heavy loads, and especially overloading, cause damage 
and may induce roughness. Roughness has been one of the major factors considered 
in resurfacing programs, and a history of the development of roughness is a signifi
cant descriptor of the service life of a pavement. Initial roughness thus alludes to the 
construction process and to quality of workmanship; changes in roughness with age 
and traffic are meaningful from the standpoint of structural design of pavements. 

To this end, testing for roughness has been continued since 1957; some historical 
records include one or more resurfacings. All Interstate and parkway projects and 
many major construction projects have been tested for initial or as-constructed rough
ness. Insofar as possible, outer lanes on 4-lane roads have been tested annually; in
side lanes of several selected projects have also been tested . 



Figure 4. Roughness index 
with increasing acceleration 
frequencies obtained with 
low-pass filter. 

Figure 5. Roughness 
indexes at test speeds of 
51.5 and 70 mph on 
bituminous and concrete 
pavements. 
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Constructed Roughness 

Since 1959, Interstate, parkway, and other major roads tested totaled approximately 
4,000 lane - miles (6,400 lane - km) and involved 177 projects, of which 71 were bitumi 
nous. The remaining 106 projects were concrete and included 14 projects constructed 
by slip-forming. 

Distribution of initial roughness values is shown in Figure 6. Word ratings were 
first introduced in 1962 (4) and have remained unaltered, although they were established 
from a limited data set. By 1970, 55 percent of the concrete pavements and 71 percent 
of the bituminous pavements were rated excellent or good. 

At the time of construction, roughness generally showed small variation throughout 
the length of a particular lane or among lanes. There were some notable exceptions. 
The greatest differences between any 2 lanes in Interstate and parkway construction 
were 41 and 36 percent for bituminous and concrete pavements respectively. Within 
each paving project, concrete pavements showed the smallest differences between the 
smoothest and the roughest lanes-an average of 13 percent. On bituminous pavements, 
the differences averaged 17 percent. On the whole, the smallest differences in rough
ness, of course, were found between adjoining lanes-3 percent in bituminous construc
tion and 1 percent in concrete construction. 

Comparisons of roughness indexes for Interstate, parkway, and other pavements 
for each construction year are given in Table 1. Parkways were somewhat smoother 
th~n TntPrc::h::c,tp. high,u<;ly.c::, ~nr1 nthP.r m~jnr rnn.c::trnrtinn prnjPrt.c:: iuPrP 11.c::11~lly rnnghPr 

than either. These comparisons are valid only for the same test speed (51.5 mph, 
23.0 m/s). When additional consideration was given to driving speeds, such as 70 mph 
(31 m/s) on Interstate highways and parkways and 60 mph (27 m/s) on other highways, 
the ride quality was significantly reduced. Whereas direct comparisons were made at 
the standard testing speed, tests made at permissive running speeds showed clearly 
that control of pavement profile quality is not improved in commensurate proportion 
to design speed. 

According to the roughness index, bituminous construction yielded smoother riding 
surfaces than concrete construction. As discussed earlier, caution should be exer
cised in directly comparing pavements having different surface characteristics. Con
crete pavements typically exhibit a greater proportion of shorter wavelength irregu
larities that do not contribute significantly to the roughness index obtained with the 
Kentucky method of roughness testing, but they may be annoying to the driver and, 
therefore, influence ride-quality judgments. 

The s moothness of concrete paveme nts was improved on those proje cts where s lip
form paving (7) was used, with the exception of the first 2 projects completed in 1967. 
One project constructed in 1968 with continuous reinforcement and slip-form paving 
exhibited particularly excellent ride quality. Bituminous pavements constructed in the 
past several years, however, have not materially improved when contrasted with pav
ing in the earlier years of Interstate and parkway construction. Voluntary adoption 
of electronic screed controls on pavers probably accounts for earlier quality improve
menis. Figure 7 shows ihe average roughness indexes of projeds fur each cu11::;lruc
tion year on 4-lane Interstate highways and parkways. The median roughness for all 
projects was 270 for bituminous pavements and ;j2 5 for concrete pavements . 

Bituminous Resurfacing 

In 1957, more than 50 bituminous pavements were tested for roughness in connection 
with a pavement design study (8). These pavements represented a high type of con
struction and were located throughout Kentucky. Monitoring for roughness has con
tinued although most of the pavements have been resurfaced. Bituminous overlays sig
nificantly reduced roughness; the average reduction in roughness index was 36 percent. 
Bituminous overlays on several concrete pavements exhibited similar improvements-
an average of 39 percent. The greater reduction in roughness seemed to be realized ii 

on the rougher pavements as indicated by data given in Table 2. Cited improvements, 
however, are not precise because measurements were not made just prior to or shortly 
~.Ci. ............... ,..,.. •• _..!!~.-....:-...... T;l.;,..i.. ......... ,.. ......... i- .................. .: .......... 1 ......................................... ..... .c 4-\.. ..... - ............... _,.. ........... f-. ............... ........... i- ,...l,,,,f--,n,; ..... ,...,:J .; ..... 
d.J.U:::.1 .1 COUJ..ldL-l.Ut,. J.'.J.1LUC.l uu:::; u:;.&. lUJ.lld..1 .1 uuouuc;-oo VJ. LUC pa..vc;u.1cuL wa.o .UVL UULa.iU:c;;u .LU. 



Figure 6. Initial roughness values for newly constructed bituminous and concrete pavements. 
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Table 1. Constructed roughness of pavements. 

Interstate 

Construction Number of Avg 
Pavement Year Projects RI 

Concrete Before 1962 10 331 
(conventional) 1962 8 332 

1963 7 329 
1964 3 337 
1965 3 317 
1966 4 340 
1967 6 368 
1968 3 343 
1969 3 297 

Avg 334 

Concrete 1967 2 405 
(slip-form) 1968 5 276 

1969 4 285 
1970 

Avg 303 

Bituminous Before 1962 2 295 
1962 2 330 
1963 2 355 
1964 3 270 
1965 2 260 
1966 
1967 2 280 
1968 2 265 
1969 4 262 

Avg 286 

0 0 0 0 0 0 0 fil "' 2 "' "' ... "' "' "' "' "' "' "' "' 
GOOD FAIR 

ROUGHNESS INDEX 

Parkway 
Combined 

Number of Avg Avg 
Projects RI RI 

331 
9 332 332 

12 302 312 
337 

4 325 322 
340 
368 

3 290 317 
2 360 322 

317 328 

405 
273 275 

285 
3 305 305 

289 298 

295 
330 

13 277 287 
270 

233 244 

280 
7 269 268 

262 
269 275 

~ BITUMINOUS 

D CONCRETE 

CD SUP-FORM (PCC) 

0 0 0 § 0 0 0 ,._ a, "' ~ "' "' "' "' "' ... ... 
POOR 

Others 

Number of Avg 
Projects RI 

4 382 
2 325 
3 350 
1 300 
1 420 
1 410 

363 

8 362 
6 368 
3 303 
2 290 
3 267 
5 320 

2 325 
332 

II E;j 8;l 
:il 8 0 .. "' "' 
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Figure 7. Average roughness index for each construction year on bituminous and concrete pavements of 4-lane 
Interstate and parkway highways. 
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Table 2. Roughness of resurfaced flexible pavements. 

Arter Resurfacing 
Before Resurfacing 

Avg RI Avg Annual RI 
Number of Avg Years Avg Avg Improvement Change Since 

Item Projects in Service RI RI (percent) Resurfacing (percent) 

RI Range 
900 2 Unknown 942 538 43 0.9 

800-900 4 9 819 456 44 2.3 
700-800 9 11 744 489 34 1.8 
600-700 8 12 658 425 35 3.2 
500-600 6 11 566 392 31 3.7 

Year 
Resurfaced 

1958 2 8 898 562 37 1.7 
1959 3 9 745 485 34 2.4 
1961 1 8 '? 52 389 18 2. 1 
1962 5 11 718 500 30 0.6 
1963 3 12 750 448 40 3.4 
l ~ti4 3 12 585 437 25 ti.3 
1965 1 6 635 370 42 1.6 
1966 6 13 662 442 33 3.1 
1967 1 17 710 390 45 
1968 1 9 565 355 37 6.3 

Avg 10.8 707 450 36 2.7 

2 ' .. 

1967 1968 1969 1970 
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the year of resurfacing or the pavement was tested a year after resurfacing. Several 
pavements were excluded from consideration because the measurements were delayed 
by more than a year. 

Criteria governing selection of the projects for resurfacing were not documented. 
Roughness data do suggest that strong consideration was given to pavement service
ability; and, of course, serviceability is foremost related to roughness. Figure 8 
shows that the rougher pavements were generally chosen for resurfacing, and, in spite 
of ongoing deterioration of pavements with age, the remaining surfaces exhibited at 
least the same roughness as they did in the preceding years. The net result of resur
facing efforts on the subject pavements was a substantial improvement in ride quality 
by 1970. Although these pavements were not statistically chosen, they may be consid
ered representative of the older, higher type of construction on U.S. and state routes. 
Therefore, a reasonably legitimate claim may be made that ride quality on most 2-lane 
highways in Kentucky has materially improved since 1957. 

Roughness Inventory 

The latest available test results for various highways are given in Table 3. Inter
state highways and parkways had lower roughness indexes than other roads; however, 
ride quality of high-speed facilities diminished significantly when tested at the speed 
limit. In other words, a person traveling 70 mph (31 m/ s) on an Interstate highway 
may experience more discomfort than he would traveling 50 mph (22 m/s) on a 50-mph 
(22-m/s) road. 

Bituminous overlays on older surfaces have eliminated many of the very rough pave
ments in Kentucky. Only a few road sections in the current inventory had RI's higher 
than 600; in 1960 almost half of the projects monitored were rougher. 

Service Roughness 

After being tested for as-constructed roughness, each project was periodically re
tested to monitor changes in roughness during the life of the pavement. On Interstate, 
parkway, and other multilane roads, the outside lanes were usually tested. A cursory 
inspection of data indicated that increases in roughness were associated with time
dependent variables or influences. This increase was quantified and the contributing 
influences were identified by relating roughness to service period, cumulative traffic, 
and equivalent axle load. Cumulative traffic for a given lane was determined from 
lane distribution factors, average daily traffic, and the number of days the pavement 
was in service. EAL was calculated according to the modified AASHO procedures and 
traffic parameters developed by Deacon and Deen (9). 

Roughness data for every Interstate highway and-parkway project were plotted ver
sus time in service, cumulative traffic, and EAL. Curves were manually fitted for all 

. projects for which 4 or more roughness measurements were available. No attempt 
was made to delete any data, even though some roughness measurements were ob
viously in error when contrasted with measurements in preceding or subsequent years 
or both. A straight line was found to best describe the relations although there were 
notable exceptions. Computerized, linear regression analysis provided equations of 
best fit straight lines. Graphs of 6 bituminous pavements are shown in Figure 9 for 
illustration. Similar procedures and analyses were employed for bituminous concrete, 
bituminous overlays on bituminous base, and concrete pavements involving other high 
type of construction projects on U.S. and state highways. However, roughness data 
were related only to months in service and cumulative traffic. 

The rate of increase in roughness, expressed here as the slope of regression lines, 
was different for each pavement type, as shown in Figures 10 through 16, and varied 
according to the original or as-constructed roughness of the pavement. Concrete pave
ments on Interstate highways and parkways deteriorated at a considerably lower rate 
than the bituminous pavements on the same type of facility. On bituminous pavements, 
the smoother constructed surfaces deteriorated more rapidly, with the exception of the 
4-lane parkways. On the other hand, concrete pavements on U.S. and Interstate high
ways deteriorated more rapidly on projects where the constructed roughness was the 
highest. Here again, parkways exhibited opposite trends. 
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Figure 8. Average roughness index of bituminous pavements monitored since 1957. 
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Table 3. Roughness of various highways. 

TEST 

ALL f'IIVEMENTS 

ISS \ \ \ \ ~ f'IIVEMENTS NOT RESURFACED 

PAVEMENTS RESUffillCED 

3 15 27 

1963 

YEAR 

3 12 26 

1964 

12 30 

1965 

6 6 31 

1966 

Roughness Index Equivalent, Median Rf 
Number of 

Pavement Highway Projects Median Avg 60 mph 70 mph 

Bituminous Interstate 19 350 345 515 
Parkway 23 325 358 475 
U.S. and state 80 465 444 540 

Concrete Interstate 58 350 354 435 
Parkway 36 345 357 430 
U.S. and state 18 440 457 495 

"Extrapolated from data shown in Figure 4. 

2 4 27 

1970 

ii 



Figure 9. Relation of roughness index and pavement age, cumulative traffic, and EAL for 6 bituminous 
Interstate projects. 
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Figure 10. Combined regression equations relating 
roughness to age of bituminous pavements on Interstate 
highways. 

Figure 11. Combined regression equations 
relating roughness to age of bituminous pavements 
on 4-lane parkways. 
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Figure 12. Combined regression equations relating 
roughness to age of concrete pavements on 
Interstate highways. 
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Figure 13. Combined regression equations relating 
roughness to age of concrete pavements on 
parkways. 
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Figure 15. Combined regression equations relating 
roughness to age of bituminous pavements on U.S. 
and state highways. 
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Figure 14. Combined regression equations 
relating roughness to age of concrete pavements 
on U.S. highways. 
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Figure 16. Combined regression equations relating 
roughness to age of bituminous resurfacing on U.S. 
and state highways. 
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Structural numbers (SN) for bituminous pavements were calculated and ranged be
tween 2 .9 and 7 .0. No conclusive evidence was found to suggest that the SN had a sig
nificant bearing on the rate of increase in roughness. An interesting trend, however, 
was noted between the magnitude of the as-constructed RI and SN when several bitumi
nous projects for a given highway facility were combined. In every case, the smoother 
constructed pavements were associated with a higher structural number. Concrete 
pavements were designed with a fixed SN of 11 for Interstate highways. On U.S. high
ways, the SN was either 9 or 10. A definite trend of increasing roughness was noted 
as the structural number decreased. 

Correlations between RI and service period, cumulative traffic, and EAL yielded 
equally valid statistical results (6). The contribution of traffic and loading to rough
ness, therefore, could not be isolated from service period. Each of the parameters 
was time dependent and correlated well with one another. Further consideration must 
be given to other unaccounted influences, such as rate of differential settlement and 
rutting, and the interrelations among parameters considered. 

In general, pavements involving high type of construction do not exhibit rapid changes 
in roughness. For example, several bituminous pavements on 1-64 and 1-75 required 
resurfacing because of severe cracking in the surface course and significant depth of 
rutting in the wheelpaths. Yet, the RI of those projects had increased by only 50 to 145 
above the as-constructed roughness. The level of service provided by these highways 
in regard to roughness, therefore, was foremost related to the as-constructed rough
ness of the pavements. 

The pavement serviceability performance concept originated in conjunction with the 
AASHO Road Test. Determination of present serviceability index (PSI), a scalar ex
pression of pavement condition, has continued on a limited basis for Interstate projects. 
The PSI can be obtained either directly from the roughness index by using appropriate 
regression equations or from roughness measurement and a survey of the pavement by 
quantifying the extent of major cracking, patching, and rutting depth. The choice as to 
which yields the proper expression of pavement serviceability has been of some concern. 
The PSI determined from RI alone was consistently higher. If the PSI is to be used as 
an expression of pavement condition, the better choice would be to use the equations 
that incorporate cracking, patching, and rutting. Although it can be argued that ser
viceability is important from the standpoint of the road user, insidious fatigue of the 
structure is not necessarily manifested in roughness or serviceability at the half-life 
stage. Fatigue is revealed only by breakup of the pavement. Therefore, if fatigue 
were the only factor affecting roughness, trend lines [for 18-kip (8,200-kg) axles] for 
all pavements considered would be horizontal; that is to say, none would show an in
crease in roughness. Therefore, any increasing roughness surely becomes attributable 
to other causes. The question then arises as to whether the available regression equa
tions properly <;!haracterize high type of construction. A Purdue University study (10) 
considered test sections on primary and secondary roads, none of which was compara
ble to Interstate highways. Surely the pavement rater would apply somewhat different 
standards for those highways and would, therefore, rate them accordingly. 

SUMMARY AND CONCLUSIONS 

Accelerometer measurements of a passenger's torso, using the automatic roughness
measuring system, has been an invaluable tool in evaluating roughness of road surfaces 
in terms that are closely associated (here by inference only) with riding comfort. The 
test can be conducted at a speed that is compatible with the normal flow of traffic and, 
thereby, can be carried out with maximum safety to testing personnel. Test results 
are available immediately and are closely repeatable. Reasonably good long-term 
reproducibility of test results has been achieved through strict adherence to carefully 
developed procedures and practices. Replacement of test vehicles has not seriously 
detracted from continued data collection. The automobile as a testing device does pre
sent inherent deficiencies and limitations; and the measurements, in the form of either 
roughness index or an acceleration recording, do not fully characterize the pavement. 

In general, bituminous construction has yielded smoother riding surfaces than con-
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crete construction. No major improvements in workmanship were noted on bituminous 
pavements in Kentucky since 1962. The roughness of concrete pavements, however, 
was improved on those proj ects where slip-form paving was used. A pavement con
structed in 1968 with continuous reinforcement and slip-form paving exhibited especially 
excellent ride quality and may be indicative of results from similar construction in the 
future. Interstate highway and parkway construction continues to yield smoother pave
ments than other major construction. These comparisons, of course, are valid only 
for the same speed of travel, for the tests were conducted at 51.5 mph (23 m/s). How
ever, roughness was found to be related to vehicle speed; and when consideration was 
given to actual travel speed, such as 70 mph (31 m/s) on Interstate highways and park
ways and 50 mph (22 m/s) on other highways, the ride quality became significantly de
graded on the higher speed facilities and greatly offset cited improvements. Assess
ments and requirements for pavement roughness, therefore, must be coupled with due 
consideration to the anticipated speed of travel for each highway facility. 

Bituminous overlaying of the older snrfacP.s has P.liminated most of the very rough 
pavements. As a result of these resurfacing efforts, a reasonably valid claim may be 
made that the ride quality on most primary, 2-lane highways has materially improved 
since 1957 in spite of the ongoing deterioration of pavements with age, increased traf
fic, and vehicle loads. 

The rate of deterioration in roughness was found to be different for each pavement 
type and varied according to the original or as-constructed roughness of the pavement, 
structural number, and type of highway facility im,olved. Concrete pavements on In
terstate highways and parkways deteriorated at a considerably lower r ate than bitumi
nous pavements on the same facilities. An interesting trend was found between as
constructed roughness, structural number, and rate of pavement deterioration. On 
Interstate highways, the smoother constructed surfaces of bituminous pavements de
teriorated more rapidly, while the rougher surfaces of concrete pavements deteriorated 
more rapidly. Completely opposite trends, however, were realized on parkways. For 
a given highway facility involving bituminous construction, the lower original roughness 
indexes were associated with those projects where the structural numbers were higher. 
A definite trend to increased roughness was noted for concrete pavements as the struc
tural number decreased. 

The correlations between roughness index and service period, cumulative traffic, 
and EAL were valid. The contribution of traffic or loading to roughness, therefore, 
could not be isolated from service period. Each of the parameters was time depen
dent and correlated well. Further consideration must be given to other unaccounted 
influences, such as rate of differential settlement and rutting, and the interrelations 
among parameters considered. Refined measurement of pavement roughness and im
proved information on volume, distribution, and composition of traffic may be needed 
to clearly identify those elements that cause pavements to become rougher. 

Pavements involving high type of construction generally do not exhibit rapid changes 
in roughness. The level of service provided by these highways in regard to roughness, 
therefore, is foremost related to the as-constructed roughness of the pavement. 
Clearly then, every effort shouid be pursued to construct the smuulhesl poi:;slble sur
faces. Other considerations such as structural adequacy of the total pavement system, 
structural integrity of the surface course, and slipperiness will p,rimarily dictate the 
need for r esurfacing. 
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EFFECT OF ROAD ROUGHNESS ON VEHICLE STEERING 
B. E. Qul1111, Purtlue University; and 
S. E. Hildebrand, International Harvester Company 

The roughness of a pavement influences the steering behavior of a vehicle 
by producing variations in the normal forces between the tires and the 
pavement that in turn affect the lateral forces needed to control the ve
hicle. A simple mathematical model of a passenger car is used to com
pute the position of the car relative to a set of axes fixed in the pavement 
as the vehicle executes different maneuvers . Pavetnenl 1·oughness is in
troduced indirectly by using, as inputs to the model, the actual normal 
tire forces that were measured experimentally on a smooth and a rough 
pavement. For vehicle paths having large radii of curvature and for low 
vehicle velocities, the lateral forces required to control the vehicle are 
relatively small. Under these conditions pavement roughness is rela
tively unimportant. For vehicle pat.':ls having small radii of curvature and 
for high vehicle velocities, the required ateral forces can be quite high . 
Developing these forces may not be possible if the pavement is too rough, 
and this can cause loss of control of the vehicle . Such a condition may 
exist on a rough road when an overtalcL'1g vehicle changes lanes at a high 
velocity to pass a slower vehicle and then is suddenly forced to return to 
the original driving lane because of oncoming traffic. Safe vehicle handling 
can thus be adversely influenced by pavement roughness. 

•MANY FACTORS i1).fluepce the stee ing behavior of a vehicle. In designing the vehicle 
the manufacturer makes decisions relative to the length of the wheelbase, the steering 
linkage geometry, and other properties that influence the handling characteristics of 
the car. In addition, the tire manufacturer imparts certain properties to Ute tire that 
will greatly affect the steering characteristics . One s uch property, the cornering stiff
ness of the tire, is of considerable importance in the study of vehicle steering char
acteristics. Moreover, the driver can also influence U1e behavior of the vehicle by de
ciding how the vehicle is to be loaded. Different steering characteristics will be pro
duced if a large proportion of the vehicle weight is on the rear tires than if the same 
proportion of weight is on the front tires. The characteristics of the pavement on 
which the vehicle is operated will also influence the handling of the vehicle. If the pave
ment is very slippery, it may be quite difficult to control the vehicle. 

The property of the pavement of primary concern in this paper is that of the pave
ment roughness, which imparts a vertical motion to Ule vehicle tires and is independent 
of the slipperiness of the pavement. The task of providing a vehicle with safe handling 
charact istics is thus the responsibility of many groups . This paper is primarily con
cerned with pavement roughness as a factor influencing safe vehicle handling charac
teristics. 

LATERAL TIRE FORCES 

Lateral tire forces ar e needed to control the motion of a vehicle . These are the 
forces that act on the tread of the tire parallel to the surface of the road and at right 
angles to the wheel plane . Figure 1 shows a top view of a wheel moving in the direction 
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shown by the arrow. It should be noted that the direction of motion is not parallel to 
the wheel plane but is rather at the angle oe, which is indicated as the slip angle. 

As a consequence of this motion, a lateral force is developed on the tire. This is 
a horizontal force exerted by the road on the tire perpendicular to the plane of the 
wheel for the motion as indicated. The magnitude of this force depends on the slip 
angle oe and the normal force. In general this is a nonlinear relation. 

Figure 1 does not show the normal tire force. This force would be acting on the 
bottom of the tire and is perpendicular to the plane of the paper. 

The relation among the normal force, the lateral tire force, and the slip angle for 
a typical tire is shown in Figure 2 in which the lateral force is plotted as a function of 
normal force for various slip angles. Information of this type is obtained experimen
tally and is usually shown in the form of carpet plots (1) rather than as in Figure 2, 

In obtaining the information shown in Figure 2, a flat surface representative of a 
pavement is used. A reasonable coefficient of friction exists between the tire and the 
flat surface. The effect of a slippery pavement would be to greatly reduce the lateral 
forces that can be developed for a given normal force and a given slip angle. In this 
paper it is assumed that slipperiness is not a factor in the behavior of the vehicle. 

Of particular interest is the nonlinear relation shown in Figure 2. For a normal 
force of 1,000 lb and a slip angle of 6 deg, the corresponding lateral force is 760 lb. 
If the normal force is reduced by 300 lb, the lateral force is reduced by 160 lb. If, 
however, the normal force is increased by 300 lb, the lateral force is only increased 
by 140 lb. 

This observation is of utmost importance because it means that, if the normal force 
fluctuates, the resulting average value of the lateral force for an average value of 1,000 
lb will not be 760 lb but less. 

Figure 2 shows the mechanism whereby pavement roughness influences the ability 
to control a vehicle. Pavement roughness causes variations in the normal tire force. 
On a relatively smooth pavement these variations are very small, but on a rough pave
ment these variations can be quite large. The net result as far as the lateral force is 
concerned is that there is a reduction in the average value of the lateral force available 
to control the vehicle. For those situations in which large lateral forces are necessary, 
this loss of force may mean loss of control of the vehicle. 

The mechanism shown in Figure 2 is important for 2 reasons: It provides an expla
nation for the loss of lateral force when there is a variation in the normal tire force, 
and it provides a basis for defining the following 3 terms in a theoretical context. 

1. Rough road is a road that causes a variation in the normal tire forces (and con
sequently a variation in the lateral forces). 

2. Road having no roughness is a road that does not cause any variation in the nor
mal tire forces (the normal tire forces are always equal to the static wheel loads) but 
that has a coefficient of friction such that the lateral forces shown in Figure 2 can be 
developed. 

3. Slippery road is a road having a low coefficient of friction such that the lateral 
forces shown in Figure 2 cannot be developed. 

From a practical viewpoint a road having no roughness does not exist, but this con
cept is useful in theoretical studies. 

PREDICTING VEHICLE BEHAVIOR 

The problem of predicting vehicle-handling characteristics has bee.n of great con
cern to the automotive industry. Not only normal steering characteristics but also 
problems dealing with instability have been studied. Milliken (2), Bundorf (3), and 
many others have done research in this area. Various mathematical techniques have 
been developed, and mathematical vehicle models of varying degrees of complexity 
have been employed. 

In this investigation a very simple model of the vehicle, known as the bicycle model 
(4), was employed. In this model, shown in Figure 3, the 2 front wheels of an automo
bile have been replaced by a single wheel and the 2 rear wheels have also been replaced 



Figure 1. Tire slip angle. Figure 2. Tire force characteristics. 
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by a single wheel. The single front tire is therefore assumed to have the property of 
the 2 front tires on the actual vehicle, and the single rear tire is assumed to have the 
properties of the 2 rear tires. 

In this model the wheelbase is the same as in the actual vehicle. The same weight 
is used, and the fore and aft location of the center of gravity is the same as in the pro
totype vehicle. In addition, the mass moment of inertia about a vertical axis through 
the center of gravity and perpendicular to the plane of the paper (Fig. 3) is assumed to 
be the same as that of the actual vehicle. 

The use of this model immediately imposes limitations on the quantities that can be 
considered. Using this simple model makes it impossible to include the effect of 
pitching of the vehicle or to consider any of the riding qualities. 

Moreover, no rolling of the actual automobile can be considered, and thus the trans
fer of load from the inner to the outer wheels cannot be introduced in a model of this 
simplicity. In brief, the effects of the suspension system of the vehicle cannot be taken 
into account with this model as it is normally employed. 

This model does permit a consideration of yaw (rotation about an axis perpendicular 
to the paper as shown in Figure 3). In addition it is possible to consider the x and y 
locations of the center of gravity of the model relative to a set of X and Y axes that are 
always fixed in the pavement. It is possible to compute the coordinates of the path of 
the center of gravity of the vehicle and to compute the angular position of the vehicle 
relative to the axes. In brief, the motion of the vehicle as seen from above can be ap
proximated by using this technique. 

The derivation of the equations necessary for making these calculations is given in 
the Appendix. 

The question may be asked as to how the effect of pavement roughness can be intro
duced when such a simple model is employed, particularly since it is impossible to in
troduce a road profile into the calculations because neither the springs nor the shock 
absorbers of the suspension system are included. 

In this investigation the effect of road roughness was introduced in the following man
ner. The dynamic tire forces (normal forces) were measured experimentally by using 
an actual passenger vehicle operated over both a rough and a smooth road at various 
speeds. These normal tire forces were obtained as time-varying quantities. 

The equations given in the Appendix were solved numerically by using time as the 
independent variable. The time was increased by small increments, and at each inter
val of time it was necessary to obtain values for the lat~ral forces at the front and back 
wheels. Because the normal tire forces were available as functions of time, it was 
possible to obtain values for these forces from the available records. Having these 
normal forces and knowing the slip angles, it was then possible to compute the cor
responding lateral forces from the tire characteristics shown in Figure 2. The x and 
y coordinates of the center of gravity and the corresponding angular position 9 of the 
vehicle were then computed. In all cases the vehicle speed was maintained at a con
stant value during the maneuver. 

The smooth road used in this investigation had a BPR roughometer rating of 62 in./ 
mile, and the rough road had a BPR roughometer rating of 122 in. / mile. 

EFFECTS OF PAVEMENT ROUGHNESS 

To summarize the effects of pavement roughness on the steering properties of a ve
hicle is difficult. This is because the resulting motion of a vehicle can be quite com
plex, and no simple criteria are available for discussing whether the vehicle has satis
factorily executed a particular maneuver. Because of this difficulty, results are de
picted in different ways in an attempt to describe the effect of pavement roughness on 
the vehicle-handling characteristics. 

Step-Steer Input 

One way of evaluating vehicle steering behavior is to subject the vehicle to identical 
steering conditions for pavements having different amounts of roughness. Accordingly, 
the steer angle of the vehicle (see Appendix) was suddenly increased at x = 0, y = O, and 
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Figure 6. Effect of roughness on vehicle path at 30 mph. 
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Lane-Change Maneuver 

In the previous figures, a constant steer angle was used to control the vehicle. At 
this point a different approach is taken. In the work that follows, the path that the ve
hicle is to travel is specified, and the steer angles necessary to accomplish this ma
neuver are computed together with the associated sideslip angles. This is a more com
plex condition and requires a modification of the techniques used for solving the equa
tions given in the Appendix. These details will be omitted, however, in the interest of 
brevity. 

If a path is selected for a vehicle to follow, there will be a theoretical relation be
tween the steer angle and the position of the vehicle on the path. If the vehicle moves 
at very low velocities and the steer angle is varied in the theoretical fashion, the cen
ter of gravity of the vehicle will follow the desired path. As the speed of the vehicle is 
increased, it is necessary to change the steer angle at different points along the path 
in order to develop the necessary lateral forces to keep the vehicle moving in the de
sired path. Under certain circumstances, it is possible that no value of the steer angle 
will produce lateral forces sufficient to control the vehicle in the desired manner. When 
this point is reached, it is assumed in this investigation that control of the vehicle has 
been lost, and the calculations are not continued beyond this point. 

The sideslip angle is another criterion for evaluating the behavior of a vehicle during 
a maneuver. As shown in Fi_gure 3, this is the angle between the centerline of the ve
hicle and the velocity of the center of gravity. When this angle is equal to O deg, the 
vehicle is pointed in the direction that the center of gravity is moving; when this angle 
is equal to 90 deg, the vehicle is sliding sideways. Figure 5 shows a situation in which 
the sideslip angle becomes excessive. 

For the maneuvers shown in Figures 8 and 9, the sideslip angles are compared with 
those that would exist if these maneuvers were executed at very low velocities. 

Consider the lane-change maneuver shown in Figure 8. This occurs when a vehicle 
overtakes a slower moving vehicle and swings out in the adjacent lane to pass. The fol
lowing equation was used to describe the desired path : 

where 

x = x coordinate of path, ft; and 
y = y coordinate of path, ft. 

y = A tan-1 (x/ B) 

The constants A and B can be varied to change the severity of the maneuver. For 
this analysis, A was set equal to 4 ft and B was set equal to 30 ft. 

The broken-line curves shown in Figure 9 indicate the values for the steer angle and 
the sideslip angle that are required for the vehicle to follow the path shown in Figure 8 
at a very low velocity and with no variation in the normal tire forces (no pavement 
roughness). 

When this maneuver is executed at 30 mph on the smooth pavement section, the re
quired steer angles and sideslip angles are virtually identical to those obtained for a 
very low velocity and no pavement roughness. 

When the rough pavement section is considered, the associated steer angles and 
sideslip angles are indicated by the solid lines shown in Figure 9. At 30 mph on the 
rough pavement, there is virtually no difficulty encountered in executing the passing 
maneuver. The same can be said, of course, for the smooth pavement . 

Ninety-Degree Turn 

Another common maneuver required in highway driving is that of going around a 
turn of changing radius. The desired path is shown in Figure 10 and is described by 
the following equation: 

y = k/ x 
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Figure 11. Ninety-degree turn on smooth 
road at 30 mph. 
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road at 30 mph. 
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APPENDIX 
DERIVATION OF MATHEMATICAL MODEL OF VEHICLE 

FOR STEP-STEER INPUT 

Figure 3 shows the bicycle model of an automobile and the forces acting upon it in 
the x-y plane. The position of the vehicle is described by the x and y coordinates of 
the center of gravity, and the orientation of the vehicle is described by the absolute 
angular rotation e. The variables shown in Figure 3 are defined as follows: 

a= distance from vehicle center of gravity to front tire; 
b = distance from vehicle center of gravity to rear tire; 

F, = front tire lateral force; 
F, = rear tire lateral force; 
F P = rear tire propulsion force; 
x = abscissa of vehicle center of gravity; 
y = ordinate of vehicle center of gravity; 
e = angle between +y axis and vehicle centerline measured clockwise; 
¢ = steer angle measured clockwise from vehicle centerline to centerline of front 

tire; 
ALF = angle measured clockwise between +y axis and velocity vector of front tire; 
ALR = angle measured clockwise between +y axis and velocity vector of rear tire; 

a, = front tire slip angle; 
a,. = rear tire slip angle; 

BE = angle measured clockwise between +y axis and velocity vector of vehicle cen
ter of gravity; and 

(3 = vehicle sideslip angle. 

Because the position of the center of gravity of the vehicle is determined by the co
ordinates x and y and the angular orientation of the vehicle is determined by the angle 
e, then ' 

x = velocity of vehicle center of gravity in +x direction, 
y = velocity of vehicle center of gravity in +y direction, and a = angular velocity of vehicle. 

Let 

x, = velocity of front tire in +x direction, and 
y, = velocity of front tire in +y direction. 
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From examination of Figure 3, 

Also, 

Therefore, 

Similarly, 

Also, 

Xr = x + a 0 cos (9) 

~f = y - a 0 sin (9) 

ALF = t -1 [* + a 0 cos (9)] 
an y - a 8 sin (9) 

ALR _ t -1 [* -b e cos (9 )] 
- an y + b e sin (a) 

BE = tan-1 (x/y) 

(1) 

(2) 

(3) 

(4) 

T"ne sum of the forces acting on the vehicle in the +x direction equals the product of 
the mass of the vehicle and the component of acceleration of the vehicle center of gravity 
in the +x direction. 

(5) 

or 

F, cos (9 +¢)+ F, cos (9)+ Fp sin (9) =Mx (6) 

The sum of the forces acting on the vehicle in the +y direction equals the product of 
the mass of the vehicle and the component of acceleration of the vehicle center of gravity 
in the +y direction. 

(7) 

or 

- F, sin (9 + ¢) - F, sin (9) + Fp cos (9) =My (8) 

The sum of the moments acting on the vehicle about the center of gravity equals the 
product of the moment of inertia of the vehicle and its angular acceleration. 

!;M,,,. = I 9 (9) 

or 

a F, cos ( ¢) - b F, = I 0 (10) 

In order for the vehicle to move at constant speed, the acceleration of the center of 
gravity of the vehicle in the direction of the velocity vector of the center of gravity must 
equal 0. For this to be true, the sum of the forces acting on the vehicle in this direc
tion must equal 0. 

Fp cos (/3) - F, sin (-/3) - F, sin{¢ - {3) = 0 (11) 
ii 
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F _ F. sin (-M + Fr sin(¢ - ~) 
p - cos (/3) (12) 

The lateral tire forces F, and F, are determined from Otr, tx,., and the normal tire 
forces by using the tire characteristics as shown in Figure 2. Because each tire used 
in this model replaced 2 tires on an actual vehicle, it is necessary to double the lateral 
tire force obtained from the tire characteristic curves. 

The tire slip angles Otr and o;. can be determined as follows (Fig. 3): 

Otr = a + ¢ - ALF 

tx,. = a - ALR 

(13) 

(14) 

Because of the nonlinearities involved in these equations, a numerical technique was 
used to obtain a solution. 

Various numerical methods for solving equations of this type are available (5), and 
further details of solution are omitted in this paper. -



EFFECT OF ROAD ROUGHNESS ON VEHICLE BRAKING 
.T. C. Wamhold, A. D. Brickman, and W. H. Park, Pennsylvania State University; and 
J. Ingram, Rex Chain belt, Inc. 

The loss of tire braking friction due to road roughness was simulated and 
measured experimentally in a test machine designed to produce simulta
neous wheel slip and vertical vibration of the contact surface. Equivalent 
roughness amplitudes as great as 0. 7 in. and roughness frequencies 
(velocity/ wavelength) as high as 14 Hz were cuvered. Wheel slip was 
varied by discrete amounts to include the values normally associated with 
maximum friction. The dynamic friction force found in each test run was 
time-averaged and expressed as a percentage of the highest observed 
average to minimize the effects of temperature, surface conditions, and 
other secondary considerations. Results show simulated roughness am
plitude and frequency to have a strong influence on the average force avail
able for braking: Friction losses were 30 percent at 0.04 in. and 14 Hz, 
and 90 percent at 0. 71 in. and 6 Hz. Wheel slip and the dead-weight load 
on the tires were found to have a less dramatic effect over the range tested. 
The most important conclusion reached is that friction predictions without 
road profile consideration can result in gross errors and may be one of 
the causes of lack of correlation of friction data. 

• WITH THE exception of the body aerodynamic resistance, all other forces necessary 
for accelerating, braking, and steering a moving automobile depend on tire friction. 
Friction force is relatively large on a smooth, dry, plane pavement, but may be reduced 
on an uneven and undulating pavement. On a washboard road containing numerous holes 
and ruts that cause wheels to bounce and chatter, the accompanying loss of traction can 
be readily observed as the vehicle's brakes are applied without producing any noticeable 
deceleration. 

Recent papers on tire friction indicate that most investigations focus on the micro
surface structure of the pavement, that is, its texture and the polishing of the texture 
asperities. No work has been found that deals with effects of road roughness on tire 
friction, where road roughness refers to roughness amplitudes on the order of 1 in. and 
larger (what one feels as "roughness" when riding in a car). 

This paper is concerned with the effects of bulk road roughness on the frictional 
forces developed by a tire operating in a slipping mode. A stationary test apparatus 
was employed to produce controlled sliding of a rotating tire against a vertically oscil
lating metal plate, simulating a tire operating under brake slip on a rough road. Tests 
were run over a range of 5 roughness amplitudes (0.041 to 0.707 in.) and a range of 10 
roughness frequencies (0 to 14 Hz). Three measured sliding speeds-0.18, 0.30, and 
0.46 mph-were tested that result in actual sliding speeds near and above the critical 
sliding speed of 0.1 mph at which the adhesion peak occurs. 

The frictional force produced by the tire slipping against the plate was measured by 
a quartz load cell. The proportional output voltage was then averaged with an analog 
circuit and read from a digital voltmeter. The average normal force between tire and 
plate was measured by a strain gauge load cell. For a given roughness amplitude and 
normal preload, the average normal force was found to be essentially constant over the 
range of tested frequencies. 

Publication of this paper sponsored by Committee on Surface Properties-Vehicle Interaction. 
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The smallest amplitude of 0.041 in. produced a traction loss of about 30 percent at 
14 Hz, and the largest tested amplitude of 0. 707 in. produced traction losses greater 
than 80 percent at about 6 Hz, the exact values depending on the normal preload and 
sliding speed. 

For larger amplitudes, the average deformation slip increased as the amplitude in
creased. This means that the average actual sliding speed decreased to a much lower 
value than the critical speed with the result that the frictional force decreased to a 
much lower value. On the other hand, the effects of increasing frequency at even rela
tively small amplitudes reduced the frictional force over the entire range of sliding 
speeds, the critical speed included. 

To explain the·se conclusions, we briefly review the details of rubber friction. 

RUBBER FRICTION 

Rubber friction is a complicated viscoelastic process in which the friction force de
pends not only on the surface but also on load, temperatm·e, and velocity (1). The total 
friction force developed by a tire slipping on a road surface is generally considered to 
be the result of 4 contributing factors: adhesion, hysteresis, tearing, and wear. The 
last 2 make very minor contributions compared to the first 2 and may, therefore, be 
neglected in most cases (2). 

The 2 primary friction-mechanisms, adhesion and hysteresis, appear to be different 
manifestations of the same basic energy dissipation process. The adhesion mechanism 
may be summarized as the component due to the shearing of molecular junctions at the 
tire-pavement interface. The hysteresis component is due to the "plowing" of the 
asperities of the rigid pavement surface through the soft rubber. On dry surfaces under 
normal conditions the adhesion mechanism is dominant, and hysteresis plays only a 
minor role. [A more detailed explanation of the friction mechanisms is given by Kum
mer and Meyer (3).J 

For any giventire-pavement combination, there exists a particular sliding speed 
that produces the maximum possible traction force (Fig. 1). This sliding speed is 
called the critical sliding speed and has been experimentally determined to be on the 
order of 0.1 mph (3). Its exact value is influenced by rubber composition, surface 
parameters, and temperature. 

The adhesion component, under normal conditions, provides the contol needed for 
braking, accelerating, and cornering because it increases rapidly to a high value in a 
sliding speed range (up to 0.1 mph) without producing noticeable vehicle drift speeds (3). 
Although the tire has to slip to develop this adhesion force, the slip speed necessary to 
produce a large friction force is small enough that there is no noticeable loss of control. 

SLIDING SPEED 

Of most importance is the actual sliding speed-the component of the tread speed 
tangential to the surface. However, because the tread elements in the contact area are 
distorted and undergo deformation slip (3), the actual sliding speed in the contact area 
is very difficult to measure; thus, "measured" sliding speed is commonly used. The 
measured sliding speed of the tire would be equal to the actual sliding speed if the tread 
elements in the rubber-pavement contact area were undistorted. In this paper "slip 
speed" refers to measured slip speed unless otherwise noted. 

TEST APPARATUS 

A detailed discussion of the test machine and its specifications and components is 
given by Leary (4). This paper describes only the machine's operational features. 

The test machine is an uncomplicated stationary piece of equipment capable of 
achieving the same relative velocity between the wheel and a simulated road surface 
that a given vehicle velocity and measured percentage of slip produce in the real case. 
This is accomplished by loading a rotating tire down against a vertically oscillating 
metal plate. (Figure 2 shows a schematic diagram of the test machine's important 
moving parts.) The rotation of the tire results in a relativP. sliding speed between the 
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tread elements and the surface, while the vertical displacement of the plate simulates 
road roughness. 

The tire is connected to a rotating axle that is restrained from any type of transla
tional movement. Thus, effects on the tire load from the spring, shock absorber, and 
body mass are eliminated. All deflection produced by the vertical displacement of the 
table (metal plate) occurs in the tire. The amplitude of displacement of the table can 
be varied in 36 steps from Oto 1 in. by changing an eccentric. The speed of the tire 
surface (the measured sliding speed} can be varied from O to 0.46 mph by adjusting the 
rpm of the de motor that drives the wheel. Table oscillation frequency can be varied 
from O to 30 Hz. The tire is loaded against the table by an air cylinder to normal loads 
of 600 lb. 

The instrumentation system employed monitors both the vertical normal force and 
the horizontal friction force. A strain gauge network in combination with an amplifier 
supplies an output voltage proportional to the normal load between the tire and the table. 
A quartz load cell in combination with a charge amplifier produces a voltage proportional 
to the horizontal friction force developed by the tire sliding against the table surface. 
Figure 3 shows the tire, table, load cell, and one of the strain-gauge-instrumented table 
support struts. 

Because the 2 output voltages corresponding to the horizontal and normal forces in 
their unaltered forms vary periodically with time (Fig. 4), a small analog computer 
was used to time-average the 2 signals. The average values of normal and horizontal 
voltages obtained are then used as the inputs to a digital computer program that con
verts the voltages to pounds and calculates or plots the friction coefficients and percent
age loss of friction. 

The goal of this study was to investigate effects of road roughness on tire friction 
only; changes in frictional performance due to temperature and humidity were eliminated 
by normalizing all coefficients of friction in each group. All tests were made with a 
layer of water on the plate to reduce the temperature rise due to frictional heating and 
to reduce tire wear. In tests run earlier with both tire and plate dry, severe heating 
was noted and a sheet of rubber remained on the plate after the tire was raised. The 
water-film effects on traction are not at all like those on a real highway. In the real 
case, the slipping tire rotating at near vehicle speed is continuously moving forward 
on the film. On the machine, the tire slowly rotates while remaining in the same hori
zontal position and, as a result, experiences none of the "wedge" effects that tend to 
cause a real tire to hydroplane. 

RESULTS 

For a nominal load of 200 lb, the 2 smaller amplitudes of 0.041 and 0.084 in. produce 
a gradually decreasing friction force with increasing frequency. At 11 Hz the friction 
force levels off at 60 to 70 percent of its maximum value (a 30 to 40 percent loss). 
However, over the entire frequency range the highest friction force is produced by the 
lowest sliding speed. Figure 5 shows these trends for an amplitude of 0.084 in. In
creasing the amplitude to 0.173 in. decreases the frictional force about 50 percent at 
11 ttz (!<'ig. 6). In addition, a "crossover" occurs at about 4 Hz. At frequencies lower 
than 4 Hz, the highest friction force is produced by the lowest sliding speed, the same 
as with 2 smaller amplitudes; but, at frequencies above 4 Hz, the highest friction force 
is produced by the highest sliding speed. 

At an amplitude of 0.342 in., the friction loss increases to about 80 percent at 9 Hz. 
The crossover now occurs at a much lower frequency, somewhere below the first test 
frequency of 2.2 Hz. At 0. 707 in., the friction loss is about 90 percent at a frequency 
of 4 Hz, and the crossover again occurs somewhere below the first test frequency. At 
this large amplitude, the tread surface was observed to be leaving the table surface 
during the period that the table is moving through the lower portion of its travel. 

For the 400-lb nominal load, the 2 smaller amplitudes exhibit friction losses of 
about 20 to 30 percent at the upper end of the test frequency range (around 11 Hz). As 
before with the 200-lb load, for the smaller amplitudes the highest friction force is 
produced at the lowest sliding speed at all tested frequencies. Increasing the amplitude 
to 0.173 in. increases the loss to about 30 to 50 percent depending on the sliding speed. 

;; 



Figure 1. Speed dependence of adhesion coefficient on 
log of actual sliding speed. 
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Figure 2: Schematic representation of tire friction test 
apparatus. 
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However, unlike the 0.173-in. amplitude at the lighter 300-lb load, no crossover is 
observed. At an amplitude of 0.342 in. the friction loss increases to about 65 percent 
at 10 Hz, and a crossover is now observed somewhere below the first test frequency. 
At the largest amplitude of 0. 707 in. the loss is about 90 percent at a frequency above 
8 Hz, and a crossover occurs at some very low frequency. As before, with the large 
amplitudes the tread surface separates from the table surface during part of the table's 
cycle. 

A summary of these curves for the 400-lb nominal load is shown in Figure 7. The 
figure shows 5 curves, one for each amplitude tested, and each one is an average of the 
curves for the 3 sliding speeds. 

INTERPRETATION OF TEST RESULTS 

Mechanism of Friction 

For this experimental case of a tire sliding at low speeds on a smooth, wet, flat 
plate, the dominant friction mechanism is adhesion; there is almost no hysteresis . 
Thus, a plot of the friction force as a function of the actual sliding speed is similar to 
that shown in Figure 8, which is valid for a constant sliding speed on a smooth surface. 

Because the amount of deformation slip is unknown, the locations on the plot of the 
3 actual sliding speeds that correspond to the measured sliding speeds of 0.18, 0.30, 
and 0.46 mph cannot be precisely determined. However, the 3 points must fall some
where to the right of the adhesion peak because the lowest measured s liding speed is 
observed to produce the highest friction force and would appear in the approximate posi
tions shown by points a, b, and c for the case of O frequency, 0 roughness. 

Influence of Amplitude of Roughness on Friction Loss 

For the case where a tire is operated on a rough surface, the amount of tread windup 
is constantly changing because the friction force is constantly changing. In the tests, 
as the table moves up against the tire, the tread elements wind up; then as the table 
moves away from the tire, the friction decreases and the tread elements easily snap 
forward. Thus, as the table oscillates at larger displacements, the net deformation slip 
remains about the same because the tread elements have the time required to wind up 
and then to unwind with less actual slip because contact is reduced as the table moves 
away. 

In the tests, the rotating speed is held constant so that, as the displacement is in
creased, the actual sliding speed decreases. Thus, the points a, b, and c shift along 
the curve to the left and eventually reach positions such as shown by a', b ', and c '. 
With the points shifted to the left of the adhesion peak, the higher measured sliding 
speeds now produce higher friction coefficient and there is an overall decrease of the 
friction coefficient for all 3 points. 

Influence of Frequency of Roughness on Friction Loss 

At the smaller roughness an1plitudes, a loss of f1~1ction is still obse1"ve<l evtai though 
no crossover occurs to indicate that the actual sliding speed has shifted to the left of 
the adhesion peak. Thus, the primary mechanism that causes the friction ioss cannot 
be attributed to the increase in deformation slip as in the case with the large roughness 
amplitudes described above. Instead of simply shifting on the curve on the coefficient 
plot as before, the operating points a, b, and c must somehow shift to a different curve 
that is valid for a tire sliding on a rough surface instead of a flat surface (the points 
a ", b", and c" located on a tentative "frequency roughness" curve) . Because the adhesion 
force is dependent on the number and strength of interface junctions formed, the rough
ness frequency must reduce one or both of these factors to cause a loss of friction. 

CONCLUSIONS AND RECOMMENDATIONS 

The influence of frequency and amplitude on friction as separate effects was dis
cussed. For the tests performed in this work, both effects occur simultaneously. Be-



Figure 5. Average maximum friction versus 
table frequency at amplitude of 0.084 in. and 
nominal load of 200 lb (cuives normalized by 
dividing all coefficients by 0.59). 
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cause each effect always occurs with, and influences, the other, no clear-cut observa
tions can be safely made until one dwells on the combined effects. 

The tests demonstrated that increasing roughness amplitudes (from 0.041 to 0. 707 
in.) and increasing roughness frequencies (from Oto 14 Hz) result in a decrease in the 
average coefficient of friction for measured sliding speeds in the range from 0.18 to 
0.46 mph. At small amplitudes producing barely observable gross movements of the 
tire tread, increasing the roughness frequency to 14 Hz causes a friction loss of ap
proximately 30 percent. At a low roughness frequency of around 3 Hz, increasing the 
roughness amplitude to 0. 707 in. can cause a friction loss of 60 to 80 percent, depending 
on the amplitude. 

This loss of friction is due to 2 factors: a reduction of the actual sliding speed 
caused by the increased deformation slip, and an overall lowering of the coefficient of 
friction. The reduction of actual sliding speed and the resultant leftward shift on the 
adhesion coefficient curve due to deformation slip are caused most predominately hy 
large amplitudes of roughness, and the lowering of the coefficient is caused mainly by 
frequency. 

The test machine in its present form restrains the rotating wheel's axle from any 
vertical motion. Thus, the dynamic effects of the suspension and body are eliminated, 
and only the dynamic performance of the tire is tested. This departure from an actual 
car, though it makes an extension of the test observations to an actual driving situation 
difficult, is done for good reason. Testing performed in this manner can isolate the 
effects of the tire from the effects of the suspension and the effects of the body mass. 
If a quarter-car simulation had been done from the start, the separate effects on fric
tional performance due to the tire, suspension, and body mass could not have been 
separated. Also, for future study the test machine was so designed as to allow a more 
complete simulation oi a quarter-car by adding a spring, sbock absorber, and body mass. 

Occasional occurrences of slip-stick and chatter have been noted. The fact that the 
friction force drops when the tire goes into a condition of chattering may warrant fur
ther investigation. For a particular test run where the slip-stick has been briefly ex
plored, it is found that slip-stick is less likely to recur in the next run if there is a 
sufficient time interval between successive runs. This fact that the chatter can some
times be avoided if the tire is given time to "rest" suggests the possibility that it may 
be undergoing some kind of recovery from a strain it undergoes during slip-stick. 

Finally, it must be noted that these results clearly show that the traction available 
is highly dependent on the speed with which one traverses a rough road. Thus, if fric
tion measurements are to be applied at speeds other than the test speed, road profile 
data must also be utilized. Therefore, friction predictions without profile considera
tion can result in gross errors and may be one of the causes of lack of correlation of 
friction data. 
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ANALYTICAL PROBLEMS ENCOUNTERED IN THE 
CORRELATION OF SUBJECTIVE RESPONSE AND 
PAVEMENT POWER SPECTRAL DENSITY FUNCTIONS 
L. F. Holbrook and J. R. Darlington, Michigan Department of Transportation 

It is argued and demonstrated that, when human subjective response to road 
roughness is functionally related through multiple regression to power 
spectral density frequencies of the road profile, highly unreliable esti
mates of frequency coefficients result. Hence, one will be misled in as
suming that such roads are especially detrimental to ride. The problem, 
generally designated "multicollinearity," is caused by extremely high in
tercorrelation of many of these frequencies. This follows from the math
ematical treatment required in power spectral density analysis as well as 
from the inherent nature of road profiles. Nor is the situation any better 
if frequency selection procedures such as stepwise multiple regression 
are used in an attempt to capture only the most important frequencies. 
The presence of high multicollinearity between frequencies makes trivial 
the statistical selection and rejection criteria and thereby allows sampling 
error to essentially determine which frequencies are selected. A proposed 
solution to this problem is taken from the econometrics literature and ap
plied to a small sample of subjective ride data for illustrative purposes 
only. The conventional full multiple regression estimates of frequency 
coefficients give totally unreasonable results, and the proposed solution 
gives results consistent with known automobile pass-band characteristics. 

•THE GENERAL MOTORS rapid-travel profilometer is currently the only distortion
free system for profile measurement ( 1, 2). This does not imply that all wavelengths 
can be measured, and in practice the device is accurate only for wavelengths extending 
from 3 in. to approximately 200 ft. This implies that profiles are measured with re
spect to a linear reference that is no longer than 200 ft. Moreover, the position of this 
reference is arbitrary and slowly varying as the profile is traversed. This produces 
the seeming paradox of repeat runs on the same profile appearing different when plotted. 
Again however, this is merely a consequence of measuring the profile with respect to a 
linear but slowly varying, arbitrarily positioned reference. 

Normally, this situation causes no problems in frequency domain analysis of a single 
wheelpath profile because, as stated above, the profile is entirely accurate within a 
given band. A problem does arise, however, in measuring the difference in elevation 
between inner and outer wheelpaths. This signal, known as the roll component, may 
have a strong bearing on ride quality as determined by subjective response of passen
gers in the vehicle. Moreover, the problem is not solved by profilometers with dual 
wheelpath measuring systems. The separate wheelpath measuring elements are com
pletely independent and produce profiles measured with respect to arbitrary and inde
pendent references. fu this respect, the dual wheelpath systems provide no improve
ment over measurement of each wheelpath separately with single wheelpath units. 
Unfortunately, a process called tipping, which inserts the arbitrary reference of one 
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profile into another, thereby permitting crude comparisons, cannot be used because the 
error introduced is generally similar to most roll components. 

In view of the possible importance of roll components in ride quality, it is natural to 
seek some method of utilizing the separate wheelpath profiles. Although the roll com
ponent signal cannot be obtained directly, each wheelpath profile yields a power spec
tral density (PSD) function that is not affected by the reference differences. It is then 
possible to combine power between inner and outer wheelpaths at each frequency to pro
vide a power function relating the 2 signals. Three obvious combinations of power at 
each frequency are (a) the average power between lanes (I1 + Oi), where I, equals power 
in the inner lane at frequency I1 and 0 1 equals power in the outer lane; (b) the absolute 
difference in power between lanes \ I1 - 0, \; and (c) the product of (I, + Oi) x \ I1 - 0 1 \ • 

Interpretation of function a is straightforward, but functions b and c deserve some 
comment. If power in each wheelpath is similar, the difference will be small and in 
theory will not indicate the presence or absence of roll component. It is safe to assume, 
however, that a small roll component is present because transverse finishing produces 

. parallel roughness components spanning the entire lane. It is also probable that large 
differences in power between paths imply a high roll component. If this proves to be 
the case, function b may correlate with subjective response. Function c, which is av
erage power multiplied by difference in power, expresses the interaction between aver
age and roll power. This may prove to be a sensitive measure because rough pave
ments, particularly flexible, have a high roll component. 

THE PROBLEM 

As measurement of road profiles with rapid travel profilometry techniques becomes 
more popular, it is natural to expect that profile PSD will be used to predict human 
subjective response to road roughness (3). If problems in the measurement of subjec
tive response (SR) can be overcome ( 4, 5}, further problems will arise if conventional 
multiple regression techniques are used to estimate the fJ parameters in the linear 
formulation 

(1) 

where X1 is some form of intensity (usually log variance) of the respective profile fre
quencies f1 • When the number of frequencies (the N regressors) in Eq. 1 is large, say, 
3 or more, a high degree of intercorrelation among them will usually be present. One 
reason for this is the mathematical smoothing induced by the PSD analysis. To under
stand why this must be so, we will examine briefly the PSD analysis used in the present 
study. For this analysis, 4 statistical decisions are important: 

1. The analog profile signal from inner and outer wheelpaths is filtered to eliminate 
all wavelengths outside the band of 2 to 50 ft; 

2. The filtered signals are sampled every 6 in. providing 4 points per cycle of the 
highest frequency present; 

3. Twenty-five ordinates are computed providing 13 "independent" estimates of the 
power spectrum (estimates are spaced O to 0.02 cycle/ft apart, and the resolution 
bandwidth is 0.04 cycle/ft; and 

4. A Hanning spectral window is used to smooth the final estimates. 

These considerations imply a theoretical correlation among PSD estimates for broad
band white noise (6). Adjacent ordinates are correlated about 0.6 if the true spectrum 
is flat. In addition, 2 other conditions may increase the correlation among ordinates 
by unpredictable amounts. 

1. If a signal from a nonflat power spectrum has a great deal of power in a narrow 
frequency band and very little in an adjacent barid, estimates of power in the weak band 
will be too high. This occurs because a finite data sample implies a data window that 
transforms through analysis into a spectral window with nonvertical skirts and side lobes. 
This simply means that the PSD resolution filter attenuates but does not completely 
eliminate po1•11er in adjacent frequencies. Thus, the resolution filter may not attenuate 
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power at an adjacent frequency enough to keep it well below power at the frequency be
ing examined. This problem is significant only when the true spectrum has a very steep 
roll-off of perhaps 40 dB per decade or a narrow band of power perhaps 40 dB above ad
jacent bands. 

2. Consider the case in which the PSD for a number of roads have the same general 
shape but simply move up or down as a unit depending on general roughness. In this 
case power in a given band rises or falls along with power from an adjacent band. This 
would generate the correlation between an ordinate and its neighbors. That the PSD 
often have similar shapes but different general power levels can be seen from the ex
amination of a number of power spectra. Indeed, neighboring frequencies may be so 
highly correlated that no useful information is supplied by one that is not supplied by 
its close neighbors. 

High independent variable intercorrelation is frequently encountered in multiple re
gressions with large numbers of regressors and has been termed "multicollinearity" 
(7, 8, 9). Multicollinearity in the limit where 2 or more regressors are perfectly cor
related aborts the multiple regression estimation of /3 because the xrx matrix has 2 or 
more identical columns and cannot be inverted as required by the multiple regression 
procedure. Short of this, high multicollinearity induced by either high correlation be
tween 2 variables or moderately high correlation among all variables causes the /3 es
timates to be extremely unreliable. If Bis used as a measure of the relative impor
tance of profile frequencies, high multicollinearity will almost certainly lead to 
erroneous inferences. A second sample will give radically different /3 weights and 
consequently inconsistent designation of those frequencies that most seriously affect 
riding quality. 

It might be thought that some of the variable selection procedures such as stepwise 
multiple regression might solve the problem ( 10). Unfortunately, this is not the case
these procedures are seriously influenced by multicollinearity ( 11). What will generally 
happen with the forward selection procedures is that the variables that first enter the 
equation do so on the basis of relatively high correlations with the dependent variable. 
However, PSD frequencies considered as regressors are very highly intercorrelated, 
and those chosen initially by the selection procedure would be only insignificantly more 
correlated with SR than neighboring frequencies. However, these latter frequencies 
will never be selected by the procedure because, by virtue of high intercorrelation with 
the initial set, their unique relation with SR will not be large enough to permit their in
clusion in the regression equation. In other words, when high multicollinearity is pres
ent and forward variable selection procedures are used, variables selected early in the 
procedure drastically militate against the inclusion of potentially important remaining 
variables. But the initial set chosen by the procedure, being only marginally more 
correlated with SR than other variables, suggests that it would not be selected initially 
in subsequent samples. Therefore, if we want to identify important PSD frequencies, 
we can expect procedures such as stepwise regression to pick a different set every time 
we process new data. 

Similar comments apply to the variable rejection part of stepwise multiple regression: 
Variables included later may through intercorrelation "rob" earlier variables of their 
contribution and thereby cause them to be rejected at a later state. Finally, even if a 
few important frequencies are repeatedly selected by these procedures, their coeffi
cients will vary consid~rably from sample to sample. This can be seen in the formula 
for the variance of the /32 coefficient for the case of only 3 regressors in Eq. 1: 

02 
Var(~2) = ---~K~---

( 1 - d3) L (Xi - X) 2 

i=l 

(2) 

As the correlation between X2 anfl X3 (r23) increases, Var (~2) also increases until in 
the limit, when r23 = ±1.0, Var (/32) =o:>. 
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ANALYSIS PROCEDURE 

To simplify the illustration of problems encountered with road frequency multicol
linearity, we will use only 1 of the first of the 3 power combinations discussed and de
fine a roughness measure S1 as (01 + 11), where 11 = logarithm of squared amplitude for 
the i th frequency band of the inside wheel track, and 0 1 = logarithm of squared ampli
tude for the i th frequency band of the outside wheel track. S can be thought of as a 
measure of "average" intensity for the respective frequencies. H S is Astandardized 
to s, we will be able to compare the multiple regression coefficients, ,81 , directly. If, 
under ordinary multiple regression specifications, we were to regress subjective re
sponse SR on s for each frequency band, we would have 

,. ,. A 4 ,. 

SR =-y + .Boso+B1s1+ ... + ,8NsN (3) 

which requires the estimation of N + 2 parameters. Suppose now that we require ~ to 
conform tu some reasonable function, remembering that it would be unlikely that ,8 
would jump around as capriciously as the ordinary multiple regression estimates do 
(12, 13). Not knowing a priori the form of this function, we should initially use only 
verygeneral functions such as polynomials. Suppose we specify a k th degree poly
nomial together with the condition that ,8 0 = 0, i.e., that the weight corresponding to the 
frequency f 0 is O (Fig. 1). The equation functionally relating ,81 to i will be 

Substituting Eq. 4 into Eq. 3, we have 

SR= y + (o!i + a2 + ... + aK)s 1 + (2a1 + 22a 2 + ... + 2KaK)s2 

+ ... + (Na1 + N2a 2 + ... + NKetK)s·N 

Factoring etJ, we have 

SR = y + et1(s1 + 2s2 + ... + NsN) 

+ et2's1 + 22s2 + ... + N2sN) + ... 

+ etK(s1 + 2Ks2 + ... + NKsN) 

Or by defining the terms in s as z, we have 

(4) 

( 5) 

( 6) 

(7) 

Because we will choose K « N, parameter estimation by ordinary multiple regression 
will not be nearly so subject to multicollinearity problems in Eq. 7 as in Eq. 1. There
fore, we can estimate 'YJ conventionally and by virtue of Eq. 4 estimate ,8 in turn. 

Two 111·0Lleuu; re1uai11. 

1. The order of the polynomial chosen to govern ,8 is arbitrary. Or, in other words, 
How large should K be to ensure faithful representation of the population of ,8? For 
most applications, we might be satisfied with K = 3 or 4; however, unless we have 
considerable information about ,8, we can never be sure that important peaks and val
leys in the ,8 function are blurred by polynomials of low order. One course of action 
would be to let the selection procedures such as stepwise multiple regression deter
mine K. For example, one could cqmpute the various zJ in Eq. 7 for, say, K = 10. 
H all the zJ were regressed on SR, ,8 would follow a tenth-order polynomial. This 
would be excessive for most applications; however, stepwise regression could sta
tistically select those zJ that proved important enough to significantly reduce the re
siduals. The etJ corresponding to the zJ selected would then estimate the ,81 by virtue 
of Eq. 4. Because we do not care which zJ are selected (unlike the case with the s 1), 

many combinations of zJ would probably suffice to estimate the function. We must not 
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2. Not all the information governing the {11 distribution is used. It can be fairly as
sumed that no {J1 should be negative. If this were not the case, the implication would be 
that power in these wavelengths improves ride. There are several ways in which this 
constraint on the {J1 can be incorporated into the estimation procedure. One is to spec-
ify the {J 1 exponentially: K 

,) akik 

fJ1 = i(k=t (8) 

for !( = 1, 2, . . . . This formulation forces the fJ distribution through O and requires 
all {11 to be positive. Moreover, the polynomial in the exponent can be of any desired 
order. Unfortunately, stepwise procedures cannot be used to determine this order be
cause ordinary linear least squares procedures are not applicable. However, the ctk 

can be estimated by nonlinear computer search procedures. 

EXAMPLE WITH FIELD DATA 

As an illustration of the problems encountered with multicollinearity, consider the 
following example using the SR data and PSD described in detail by Holbrook in an 
earlier report (4). Fourteen test roads rated on roughness at 30 to 50 mph by a panel 
of 96 subjects using graphic rating scales were profiled with the General Motors rapid 
travel profilometer. This allowed the computation of frequency spectra for the range 
0.02 to 0.50 cycle/ft. The degree of sample correlation found between pairs of PSD 
ordinates is shown in Figure 2 for the case of the 0.22 frequency. Correlation with 
adjacent ordinates is extremely high: +0.9990 and 0.9819. Throughout most of the 
frequency range, correlations with the 0.02 ordinate are 0.9000 or higher. With the 
multicollinearity problem as acute as this, ordinary multiple regression should pro
vide very poor estimates qf the relative importance of the respective frequencies. That 
this is so is shown by the {J 1 coefficients for regressions of SR on even and odd fre
quencies in Figure 3. Interpretation of these weights is difficult particularly in view 
of the large number of negative signs and the fact that the weights from the even fre
quency analysis are considerably different from those of the odd weight analysis. It 
would seem unlikely that negative weights are realistic when one considers that they 
imply that high amplitudes in the associated frequencies induce a better ride! Clearly 
we cannot depend on this traditional procedure to detect the important frequency ranges. 
Because the polynomial lag procedure might provide a better estimate of the /31 weight 
distribution, it was applied to the same data by using the stepwise procedure with Eq. 4. 
A ~1 distribution was found that peaked at about 7-ft waves. However, for shorter 
waves, the curve became unstable and actually went negative. This was due to poorer 
correlations of PSD ordinates with SR in this wavelength region-possibly due to tape 
deck vibration in the test vehicle. , 

Equation 8 was then used because it disallows negative /31 • Polynomials of orders 1 
through 4 were used as shown in Figure 4. It appe,ars that at least a second-order poly
nomial is necessary, although little change in the {1

1 
distribution resulted from increas

ing the order beyond 2 (see inset of Fig. 4). One would infer from Figure 4 that 5- to 
10-ft waves are of special importance in the determination of riding quality if vehicle 
speed were held constant throughout the test series. This was not true for these data 
(vehicle speed ranged from 30 to 50 mph); therefore, these results should be augmented 
with more extensive and better controlled experimental data. Notice also that no infor
mation concerning important wavelength ranges can be obtained from conventional mul
tiple regression (Fig. 3). 

Problems with this particular set of experimental data notwithstanding, if these re
sults are taken as valid, the importance of this wavelength range can be rationalized 
as follows: Shake table tests of a typical vehicle resulted in maximum reactive force 
from tires when input frequencies were.near 15 cps (14, 15, 16). This is the frequency 
range generated by 6- to 8-ft waves in a vehicle travclinga.ITypical highway speeds 



Figure 1. Kth degree polynomial. 
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near 70 mph. Moreover, it is reasonable to assume that most automobiles have a 
similar response function despite differences in weight or suspension system. This is 
because the major determinant of vehicle response, the ratio of suspension spring con
stant to vehicle mass, remains generally constant over a wide range of vehicles. In 
addition, the 6- to 8-ft wavelength band is of sufficient width to accommodate some 
change in the mass to spring constant ratio. 

An important implication of these findings concerns the design of a standardized 
ride-quality measuring system. The 6- to 8-ft wavelength band or even the 2- to 8-ft 
band can be easily measured by uncomplicated instruments. Such a device would be 
much simpler than the GM profilometer and would involve a single accelerometer and 
simple processing circuits. The statistic returned would be a single number represent
ing average power in the 5- to 10-ft band. It would be possible to continuously display 
this statistic during a profile run to locate areas of excessive roughness. Although de
tails of this system are not presented here, the authors will supply information on its 
design. 

CONCLUSION 

Because of high intercorrelations among amplitudes or road profile spectra, con
ventional multiple regression techniques should not be used to correlate frequency bands 
with subjective response to pavement roughness. In particular, one would get mislead
ing estimates of the relative importance of the various bands as far as human response 
to road roughness is concerned. It would, therefore, become very unlikely that one 
would be able to separate the effects of the several frequencies on subjective response. 
Stepwise regression procedures merely exacerbate the problem because the statistics 
such as partial F-tests and partial correlation coefficients used in these procedures 
will reject important frequencies highly correlated with frequencies already included 
as independent variables. Consequently, these procedures discriminate against fre
quencies less correlated with subjective response than those frequencies selected 
earlier because of only slightly high!=lr correlation. In short, with conventional re
gression analysis, one would expect to get drastically different estimates of the fre
quency coefficients from sample to sample. The method of overcoming the problem 
put forth in this paper is to impose restrictions on the frequency coefficients. An ob
vious restriction is the requirement that the coefficients must lie on a polynomial of 
specified order. The order can be arbitrarily set by the investigator (particularly if 
he has some prior knowledge of the coefficient distribution), or it can be determined 
by a selection procedure such as stepwise multiple regression. The coefficients of the 
polynomial are considerably fewer in number than those of the conventional regression 
and are, therefore, more reliably estimated. These parameters are then used with 
the specified polynomial to estimate the frequency coefficients originally sought. 

Sample data provide an example that shows how conventional multiple regression 
fails to produce a reasonable distribution of the frequency coefficients. Application of 
the polynomial procedures to these same data provides an initial coefficient distribution 
that peaks at about 8 cycles/ft. Further studies based on more and better data are 
needed to establish the validity of this distribution. 
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EFFECT OF SERVICEABILITY AND ROUGHNESS AT 
TRANSVERSE JOINTS ON PERFORMANCE AND 
DESIGN OF PLAIN CONCRETE PAVEMENT 
M. P. Brokaw, Portland Cement Association 

This paper covers the author's activities during the past 16 years in plain 
pavement evaluation. The studies include measurement of faulting by hand 
method, conversion of these data to slope variance, appraisal of highway 
user reaction to faulting roughness, measurement of cracking and patch
ing, and survey of serviceability indexes by the PCA road meter. These 
performance features were related to wide spectra of pavement thick
nesses, traffic, subgrade soil classification, joint spacing, and age of pave
ment in Minnesota, Wisconsin, North Dakota, and Iowa. Results have been 
expressed in a design model for the plain pavement system. Components 
are explained, data sources are cited, and suggestions are made for addi
tional research and construction of test sections meeting the criteria 
established. 

•CONCRETE pavements with closely spaced transverse joints, but without dowels and 
distributed reinforcement, have been in use for many years. Performance features 
have ranged from very good to very poor, yet the simplicity and economy of the system 
suggest that a method of design is needed so that the system can perform adequately in 
all situations. 

The method finally adopted must account for the main weakness in the system, which 
is faulting or vertical dislocation of short pavement sections at transverse joints, and 
then for eventual serviceability indexes during an assigned analysis period. 

Many field and laboratory studies have been reported. None has compared results 
of field measurements of faulting with highway user dissatisfaction, thickness of pave
ment, volume and weight of traffic loading, types of subgrade soil, transverse joint 
spacing, and age of pavement. None has attempted to relate findings to the concept of 
present serviceability index (PSI) developed at the AASHO Road Test. 

In 1955, the Minnesota Department of Highways initiated a comprehensive, statewide 
survey of transverse joint faulting and pavement cracking in 74 projects having 15- and 
20-ft joint spacing and 2 levels of pavement thickness. The survey was repeated in 
1961 and 1967 for the purpose of establishing trends in faulting related to time and traf
fic loading (2). 

Analysis of the 1955 data by the Portland Cement Association disclosed that faulting 
of Minnesota pavements was a function of average daily traffic of tractor semitrailer 
and combination vehicles and the square of the age of the pavement. In addition, rat
ings of pavement riding comfort suggested that the magnitude of tolerable faulting could 
be represented by statistics such as 100 percent of joints faulted 0.15 in. and more, or 
an average fault of about %2 in. These factors were combined in an expression that 
enabled determination of the traffic level requiring joint reinforcement (3). 

In 1960, the Portland Cement Association prepared a report setting forth methods of 
design for both plain and reinforced pavements in Minnesota (3). Pavement thicknesses 
were designed by load-stress analysis and by the additional requirement of joint and 
crack reinforcement when traffic exceeded 300 tractor semitrailer and combination 
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vehicles per day during a 35-year life to first resurfacing. The 35-year period was 
justified by concrete pavement survivor analysis. The method was subsequently adopted 
by the Minnesota Department of Highways and is contained in current concrete pave
ment design standards. 

Research of the performance characteristics of plain pavements has continued in 
Minnesota and has been extended to Wisconsin, North Dakota, and Iowa to include the 
serviceability index concept developed at the AASHO Road Test (6, 7, 8, 9). Results 
were combined in a report (1) presented at a 7-state highway conference-sponsored by 
the Minnesota Department oIHighways in 1971. 

The 1971 report showed that 5- and 6-in. plain pavements have greater capacity for 
load than previously expected and that the system can be designed for traffic levels 
greater than 300 tractor semitrailer and combination vehicles per day during a 35-year 
analysis period, but pavement thicknesses must be greater than those established for 
reinforced pavements by load-stress ana.lyRiR. The reports also indicated that the 
pavements resting on subgrade soils having excellent internal drainage have substan
tially greater capacity for traffic load than can be attributed to customary increases in 
subgrade reaction (k). 

PERFORMANCE MODEL 

Plain pavements have a very short transverse joint spacing, usually 15 to ;w ft. 
Traffic and age effects are represented by deterioratiop. (faulting and hinging) at joints. 
Additional breaks at intermediate points are iimited if the joint spacing does not ex
ceed about 20 ft. Therefore, the main source of pavement roughness is at joints, but 
with some addition from slopes in uncracked slabs between joints. 

The additional slopes occur with and without faulting and contribute to total pavement 
roughness, depending mostly on frost effects and recovery, volume changes in sub
grade, consolidation in subgrades and subbases, and time. 

This hypothesis suggested that total pavement roughness (slope variance) might be 
the sum of uncorrelated parts such as initial constructed roughness, roughness at 
joints, and roughness between joints. In that event, PSI of a plain concrete pavement 
could be expressed by a modified AASHO equation ~), as follows: 

PSI = 5.41 - 1.80 log (SVC+ SVF + SVO + 1) - 0.09 (C + P)0
"

05 

where 

PSI present serviceability index, 
SVC part of slope variance due to construction, 
SVF part of slope variance due to displacement at joints, 
SVO = part of slope variance between joints, and 
C, P cracking and patching according to AASHO definition. 

EVALUATION OF SERVICEABILITY COMPONENTS 

Constructed Roughness 

Initial serviceability indexes of the 138 projects included in the study were not mea
sured in situ. However, time-related components of pavement roughness and service
abilitywere extrapolated to give reasonable estimates of probable initial serviceability (1). 

Errors from this method are of little consequence when pavements reach maturity 
and approach serviceabilities that indicate need for resurfacing. For example, a pave
ment constructed to an initial PSI of 4. 50 might serve for a number of years before 
reaching a PSI of 2.50. If the same pavement was constructed to an initial PSI of 4.00 
and was subjected to the same traffic loading for the same number of years, the small 
increase in initial slope variance reduces the terminal PSI to 2.42. This disparity in 
PSI numbers is a result of the unique AASHO Road Test semilogarithmic equation deal
ing with slope variance that tends to exaggerate serviceability indexes when roughness 
inputs are low. However, the disparity rapidly diminishes when initial serviceability 
drops below 4.0, and this points to the need for vigilant construction controls. 
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Once the initial serviceability index has been selected, the corresponding constructed 
roughness can be computed, as follows: 

SVC = l,014/10°" 56 Po - 1 

where Po = initial serviceability index. 

Roughness at Transverse Joints 

Eventual roughness at transverse joints has been the main deterrent to greater use 
of the plain pavement system. When joints are placed at a constant spacing (say, 15 or 
20 ft), faulting causes a cyclical roughness input to some vehicles that creates an ad
verse highway user reaction that was not recognized or measured in the AASHO Road 
Test. In effect, this means that customary terminal serviceability indexes might not 
be applicable and that design should also be a function of some limitation on joint rough
ness. 

The portion of total slope variance attributable to joint roughness was computed for 
each project in the study by converting manual measurements of joint faulting to slope 
variance at joints only (1). These, in turn, were related to traffic of tractor semi
trailer and combinationvehicles, age of pavement, thickness of pavement, and 2 levels 
of subgrade soil classification. The relations are as follows: For A-1, A-2, and A-3 
subgrade soils, 

and for A-4, A-5, A-6, and A-7 subgrade soils, 

where 

T = average 2-way ADT of tractor semitrailer and combination vehicles; 
A = age of pavement, years; and 
D = thickness of pavement, in. 

Studies of terminal serviceability indexes and limitations on slope variance at trans
verse joints are also given in an earlier report (1). It appears that faulting creates an 
incipient stage of highway user dissatisfaction when SVF is greater than 12 and joints 
are spaced at constant 15- to 20-ft intervals. If joints are spaced at random intervals 
(say, 13, 19, 18, and 12 ft) and are skewed, adverse roughness input to susceptible ve
hicles is reduced. In that case, the terminal limit of SVF might be increased to 14. It 
then becomes a design factor equal in importance to terminal serviceability index. 

Roughness Between Joints 

In a plain pavement system, roughness between joints is caused by slopes in un-
c racked panels. Although some transverse cracking may develop, it is usually at long 
intervals if the basic joint spacing does not exceed about 20 ft. The magnitude of slopes 
in the panels is small if t he only source of roughness is faulting at transverse joints. 
For example, a %-in. fault in a 15-ft panel could account for about %a-in. deviation in 
a profilometer 9-in. gauge length. Surface texturing for skid resistance can exceed 
this amount. Therefore, meaningful roughness between joints must be spatial in char
acter, probably erratic, and related mostly to profile distortions from frost effects, 
volume changes in subgrade, consolidation in subgrades and subbases, and exposuretime. 

Pavement roughness between joints ought to be influenced by pavement thickness and 
traffic weight and frequency of application, especially whenpavementthickness is grossly 
inadequate for the imposed loads. In fact, this situation was observed at the AASHO 
Road Test where pavements less than 8-in. thick were rapidly destroyed when subjected 
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to extreme overload. In these cases, pavement slabs were eventually shattered and 
slope measurements were increased by tilting and vertical displacement of segmented 
parts. Serviceability indexes also reached an unusual level of 1. 5. 

Analysis of data in 138 projects in Minnesota, Wisconsin, and North Dakota showed 
that roughness between joints had great variability and was not related to pavement 
thickness and rate of loading as long as the thickness was reasonably adequate for the 
rotes imposed and serviceability index remained above 2. G. Huwever, SVO did in
crease with time, but at a diminishing rate, for all levels of thickness regardless of 
the rates of loading. The analysis was extended to pavements with thicknesses of 8 to 
12% in. in the AASHO Road Test and to 6 in. in the Iowa county road system (10). The 
same phenomenon was observed (1), and this led to a general equation for slope vari
ance between joints, as follows: For A-1, A-2, and A-3 subgrade soils, 

svo = (A+ l)MB - 1 

and for A-4, A- 5, A-6, and A-7 subgrade soils, 

SVO = (A + l)Q.7° - 1 

where A= age of pavement in years. 
The idea that pavements can develop significant roughness without traffic, but at in

creased age, is a distinct departure from most design models. However, those familiar 
with the gradual increase in roughness of minor structures such as sidewalks and resi
dential driveways or segments of heavy-duty pavement occasionally transferred to local 
traffic are a,vare of age effects alone. 

Cracking and Patching 

The plain pavement system is basically designed to minimize reductions in service
ability index caused by cracking of pavement slabs between transverse joints. To ac
complish the objective, joint spacings have to be limited to a maximum of about 20 ft. 

Pavements included in this report had both 15- and 20-ft transverse joint spacings, 
but both spacings were not equally represented in all variables of thickness, traffic, 
subgrade class, and age. Therefore, joint spacing was not differentiated in the analysis. 

Composite data showed that cracking and patching increased with age of pavement 
and decreased with thickness of pavement. Departures from the design model indicate 
that projects with 15-ft joint spacing had an average serviceability index about 5. 5 per
cent higher than those with 20-ft joint spacing. 

Reduction of serviceability index for cracking and patching is 

0 .09 (C + P)0
'

5 = 0.62 + 0.01 A - 0.65 log D 

where 

A age of pavement, years; and 
D = thickness of pavement, in. 

DESIGN MODEL AND STATISTICAL SIGNIFICANCE 

Design Model 

The design model for plain concrete pavement is the summation of performance 
components developed in previous sections of the paper. Limitations are as follows: 
Faulting slope variance should not exceed 14; terminal serviceability index should not 
be lower than ordinary values, such as 2.0 to 2.2 for residential streets, 2.2 to 2.4 for 
county roads or lightly traveled secondary state routes, and 2.4 to 2.6 for important 
Interstate and primary highways; pavements should be constructed with random spacing 
and skewed joints; subgrade and subbase material should meet established criteria for 
resistance to pumping; and time, represented by age of pavement, should be the interval 
bet,.x1een construction and first resurfacing. 

-. 
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The design model is as follows: For A-1, A-2, and A-3 subgrade soils, 

PSI= 5.41 - 1.8 log [ 1,014/10°" 56
p

0 + 1.94 TA2/D5
"
47 + (A+ 1)0

"
58 

- 1] 
- O.OlA + 0.65 log D - 0.62 

and for A-4, A-5, A-6, and A-7 subgrade soils, 

where 

PSI= 5.41-1.8log [1,014/10°" 56
p0 + 1.11TA2/D4

"
60 + (A+ 1)0

"
70 -1] 

- 0.lA + 0.65 log D - 0.62 

PSI serviceability index following years of service A after construction; 
Po serviceability index constructed; 
T 2-way average ADT of tractor semitrailer and combination vehicles during 

years of service A; 
A years of service after construction and to reaching PSI; and 
D thickness of pavement, in. 

Sample solutions of the model for a wide range of conditions are given in Table 1. 

Statistical Significance 

Measures of statistical significance are made possible by comparing observed ser
viceability indexes with those computed by use of the design model. Two methods were 
used. The first involved transformation of differences to a percentage increase or 
decrease from model serviceability index. This method simplifies comparisons among 
the various levels of thickness, joint spacing, traffic, subgrades, and age and also facil
itated graphical representation of the data (4). A summary of percentage differences 
between observed and model serviceability Indexes is given in Table 2. 

Average differences and standard deviations of the averages were computed and sub
jected to null hypothesis to determine whether the differences were a result of sample 
variation or whether the model did not fully account for variations in each level. The 
following conclusions were drawn. 

1. For 138 projects, including 2 levels of joint spacing, 4 levels of pavement thick
ness, 2 levels of subgrade soils, combination traffic ranging from O to 1,000 vehicles 
per day, ages ranging from 10 to 21 years, and serviceability indexes ranging from 
2.51 to 3.91, the model is able to predict serviceability indexes with a mean error of 
+0.9 percent. Standard deviation of the differences amounts to 7 .2 percent, and the 
standard error of the group mean is 0.6 percent. Null hypothesis indicates that the 
mean error of 0.9 percent can be attributed to sample variation and that the model 
equation is dependable. 

2. Effects of the 2 levels of joint spacing are important. When these are analyzed 
separately, pavements with 15-ft joint spacing showed a mean serviceability index 3. 7 
percent greater than the model and those with 20-ft spacing had a mean serviceability 
1.8 percent lower than the model. Null hypothesis indicates that the differences are 
greater than sample error, and the model does not account for either extreme in the 
best possible way. The discrepancy was expected because all joint spacings were pooled. 
Furthermore, the data point out superior performance of joints spaced at 15-ft inter
vals, and they do not preclude use of the model in a plain pavement system having ran
dom joint spacings ranging from about 12 to 20 ft. 

3. Other items, tested by null hypothesis, showed differences beyond sample error 
when joint spacings were not equally divided. For example, 8-in. pavements performed 
significantly better than the model, and 10-in. pavements were lower than the model. 
In these cases, 8-in. pavements were represented by 62 percent of projects with 15-ft 
spacing, and 10-in. pavements all had 20-ft spacing. The s;ime disparity to 15-ft joint 
spacing appeared in analysis of 105 projects carrying less than 300 combinations per 
day and in the group of projects that were more than 16 years of age. 



Table 1. Design for plain Initial TST-ADT and Growth/Year• 
P~\J~m~r!t b~~ed O!"! TI--· - - · __ .. 

.cc:1.v,;;;:,uei u. .1 .... 11:::.01c,u 

random-spaced and skewed Subgrade Thickness Life 0 3 5 

joints, terminal SVF of 14, 
Soil' (in.) (years) Final PSI Percent Percent Percent Percent 

and initial PSI of 4 .5 to 4.0. A-1, A-2, 6 25 2.6 to 2.4 200 175 145 120 
A-3 30 2.5 to 2.3 140 120 95 80 

35 2.5 to 2.3 105 90 70 55 
7 20 2. 8 to 2.7 750 680 575 500 

25 2.7 to 2.6 480 425 350 295 
30 2.6 to 2.5 335 290 230 190 
35 2.6 to 2.5 245 210 160 130 

R ~n 2.8 to 2.7 1,450 1,320 1,1go 966 
25 2.8to2.7 925 820 670 570 
30 2.7 to 2.6 690 600 475 395 
35 2.7to2.6 510 435 335 270 

9 20 2.9 to 2.8 2,960 2,690 2,290 1,970 
25 2.8to2.7 1,900 1,690 1,380 l, 170 
30 2.7to2.6 1,320 1.150 910 755 
35 2.7to2.6 970 825 635 515 

10 20 2.9 to 2.8 5,290 4,800 4,060 3,520 
25 2.8to2.7 3,390 3,020 2,460 2,090 
30 2.7 to 2.6 2,340 2,040 1,610 1,340 
35 2.7 to 2.6 1,730 1,470 1,135 925 

A-4, A-5, 6 25 2. 6 to 2.1 75 65 55 45 
A-6, 30 2.5 to 2.3 50 45 35 30 
A-7 35 2.5 to 2.3 40 35 25 20 

7 20 2.7to2.6 245 225 190 165 
25 2.6 to 2.5 155 140 115 95 
30 2.5 to 2.4 110 95 75 65 
35 2.5 to 2.4 80 70 50 45 

8 20 2.7to2.6 450 410 345 300 
Gil 2.6 tu 2.5 290 260 2i0 i80 
30 2.6 to 2.5 200 175 140 115 
35 2.6 to 2.5 150 130 100 BO 

9 20 2.8to2.7 775 705 595 515 
25 2.7to2.6 500 445 365 310 
30 2.6 to 2.5 345 300 240 195 
35 2.6 to 2.5 255 220 165 135 

10 20 2.8to2.7 1,260 1,145 970 840 
25 2.7 to 2.6 805 715 585 495 
30 2.6to2.5 555 480 385 320 
35 2.6to2.5 415 355 270 220 

11 20 2.8 to 2.7 l, 960 1,780 1,370 1,310 
25 2.7 to 2.6 1,240 1,100 900 765 
30 2.6 to 2.5 860 745 595 490 
35 2.6 to 2.5 640 545 420 340 

12 20 2.8to2.7 2,910 2,640 2,240 1,940 
25 2.7to2.6 1,820 1,620 1,325 1, 120 
30 2.7 to 2.6 1,300 1,130 895 740 
35 2.7 to 2.6 955 810 625 510 

13 20 2.8to2.7 4,220 3,840 3,250 2,820 
25 2.7to2.6 2,700 2,400 1,960 1,660 
30 2.7to2.6 1,880 1,640 1,300 1,070 
35 2.7to2.6 1,385 1,180 910 740 

'Classes according to AAS HOM 145. 
blnitial TST-ADT is the maximum permissible volume of tractor semitrailer and combination vehicles at the beginning of the 

analysis period, which corresponds to design life. These amounts have been adjusted to account for 3 exemplary rates of 
annual growth during the analysis period. 

Table 2. Statistical summary. 

Mean Difference Standard 
Between Observed Deviation Null 
and Model PSI of Group Hypothesis 

Item Compare Projects (percent) Mean t 

All All 138 +0.9 0.6 1.5 

Joint space, ft 15 69 +3.7 0.9 4.1· 
20 69 -1.8 0. 7 2.6" 

Pavement thickness, in. 7 29 -1.1 1.4 0.8 
8 95 +2.1 0.7 3.0' 
9 7 -1.2 1.5 0.8 
10 7 -3.6 1.4 2.6" 

Subgrade soil A-1, A-2, A-3 42 +0.5 1.0 0.5 
A-4, A-5, A-6, A-7 96 -1.1 0.8 1.4 

TST-ADT 0 to 300 105 +1.6 o. 7 2.3" 
300 to 600 15 +0.5 1.4 0.4 
600 to 1,000 18 -1.6 1.2 1.3 

Age, years 10 to 15 51 -0.6 0.8 o. 7 
16 to 21 87 +2.3 0.8 2.9" 

'Exceed sample error at 5 percel"!t level of statistical significance. 
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The second method of statistical analysis was a simple linear regression relating 
observed and model serviceability indexes. The degree of correlation was influenced 
considerably by lack of initial data for all projects. However, the nature of the model 
equation is such that initial observed serviceability is that obtained by road meter mea
surement, which is affected by within-test variability. Initial model serviceability is 
additionally increased by variance related to SVF and SVO as time approaches or equals O. 
Combination of all variances (those estimated at Po and those measured at P,) resulted 
in a correlation coefficient of 0.91 and standard error of 0.22, of which 0.08 can be at
tributed to measurement variation. 

CONCLUSIONS 

The performance equations provide a new approach to evaluation and design of plain 
pavements. Both serviceability index and a limit to transverse joint faulting are rec
ognized. The method is unique in that it relates component parts of roughness slope 
variance to pavement thickness, joint spacing, traffic, subgrade soils, and age of pave
ment. 

Weaknesses in the analysis are mostly a result of unequal partition of projects among 
model variables, restriction of project samples to a northern climatic environment, lack 
of data from projects where subgrade soils or granular subbases or both are specially 
treated with a variety of additives, and limitation of pavement thickness to 10 in. 
Strength of the analysis rests in the range of pavement ages and the fact that a high 
percentage of projects are still in service in 1973, with ages ranging to 27 years in 
both Minnesota and Wisconsin. 

Companion studies of field performance are now under way in Georgia and California. 
These should give direction to the influences exerted by special subbases and benign 
climate. Recent construction (1972-1973) of 14-in. plain pavement, with random
spaced and skewed joints but without subbase on native silty-clay subgrade soil, in the 
western extension of the Illinois Tollway will offer another opportunity to evaluate per
formance features at an early age. 

Continued use of and observation of excellent performance of 6-in. pavements on the 
Iowa county road system show that experimentation is no longer needed in this category. 
It is hoped that highway departments and the Federal Highway Administration will ini
tiate and construct additional sections of thick plain pavement that meets the require
ments set forth in this paper. 
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INSTRUMENT SYSTEM FOR MEASURING PAVEMENT 
DEFLECTIONS PRODUCED BY MOVING TRAFFIC LOADS 
Gilbert Swift, Texas Transportation Institute, Texas A&M University 

This paper describes a feasibility study that has led to the development of 
a first-generation instrument system for measuring transient pavement 
deflections. Accelerometers embedded in the pavement structure are used 
to sense the basic motion. Dual analog integration is used to obtain and 
record output indications proportional to displacement. The circuit char
acteristics are such that dynamic vertical movements as small as 0.002 
in. or horizontal movements as small as 0.0005 in. occurring within less 
than 2 seconds can be recorded. These characteristics allow the system 
to be used for vehicle speeds of more than 2 5 mph and for any normal 
pavement structure. These performance characteristics could be altered, 
if desired, to accommodate the larger, longer movements that occur on 
bridge decks. 

•THIS PAPER covers an investigation of the feasibility of developing an instrument sys
tem for measuring the dynamic transient deflections that occur in pavement structures 
under normal traffic loading conditions. 

Measurements of pavement deflections have heretofore been limited to observation 
of rebound on removal of a previously stationary heavy vehicle (Benkelman beam test
ing) or to measurements, such as those obtained with the Dynaflect, of cyclic loads of 
1,000 lb applied 8 times per second or to tests, such as the plate bearing test, of 
static loads. 

Direct observation of the deflections induced by moving traffic loads has, so far as 
is known, not been possible for lack of suitable instrumentation . The principal hin
drance to the development of instrumentation for this purpose is unavailability of a ref
erence location that is sufficiently fixed in position and sufficiently near the point where 
deflections are to be measured. Accordingly, the present study undertook to determine 
the feasibility of a measuring system that employs inertial sensors and therefore re
quires no external fixed reference point. 

BACKGROUND 

This research began with a proposal in r esponse to the U.S. Department of Trans
portation's prospectus regarding the development of transducers capable of measuring 
the recoverable vertical deflections on and beneath the pavement surface. The desired 
measurement range was from O to 0.05 in., with precision of measurement to 0.0001 in., 
and the flat frequency response was from Oto 100 Hz . 

Consideration of these requirements in the light of present technology of motion 
sensing devices and of existing techniques for applying them l ed to the conclusion that 
an inertial reference should be used and that accelerometers were available having the 
requisite characteristics for measuring such displacements at frequencies above 1.0 
or possibly 0.1 Hz. 

A paramount consideration underlying this plan was the fact that one aspect of the 
objective is believed to be unattainable. Specifically it is not deemed feasible to mea-
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sure this wide span of small displacements over the entire frequency range down to and 
including O frequency. Any displacement measurement requires a reference point. H 
a physical tangible reference point is to be used, it must be sufficiently remote to re
main undisturbed during the measurement to the extent set by the specified accuracy. 
fu a pavement structure subject to normal traffic loading, suitable physical reference 
points are quite remote-at least as far as 50 ft distant on the surface and as deep as 
20 ft or more from the lond npplicution point. The use of such refert:mct! pulnls ls con
sidered incompatible with the specified performance, especially over a wide range of 
frequencies as great as 100 Hz or greater. 

Accordingly, an inertial reference point, which may be regarded as the average po
sition of the measuring point during the recent past, is believed to provide the most 
practical alternative. Displacements relative to an inertial reference point may be 
measured with great accuracy over wide ranges of amplitude and frequency by inte
grating the response of vertical (velocity 01· accele1·ation) b;ansducers, such as geo
phones or accelerometers (1). The principal limitation introduced by the inertial ref
erence is that displacemenCresponse down to O frequency (static response) is not 
attainable. However, it appears fully feasible to obtain flat displacement response 
from below 1.0 Hz to above 100 Hz and with the desired displacement ranges by using 
this approach. 

Accordingly, the basic measuring system was originally proposed in 1969, but that 
proposal was abandoned 1.11hen the prospectus 1wvas canceled in 1970. In the belief that a 
need exists for instrumentation that can record the deflections within a pavement struc
ture under the transient loading provided by passing vehicles, a new but similar pro
posal was made to the Texas Highway Department in March 1971 to initiate the 1-year 
feasibility study described here. Such instrumentation should permit the study of pave
ment deflection behavior with respect to loads varying in magnitude and distribution and 
in speed. 

CHRONOLOGICAL ACCOUNT 

This study began in September 1971 with preparation of purchase specifications for 
the critical components. Accelerometers were purchased in accordance with the spec
ifications given in Table 1. 

Early in the circuit development phase it became apparent that, in a system of 2 in
tegrators in cascade, it is extremely difficult to obtain long-term stability. If 2 in
tegrators are directly coupled, an offset in the first necessarily produces the integral 
of this offset, which is a steady drift, at the input of the second. The output of the 
second integrator thereupon drifts at an ever accelerating rate. The stability was sub
stantially improved by coupling 1 integrator to the other through a suitable capacitor 
that provides infinite attenuation at O frequency while passing all frequencies of interest 
(those above approximately 0.03 Hz in the present apparatus) . 

The first field installation of the system was made at the Texas A&M Research An
nex. One accelerometer was buried in a typical flexible pavement roadway, and the 
vertical deflections produced by 1 passenger car and 1 truck were recorded. Dynaflect 
measurements (2) were also made on thls site. However, before any horizontal dis
placements could be recorded, the opportunity arose to install the equipment in the 
vicinity of Fairfield, Texas, where vertical deflections were recorded on a private 
haul-road under specialized vehicles carrying loads as heavy as 240,000 lb. At this 
location approximately 100 recordings were made of the passage of these 3-axle vehi
cles, some fully loaded, others empty, at approximately 25 selected sites. Although 
most of these recordings were satisfactory, it was learned during this series of mea
surements that the accelerometers must be implanted firmly and relatively deep in the 
pavement system to avoid initial shifts of position upon application of the first few load
ings after installation. 

Suddenly shifting the sensitive axis of an accelerometer from the vertical to a slightly 
off-vertical position, at which it then remains fixed, produces an effect identical to that 
of introducing a continuous upward acceleration. This occurs because the accelerometer 
no longer has the earth's gravitational field directed along its sensitive axis, but instead 
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is acted on by the component of gravity in the direction of its axis. Such a shift of the 
axis produces a change in the apparent acceleration expressed by the following relation: 

a = g (cos 0 - 1) 

where 

a = apparent change in acceleration, 
g = acceleration due to 1p:avity, and 
0 = angle between the sensitive axis and the vertical. 

(1) 

If the accelerometer were initially placed with its axis vertical, a quick nonrecover
able rotation through 1 deg would thus produce an apparent upward acceleration of 
0.0002 g, which is approximately 0.08 in./s2

• The second integral of this acceleration 
corresponds to a displacement that reaches 0.040 in. (40 mils) at the end of 1 sand 
160 mils at 2 s and continues to increase at an ever faster rate. The corresponding 
effect of rotation on a horizontally placed accelerometer is substantially less tolerable 
for 2 reasons. First, the apparent change in acceleration is given by 

a= g sin 8 (2) 

instead of by Eq. 1. Thus, it is nearly 100 times larger, or 0.018 g, for a 1-deg tilt. 
Second, the expected horizontal displacements in a pavement structure are generally 
on the order of 4 to 10 times smaller than the vertical displacements. 

Accordingly, placement of accelerometers within the pavement structure, especially 
a horizontal accelerometer, must be done in such a way as to minimize the likelihood 
of incurring appreciable tilting movement after installation. This appears to be best 
accomplished by installatio11 at an adequate depth, such as 6 or 8 in., and by surround
ing the accelerometer with a rather rigid material, such as plaster of paris, before 
filling the remainder of the hole. The tendency fo.r a tilting movement to occur during 
the measurement intei-val can be further diminished by application of repeated vehicular 
loadings to the emplacement area before the transient displacements are measured. 
That the final positions of the accelerometers be truly vertical or truly horizontal is 
relatively unimportant because the errors incurred by a permanent misalignment of a 
few degrees will be relatively small. 

After the sensors were re-implanted in a second flexible pavement at the A&M Re
search Annex, a series of recordings was made by using a variety of vehicle speeds 
and loadings. That activity, the data analysis, and the preparation of this report rep
resent the final phases of this 1-year feasibility study. 

APPARATUS 

Accelerometers 

The Kistler model 305T servoaccelerometer used in this study meets the most ex
acting specifications of any commercially available accelerometer known to the author 
(Table 1). Almost unique among instruments of any kind is its ability to respond 
throughout a range of 10 million to 1, that is, from 5 µg to 50 g. However, for this 
application it would be preferable if its response ranged instead from 0.5 µg to 5 g. 

The operating principle of a force-balance servoacceleromete.r is shown by Figure 
1, which has been taken from the Kistler Company's literature. The seismic mass of 
a few grams is nonpendulously suspended by 3 pairs of flexible arms that constrain it 
to move only axially. Movement of this mass is sensed by a capacitive displacement 
sensor, which, through its associated amplifier, produces a current in the forcer coil 
such as to restore the mass to its original position. The servo constraint is sufficiently 
"tight" that almost no appreciable movement ever occurs. Thus, the current in the 
forcer coil, to which the output signal is proportional, continuously corresponds to the 
force acting on the seismic mass. Inasmuch as force is equal to mass times acceler
ation, this current. constitutes an accurate measure of the instantaneous acceleration 
acting along the sensitive axis. 
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The overall dimensions of the basic accelerometer are 1.125 in. diameter by 2 in. 
long. However, for use in this study the accelerometers were placed in slightly larger 
waterproof housings, as shown in Figure 2. Each accelerometer was equipped with a 
40-ft shielded multiconductor cable terminated in a plug that fits a receptacle on the 
panel of the dual integrator unit. 

Dual Integrator Unit 

This unit, shown in Figure 3, provides 2 channels that may be used separately or 
simultaneously. Each channel accepts the output signal from an accelerometer, pro
vides an adjustable nulling current to oppose the effect of gravity, and performs a dual 
analog integration on the accelerometer signals. Th'us, it provides output signals pro
portional to displacement. 

The instrument is equipped with meters that monitor the output of each integrator. 
The gravity-null control serves to center the pointer of the lower meter, and the bias 
control of the second integrator serves to center the upper meter. A push button below 
these controls restores the second integrator to 0. The circuit diagram of this unit is 
shown in Figure 4. 

In the case of pavement deflections caused by moving traffic loads, it can be pre
sumed that, for normal vehicle velocities above, say, 20 mph, the duration of the ap
preciable vertical deflections will not exceed about 2.0 s and that the duration of the ap
preciable horizontal displacemP.nts will be somewhat shorte:r. Tc reproduce such 
displacements faithfully by twice integrating the corresponding accelerations requires 
that the integration time be extended substantially beyond the actual duration of the sig
nals. This requirement occurs because of unavoidable phase shift associated with the 
truncation of the integrator response at a finite frequency (or time) limit. 

The present apparatus has been constructed with an integration time of 6.0 s for the 
vertical signal channel and 1.2 s for the horizontal channel. Phase shift effects are less 
serious in the horizontal channel, despite its shorter integration time, because the hor
izontal motions are inherently bidirectional and the vertical displacements are always 
downward. 

The response characteristics of each 2 dual-integration channels are shown in Fig
ures 5 and 6. Figure 5 shows the overall response in the frequency domain and may be 
1·egarded as indicating the system response to sinusoidal input signals of equal magni
tude with respect to their frequency. The upper portion of Figure 5 shows that the fre
quency range over which the gain diminishes at the rate of 100: 1 per decade of frequency 
(the slope that corresponds to dual integration) extends from 0.05 to beyond 1,000 Hz for 
the vertical channel and that the maximum gain (2 integrators in cascade) is 100,000 fot 
each channel. This gain is in addition to the gain of the internal amplifiers within the 
accelerometers. The response with respect to displacements is shown in the lower 
portion of Figure 5. 

In a channel having these characteristics, a change within the first integrating am
plifier equal to 1 µV, or an equal change at the output of the accelerometer, necessarily 
results in an output signal that rises at the rate of 1 V /s. Should a change of this mag
nitude occur, while the system is being used to record pavement displacements, the 
pavement would falsely appear to have suddenly begun to move at the rate of several 
mils per second. Accordingly, for satisfactory operation of the system, the stability 
of the first amplifier and of the accelerometer is required to be substantially better than 
1 µV. In practice in. the field, it has been found feasible to set the compensating con
trols of the integrators such that the output does not drift appreciably during a period 
as long as 2 hours, provided the accelerometers are disconnected. However, random 
changes that occur in the accelerometer output signals make it imposs,ible to maintain 
freedom from drift, except for brief periods ranging as high as perhaps 30 s . This ef
fect, which would appear to require a major accelerometer-development effort to over
come, sets the attainable limits with respect to measuring small transient displace
ments that occupy a finite period of time . 

The limits, with the present accelerometers, have been found to be in the vicinity of 
2.0 mils minimum for vertical displacements occupying 2.0 s and 0.5 mil minimum for 



Ti.,ble 1. Specifications for accelerometer. 

Item 

Range, g max 
Dynamic range, g min 
Resolution, g 
Sensitivity, A/ g 
Damping factor 
Output impedance, MO min 
Frequency range 

de, Hz 
Flat, percent 

Power supply voltage, V de 
Linearity (independent), percent full scale 
Output at O g, A max 
Temperature, percent/F max 

Coefficient of sensitivity 
Zero shift 

Shock limit, any axis, g (ms) 
Suspension 
Weight, oz 
Length, in. max 
Diameter, in . max 

Body 
Mounting flange 

Estimated cost each, dollars 

Specification 

±50 
5,000,000 
0.000005 
0.00002 
0.6 to 0.7 
1.0 

to 500 
±5 
±15 
0.01 
0.000001 

0 .03 
0.05 
100(5) 
Nonpendulous 
3.4 
2'/., 

1 
1.125 
750 

Note: Must be interchangeable with Kistler Instrument Company model 305T 
and equipped with isolated self-test coil and terminals and 40-ft long shielded 
cable, 

Figure 1. Working elements of a force-balance 
servoaccelerometer. 
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Figure 2. Accelerometer mounted in waterproof 
housing. 

Gnd, 

Figure 3. Pavement displacement measuring system. 



Figure 4. Circuitry of 2-channel dual integrator. 
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horizontal displacements occupying 0.5 s. However, repetitive sinusoidal displace
ments, within the frequency range 0.5 to 400 Hz, can be measured down to the order of 
millionths of an inch. Simple alterations of the circuitry can accommodate slower tran
sient displacements, provided their magnitudes are correspondingly greater, and vice 
versa. 

The impulse response of the vertical channel is shown in Figure 6 to indicate the type 
of distortion that is introduced by truncating the frequency response. (The response 
shown is that of the vertical channel of the dual integrator unit. The response of the 
horizontal channel would appear the same if drawn to a time scale approximately one
fourth as long.) Distortion of the signal is substantially negligible for impulses that are 
short compared with 1.0 s but becomes substantial as the impulse duration approaches 
or exceeds 5.0 s . Phase correction networks that diminish this effect during the initial 
1- or 2-s interval were installed, but were removed from the circuit because of their 
deleterious effects on the longer period behavior. This effect is more severe for the 
rectangular impulses shown in the figure than for the rounded shapes represented by 
pavement deflections. Figure 7 shows typical pavement behavior. The upper curve de
picts the variation of acceleration versus time, the central curve indicates the first in
tegral of the acceleration, which is the velocity, and the lower curve shows the second 
integral, which is the displacement, produced by the passage of a 2-axle vehicle. 

Recorder 

A recorder found to be suitable for use in the field with the displacement measuring 
system is that shown in Figure 3. It is basically an Astro-Med model 102C modified 
to operate from batteries. A 2-channel recorder would make it possible to record 
from both channels of the integrator unit simultaneously. 

System Configuration 

Power for operating the accelerometers and the integrator unit is obtained in the 
field from a pair of 12-V lantern batteries. The recorder requires, in addition, the 
use of a 12-V storage battery. 

The entire system is readily transported and operated in the rear seat of a passenger 
car and may be connected to the car battery. A convenient procedure consists of im
planting the horizontal and ver tical accelerometers at equal depths in separate holes 
drilled into the pavement structure, with known spacing of a few feet along the wheelpath. 

SYSTEM CALIBRATION 

Calibration of the overall displacement measuring system, comprising an acceler
ometer and dual integrator, cannot be done statically because the system response does 
not extend to O frequency. Accordingly, calibration is best accomplished by application 
of a periodically repetitive displacement having a known amplitude. A very convenient 
device for this purpose is the Dynaflect calibrator unit, which can provide cam-actuated 
movements having double amplitudes from 0.005 to 0.020 in. at frequencies within the 
range 1 to 10 Hz. The actual movements of the Dynaflect cali brator were verified and 
compared with "static" displacements by using the optical displacement tra cker (4), as 
shown in Figure 8, to measure the dynamic as well as the static displacements ofthe 
calibration platform. The calibration factors for the system thus determined are as 
follows: 

Gain Step 

1 
% 
1/4 
Ya 

Vertical Channel 
(V /mil) 

0.1 
0.0495 
0.0255 
0.0130 

Horizontal Channel 
(V /mil) 

0.460 
0.235 
0.119 
0.0595 
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Figure 5. Integrator response in frequency domain. 
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The strip-chart recorder, as used with the system, ha.s a sensitivity as great as 
1,000 (chart divisions) mm/V. Thus the overall system recording capability extends 
as follows: 1-mm chart deflection = 0.1 mil (0 .0001 in.) pavement deflections for the 
vertical channel, and 1-mm chart deflection = 0.02 mil (0.00002 in .) for the horizontal 
channel. The chart-paper drive speed is 10 cm/s; each 1-mm division along the record 
thus represents 0.01 s. 

MEASUREMENTS 

A typical record of the vertical deflection produced by a passenger car is shown in 
Figure 9a. The deflection basin, as measured by Dynaflect at the same location, is 
shown plotted to the same scale in Figure 9b. 

Figure 10 shows 3 recordings obtained on a private haul-road during the passage of 
an exceptionally large heavy vehicle. These observations were later used in another 
study to evaluate the elastic constants of t11e pavement structure by comparison with 
deflections computed from elast;.c tl1eory. When % loaded, this vehicle applies wheel 
loads of 26,500, 72,000, and 78,000 lb respectively at its front, driv~, and rear wheels. 
Its overall wheelbase, 52 ft long, requires nearly 1.8 s to pass the measuring location 
at a speed of 20 mph. The recorded deflections necessarily OCC\.IPY a slightly longer 
period. Two of the recordings are satisfactory, and the magnitude and shape of the de
flection basins can be readily determined from these records. The upper record, how
ever, illustrates the effect of a drift that began shortly after the passage of the second 
wheel over the sensor. A repetition will usually have better than a 50/50 chance of 
producing a satisfactory record. This cban.ce is fw·ther improved if the deflections 
are of shorter duration, such as from a faster vehicle or a shorter wheelbase or both. 

Two recordings of the vertical deflections produced by a lightly loaded conventional 
truck are shown in Figure 11. The lower record shows the effects of rough surface 
conditions located approximately 50 ft away from the measuring point. Tile vehicle is 
still bouncing as it passes the sensor. The upper record is from a location of the same 
road, more remote from the rough area. 

CONCLUSIONS 

1. An instrument system has been developed that demonstrates the feasibility of the 
original approach and that is capable of recording pavement deflections under moving 
traffic loads. 

2. It appears that, in its present form, this measuring system can be used in a 
field test program to obtain useful information concerning the deflection behavior of 
va.rious pavement structures under controlled vehicular and random traffic loadings. 
It also appears that measurements of this behavior have not heretofore been obtainable. 
[Since completion of this work, a brief description of a similar instrument developed 
in Denmark has appeared in the appendix to a paper by Bolm et al. (5}.) 

3. With minor modification, the present apparatus could be adapted to record the 
larger but longer duration movements of bridge decks subjected to traffic loading. 

4. Limitations of the system have been noted as follows: 
a. Only one channel, either the vertical or the horizontal, may be recorded at a 

time. Purchase of a dual-channel recorder would remove this limitation. 
b. The present circuit configuration, chosen to accommodate deflections on the 

order of 0.001 in., requires that, to be faithfully recorded, the transient deflections 
not exceed 1- or 2-s duration. With vehicles of conventional wheelbase, this neces
sitates travel at speeds of 20 mph or greater. Response to smaller and slower tran
sient displacements requires accelerometers having characteristics beyond those known 
to be commercially obtainable. 

c. Requirement for rigid implacement of the accelerometers has been found to be 
critical, but it is believed that the embedment technique developed during this study is 
adequate. Implantation of accelerometers at depths less than 6 in. in flexible pave
ment sections or less than 3 in . in rigid pavements is not recommended. Because tile 
deflections at such depths are 01·dinarily not very differ nt from the deflections closer 
to the surface, this limitation is not believed to impair the usefulness of the system. 



Figure 8. Movement of Dynaflect calibrator unit, on 
which accelerometer has been mounted for calibration. 
verified by optical displacement tracker. 
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d. Imperfections (drifts) of the accelerometer output signals 1·epresent the principle 
limitation to the measurement of small slow displacements. Occasionally (less than 
50 percent of the time), a drift spoils the record of a given vehicular traverse. Ac
cordingly, to record the deflections produced by a specific vehicle sometimes requires 
the vehicle to repeat its traverse. 
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USE OF PROFILE WAVE AMPLITUDE ESTIMATES 
FOR PAVEMENT SERVICEABILITY MEASURES 
Roger S. Walker and W. Ronald Hudson, Center for Highway Research, 

University of Texas at Austin 

For a number of years, engineers were interested in developing objective 
criteria for designing and maintaining highways on the basis of pavement 
performance, i.e., riding quality. The development of the serviceability 
performance concept by Carey and Irick provided a method for developing 
such criteria. Although this method may seem rather crude to some, it is 
still the best method available of those that consider the subjective riding
quality measurements of highway users. Several classes of instruments 
have been used for obtaining the objective m asurements required for this 
concept; one is the slope-variance measuring device. Serviceability index 
models were developed based on slope variance of road profile data ob
tained with the surface dynamics profiiometer. l::iubsequently, a service
ability index model was developed based on profile wave amplitude esti
mates of the road profile data. This latter model has been found to be 
superior to the slope variance model and has now been used extensively 
for providing measurements in Texas. This paper describes this model 
and some of the results of its uses in field operations . 

•FOR A number of years, engineers have sought an objective measure of the riding 
quality of highways in order to establish better highway design and maintenance proce
dures. Various measuring devices have been proposed and tried in attempts to provide 
objective data to indicate a pavement's riding quality. The problem was further com
plicated in these initial attempts because there were no means of calibrating these 
roughness data when they were obtained; e.g., Row rough is rough, or how smooth is 
smooth? Finally, during the planning for the AASHO Road Test, Carey and Irick (4) de
veloped a serviceability concept that serves as a basis for most current pavement rat
ing systems and is based on a subjective evaluation of the road user's opinion of the 
pavement at any given time. 

Because this concept requires correlation between objective physical measurements 
of pavement characteristics and subjective measurements of the pavement, the develop
ment of reliable serviceability index (SI) prediction models is not a trivial task, for it 
requires some type of an adequate statistically designed highway rating experiment for 
the subjective measurements and some type of roughness measuring device for the ob
jective measurements . 

The availability of the surface dynamics profilometer (SDP) provided a profile
measuring device with which roughness characteristics could be obtained. The Texas 
Highway Department purchased the first such profilometer ( 15). In subsequent research 
(12), a large-scale pavement rating experiment was conducted in which a panel of typ
ical road users riding in typical American automobiles expressed their opinions on the 
riding quality of a group of pavements. The sites selected for the rating sessions rep
resented different topographical areas of Texas. The road profiles of these test site 
pavements were measured with the SD profilometer, and pavement deterioration (con-

Publication of this paper sponsored by Committee on Pavement Condition Evaluation. 
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dition survey) information was obtained. Roughness index and slope variance statistics 
computed from those data were then used for characterizing the pavement sections. 

The roughness statistics and the condition survey information were correlated to the 
mean panel present serviceability rating (PSR) to get pavement SI prediction models 
(12,16). 
-Because of the complexities of a road profile, a much better possibility of charac

terizing a pavement section appears to be by its power spectrum or wavelength com -
ponents than by a single statistic such as slope variance. With wavelength information, 
various problems such as profilometer sensor wheel bounces can be isolated or ac
counted for to provide more accurate pavement characterizations. 

It would also appear that a predictor of riding quality at least as _good and probably 
better could be obtained by correlating the effects of individual fr equencies with PSR 
through multiple regression analysis techniques . By this method, only those fre
quencies that are found to be highly correlated with PSR could be included, and the 
rest could be discarded. 

SI MODEL DEVELOPMENT USING PROFILE 
WAVE AMPLITUDE ESTIMATES 

To predict a pavement serviceability index as a function of profile wavelength, the 
following linear model is considered: 

where 

81 == linear model parameters, and 
X1 == average wavelength amplitude. 

(1) 

Average wavelength amplitudes are considered the independent variable, for these 
values obviously affect the riding quality or roughness of a pavement and are more 
easily realized physically by the highway engineer than are, say, the power spectrum 
estimates. Such amplitudes may be obtained from the power spectrum estimate from 

where Q1 represents the 2-sided power or variance spectrum component for the i th 
frequency band, and t.f is the frequency containing this variance . 

(2) 

In the development of the model, the or iginal rating s ession data (12) were reexam
ined by using the mean panel ratings from 86 representative test sections throughout 
Texas. The power or variance spectrum estimates for each of the road profiles of 
these 1,200-ft sections were then obtained. [Walker and Hudson (18) discuss the as
sumptions necessary for power spectrum estimates of road profile data obtained with 
the SDP.] The power spectrum estimates for the right and left wheelpaths and the 
cross power were computed for each profile section. 

Figure 1 shows the relation between PSR and road profile pow er spectrum estimates. 
The power spectrum estimates for s everal frequencies or wavelength bands were com
puted and are shown for various road roughness classes, as indicated by PSR. That is, 
the 86 pavement sections covering the gamut of pavement roughness were grouped as 
shown (PSR intervals from 4. 5 to 5.0, 4.0 to 4 . 5, and so on), and their average spectrum 
amplitudes were obtained. In general, the rougher the road is, the greater the spec
trum amplitude is. This figure thus indicates that there should be some appropriate 
equation that relates SI to power spectrum estimates and thus wave amplitudes. The 
problem then is to determine which wavelengths or bands to include in this function or 
model. 

A stepwise regression procedure (8) was used. The PSR values from the original 
rating session experiment were the dependent variables, and the logs of the wavelength 
amplitudes were the independent variables. Regression analysis assumes that the de
pendent variable is the only random variable. Because there are errors in these in-
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dependent variables and these errors are not symmetrically distributed [power spec
trum or variance estimates are distributed according to the chi-square distribution (2)), 
they would tend to bias the results unless these errors were symmetrically distributed. 
Thus, the log transformation on these values was used. The use of the log transforma
tion in this case is rather intuitive but is supported by Scheffe (13) when the analysis of 
variance on variance estimates is used. (It should be noted that;" after the log trans
formation is performed, only a constant separates the power spectrum amplitudes from 
the profile wave amplitudes. Thus, similar results can be obtained by using power 
spectrum estimates as the independent variables rather than wave amplitudes.) In ad
dition, the independent variables were centered before the regression was performed. 

An ideal model for riding quality is characterized by realistic and relatable terms. 
However, an extensive search revealed no such ideai model. Some of the problems in 
modeling procedures that could have prevented obtaining such a model are presented 
here. 

First, the linear scale rating method that was used and is similar to the one used at 
the AASHO Road Test has been criticized as not giving an adequate subjective repre
sentation. Thus, if not all pavement classes are properly distinguished by the raters, 
it becomes difficult if not impossible to obtain an appropriate model. 

Second, for the higher frequencies (or shorter wavelengths), adjacent power spec
trum estimates are highly correlated. For the lower frequencies (or longer wave
lengths), this correlation drops significantly. For example, the correlation coeffi
cient R between the first and second bands (0.0116 and 0.0231 cpf) was 0.599. For bands 
above 0.231, these values increased to above 0.9. These upper frequencies, however, 
were not highly correlated with PSR. Also, when the values were examined, average am
plitude levels for frequencies of 0.231 cpf and higher were much less than 0.01 ft for the 
smoother roads; that is well beyond the measuring accuracies of the vehicle. As roads 
get rougher, these levels increase in the same proportion. Because these frequencies 
probably affect roughness for some of the classes of rougher roads, a better technique 
should be used for including their effect in the equation. Because of their high interre
lations and their unreliability for the smooth roads, these values were omitted. A sat
isfactory prediction model, however, was obtained by including the longer wavelengths 
(or lower frequencies). These values, as noted, were not very interrelated and were 
found suitably correlated to PSR . Thus, the model does seem to indicate that these 
wavelengths are important in riding quality. 

Initially a 32-band model was developed ( 52 deg of freedom) that included 3 ampli
tude terms centered at 0.023, 0.046, and 0.069 cpf, 3 amplitude interaction terms, 2 
cross-amplitude terms, and 1 pavement type term, or a total of 9 deg of freedom for 
the regression and 76 for the residual. The correlation coefficient was only 0.9 (R2 = 
0.81), and there was some lack of fit. This model is as follows: 

SI= 3.24 - 1.47X1 - 0.133X2 

where 

X1 = log Ao.023 + 2.881; 
X2 = log Ao.ots + 4.065; 
X3 = log Ao.os; + 4.544; 
X4 = log Ao.093 + 4.811; 
Xe = log Ao.139 + 5.113; 

X10 = log Ao.231 + 5.467; 
XC1 = log Co.023 + 3.053; 
XCs = log Co.us+ 5.659; 

- 0 .54X3 + l.08XC1 - 0.25XC2 

+ 0 .08X~3 - 0.91X3X4 + 0.67XsX10 

+ 0.49T 

A1 = average right and left wavelength amplitude, in in. ; 
C1 = cross-amplitude, in in.; 

(3) 



i = frequency band, in cycles/ft; and 
T = 1 for rigid pavements and O for flexible pavements . 

The regression analysis results are as follows: 

Source 

Regression 
Residual 

Degrees of 
Freedom 

9 
76 

Sum of 
Squares 

47.68 
10.75 

Mean Square 

5.297 
0.1414 

F Ratio 

37.46 

Correlation coefficient R = 0.90, and standard error for residuals = 0.38. 
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An attempt was made to obtain a better model by rerunning the same regression 
procedure on 64-band power spectrum estimates (32 deg of freedom for each estimate) 
of the same data. The correlation coefficient for the model in this case increased to 
0.94, and the standard error of residual decreased to 0.32 (no lack of fit). Although the 
same frequency band centers entered the model, more interaction terms were included. 
Repeat runs using both models revealed little difference; thus, the 32-band model is 
illustrated because of fewer terms, greater regression significance, and more reliable 
power spectrum estimates. 

A desirable regression model should make sense physically, show suitable correla
tion between the dependent and independent variables, exhibit an acceptable lack of fit, 
and produce reasonable results in actual field use. 

This model appears to make sense in that the greater the amplitude terms are, the 
less the SI readings are. The cross-amplitude term (which comes from cross power) 
is a little more difficult to define physically; however, it indicates the similarities be
tween the 2 profile heights (cross roll or roughness effects). The interaction terms are 
useful in fitting the model. 

The best practical test for the model is how well it performs in use. The perfor
mance of this model on more than 300 miles of pavements has been quite acceptable, 
and it is currently being used for all SI measurements involving the SDP. Table 1 gives 
a typical set of repeat data runs. That is, 3 different 1,200- ft pavement sections (none 
of which was included in the original rating sessions) were each run 5 times with the 
SDP. The data were digitized, and the power spectrum estimates were computed for 
each run. The appropriate terms were then computed, and the SI was obtained for each 
run. 

USES OF THE SI MODEL 

As indicated, the current model is being used for all SI measurements involving the 
SD profilometer. In addition, because of the stability of the model, primarily due to 
the internal calibration facilities of the SD profilometer, these measurements are also 
currently being used as a standard for SI measurements by the Mays road meter (MRM) 
(19). The relation found between the MRM cumulative roughness readings, in in./mile, 
and the SD profilometer SI measurements is 

(log M)"' 
SI= 5e- T (4) 

where 

M = MRM roughness readings, in./mile; and 
fJ and a = MRM instrument coefficients (regression coefficients). 

This equation was obtained by regressing the MRM readings onto the SI values and 
then solving for SI. A typical plot of this equation for one of the MRM devices calibrated 
to the SI standard is shown in Figure 2. Table 2 gives the results from different MRM 
calibrations during this past year. 
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Figure 1. Wavelength versus power spectrum estimates for 
rating session data . 
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Table 1. 

Test 

2 

3 

PSR • 1.0 - 1.5 
PSAa 1.5 · 20 
PSR • 2.0 • 2.5 

PSR = 3 ,0 · 3.5 

PSA • 4.0 - 4.5 

20.00 10.00 so.oo eo .oo 100.00 120 .00 
UAVELENGTH (FT/CYCLEl 

SI replications. Table 2. MRM-SDP SI calibration results. 

Run ST SI Model 
MRM /J QI Error R' 

1 4.50 
2 4.53 1 5.679 5 .1 0.327 0.998 
3 4 .61 2 5.343 4 .6 0 . 314 0 .997 
4 4.57 3 5.192 4 .0 0 .292 0.994 
5 4.57 4• 5.547 4 .9 0.391 0.997 

1 4 .18 
5 5.720 5 .1 0 . 351 0 .997 
6 5.971 4 .0 0.328 0 .996 

2 3.70 
7 5.564 4 .0 0.337 0.996 

3 3.76 8 5.602 5 .0 0.269 0 .998 
4 3.98 
5 4 .14 1Mcchonicel May, roed mete1 (lhe oLlu:tt rtisults shown are for 

1 2 .02 the new electronically controlled models manufactured by 

2 1.69 Rainhart Company) , 

3 1.53 
4 1.92 
5 1.86 



Figure 2. SI values of SDP versus roughness readings of MRM. 
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Table 3. Amplitudes for PSR intervals. 

Number Amplitude of 
PSR of Frequency Power Me an Upper 99 Percent 
Interval Sections (cpf) (in .2 / cpf) (in .) 

4.0 to 4.5 10 0.012 1.2945 1.4134 
0.023 0.0520 0.2833 
0 .035 0 .0159 0.1566 
0.046 0.0076 0.1085 
0.058 0.0044 0.0823 
0.069 0.0028 0.0661 
0.081 0.0025 0.0617 
0.092 0.0022 0.0580 
0.104 0.0018 0.0526 
0 .116 0.0017 0.0516 

2.0to2 .5 10 0.012 2 .6602 2.0262 
0.023 0.2538 0.6258 
0.035 0.0759 0.3422 
0.046 0.0307 0.2176 
0.058 0.0249 0.1960 
0.069 0.0174 0.1641 
0.081 0.0108 0.1291 
0.092 0.0087 0.1161 
0.104 0.0082 0.1127 
0.116 0.0084 0.1140 
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By using the SI measurements of the SDP as a standard, a general set of calibration, 
operation, and control procedures has been developed for all MRM devices purchased 
by the Texas Highway Department. These procedures provide a means of measuring 
roughness in standard roughness units for all MRM devices and thus enable 2 separate 
instruments, installed in separate vehicles, to get the same roughness readings for the 
same road section. 

In addition to being used for SI meai:mremfmts, thiR morlel can also provide useful 
information in regard to the importance of the various wavelength amplitudes. The 
original power spectrum estimates from the large-scale rating session might also be 
of interest. For instance, the average power spectrum estimates for various classes 
of roads can be obtained and used for computing the wave amplitudes (Fig. 1). Table 3 
gives a summary of this information for the various road classes for the PSR intervals 
of 4.0 to 4.5 and 2.5 to 3.0. For each frequency band of these 2 intervals, the mean 
power and the corresponding upper 99 percent confidence band are given. This upper 
range for the individual amplitude term is also given. This upper band might be use
ful in construction conlrol studies, fur typically mean amplitude values should not ex
ceed these upper ranges (control of such specifications is, of course, another matter). 
For e:xample, roads in Texas are tz:Pically designed to allow deviations from a 10-ft 
straightedge to be no greater than ;11-in . As noted, roads in the roughness class 2.5 to 
3 .0 (frequency near O .104) are near this upper range. The values given in this table 
however, should be viewed as rough estimates, for their accuracv depends on the sta
tistical assumptions necessary for accurate power spectrum estiin.ates (18), which are 
not exactly met. Another useful analysis method would be to examine theprofile data 
with digital filtering techniques. With such techniques, the amplitudes within specific 
frequency bands can be examined as a function of distance. 

SUMMARY 

A model for measuring highway roughness or riding quality based on spectrum es
timates of road profile data has been presented. The road profile data are obtained 
with the surface dynamics road profilometer. Through actual field use on several hun
dred miles of varied highway pavements, the model has been found to provide acceptable 
riding-quality measurements. The application of some of its uses in field operations 
has also been briefly described. This included the use of SI measurements obtained 
with this model as a measurement standard for Mays road meters. 
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PROBABILITY MODEL FOR JOINT DETERIORATION 
Lawrence Holbrook, Michigan Department of State Highways 

Based on condition surveys at 5-, 10-, and 15-year intervals, joints from 
43 post-World War IT pavement construction projects in Michigan were 
grouped into 4 classes of deterioration depending on the extent of damage. 
These classes were then considered as states through which a joint could 
progress as it deteriorated in time. It was further assumed that the prob
ability of a joint passing from a given state to the next higher state de
pended only on which state the joint was in and not on the previous deterio
ration history. This assumption allowed joint deterioration to be modeled 
as a continuous-time Markov process that specified the probability of a 
joint being in each state for any time during service life. A nonlinear 
least squares estimation technique was used to estimate 4 parameters 
governing the process for each of the 43 construction projects. The model's 
fit to field data for each of these projects was quite good, thereby suggest
ing that similar procedures might be used for a large variety of structural 
deterioration problems. 

•BECAUSE joint deterioration is a serious problem from both a roughness and a main
tenance point of view, to model the deterioration process for predictive purposes is de
sirable. A successful model would forecast problem occurrences such as blowups and 
thereby afford an opportunity for preventive maintenance. It is unlikely that the large 
number of variables that affect joint deterioration would be tractable enough to allow 
an extract (deterministic) formulation of the problem. Under such circumstances, one 
often resorts to the prediction of probabilities, provided one can reasonably define states 
for the process. This type of predictive model is called stochastic and often fits the 
real world quite well. For the case of joint deterioration, the first problem encoun
tered in developing the model occurred in the measurement of deterioration. The gen
eral index approach to deterioration measurement is given in an earlier paper (l). 

THE DATA 

Because all post-World War II state trunk-line concrete pavement construction was 
examined in Michigan by condition survey, it was possible to record joint condition at 
survey intervals of 5, 10, and 15 years of service life (Fig. 1). Tabulation and analy
sis of these data were made possible through the financial support of the Federal High
way Administration. Deterioration, usually joint spalls and slab cracks, is visually 
recorded on survey sheets more or less to scale. One might suppose that a good mea
sure of joint deterioration would be spall count. However, as the number of spalls in
creases, they tend to merge; hence, more advanced deterioration, namely the blowup, 
is qualitatively different from spalls and is therefore not amenable to this scaling pro
cedure. 

To measure all types of joint deterioration in proportion to their seriousness, a 
more comprehensive scaling method had to be developed. Consequently, it was de
cided to measure joint deterioration as the percentage of the total transverse joint 
length affected by all kinds of concrete failure. Mathematical modeling was facilitated 
by grouping these percentages into 4 categories or states as follows: 

Publication of this paper sponsored by Committee on Pavement Condition Evaluation . 
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State 
Defined 

1 
2 
3 
4 

Percentages 

0 to 25 
26 to 50 
51 to 75 

76 to 100 
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State 1 consists mostly of external corner spalls, and state 4 consists mostly of 
blowups-rarely would a joint be spalled 75 to 100 percent of its transverse length. 
Usually state 4 joints were seen by the investigator as full slab width patches that by 
their extent and character suggested that a blowup occurred. These definitions of joint 
deterioration were used to classify each joint and to chart its progression from state to 
state with each subsequent condition survey. 

DEVELOPMENT OF THE MODEL 

It seems reasonable to assume that the state of current joint deterioration essentially 
determines the probability of progression to the next higher state. This is tantamount 
to assuming that the time history of deterioration is irrelevant as far as future behavior 
is concerned and that all one needs to know is the present state and the probabilities of 
further deterioration associated with each state. From a stochastic process point of 
view, this assumption of lack of system memory is called the "Markov property" and, 
if applicable, suggests that the deterioration process may be considered as a Markov 
chain (2, 3, 4). Crucial to the concept of a Markov process are the following assump
tions. - - -

1. For each pair of state EJ, Ek, for j / k, there exists the continuous function 
A1k(t) such that 

Pkk(t, t + h) X (t) 
h -+ k 

as h ... 0. Moreover, the above limit is uniform int and uniform in j for fixed k. XJx(t) 
defines the time rate of change that gove rns the passage from state E J to state Ek (Fig. 2). 

2. For each state Ex the1·e exists a continuous function >-.k(t) :!: 0 such that 

1 - pkk(t, t + h) , (t) 
h -+ "kk 

uniformly in t, as _h ... 0. >-.k(t) defines the time rate of change that governs the passage 
out of state EJk and must equal the sum of the particular passages, l: Xk 1 (t). Now the 

k/1 
Markov assumption of the independence of past and future events allows the Chapman
Kolmogorov equation for continuous time. 

plk(T, t + h) = L P1i(T, t) PJk(t, t + h) 

j 

where r, t, and h =0. This equation states that the probability of a transition from state 
i to state k during the time interval ( T, t + h) is equal to the probability of transition 
from state i to some intervening state j during the time interval (r, t) multiplied by the 
probability of transition from state j to state k during the time interval (t, t + h) summed 
over all intervening states j. This equation allows us to compose 

P0,(r, t + h) - P1k(T, t) 1 ( t) 1 ~ ( t) p ( t + h) h =-hP1kT, +ji"L,PsJT, 1kt, 

j 
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or by extracting the j = k term from the sum 

plk(,i·, t+h) - P 1lr, t) lp ( t) lp ( t)P ( ) h = - h tk T, + h !k T, kk t, t + h 

+ ~ L plj(T, t) pjk(t, t + h) 

jfk 

By assumptions 1 and 2, we have, by letting h .... 0 in Eq. 1, 

oP ~r t) = - plk(T, t) >,.k(t) + L plj(T, t) >,.jk(t) 

jfk 

Now, by definition, we have 

and 

;tLPk1(T, t)=O= LAk1(t) 

l 1 

Further, noting Eq. 2, we have 

or 

If we let 

and 

then Eq. 2 becomes 

;t P(T, t) = P(T, t) A(t) 

( 1) 

(2) 

(3) 

If the (A1J(t)} are cons tant for all time, the process is said to be time-homogeneous. 
If the (A1J(t)} change over time, the process is said to be non-time-homogeneous . Be
cause joints like other physical structures age, it seems unlikely that joint deteriora
tion. would be time-homogeneous. Notice a lso that it is imposs ible for joints to pass 
from a given state to a lower state. T his r equires that the matrices P( T, t) and A(t) be 
upper triangular-a feature that makes it possible to solve the system of differential 
equations generated by Eq. 3. Now let us require that in the case of joint deterioration 
it is reasonable to specify that a joint cannot progress to an advanced state of deteriora
tion without passing through each intervening state. Consequently, all transition prob
ability rates for which j > i + 1 must be 0. Thus A(t) now becomes 
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-xdt) X12(t) 0 0 

0 -A23(t) >..2it) 0 
A(t) = (4) 

0 0 

because L "Jk(t) = 0 as discussed earlier. It was decided to classify joint condition 

k 
into 4 classes and thereby to limit Eq. 4 to a 4 x 4 matrix. All of these considerations 
define a special case of Eq. 3 that generates the system of differential equations: 

;tPu(T, t) = - P11(7', t) A12(t) 

:t P 12( 7', t) = P 11( 7', t) A 1h) - P 12( 7', t) >..23( t) 

:t Pd 7', t) = - P22( 7', t) >..23(t) 

:t P23( 7', t) = Pd 7', t) A23(t) - P23( 7', t) A34(t) 

aot Pd 7', t) = - P33( 7', t) A34(t) 

a0tPdT, t) = PdT, t)>..23(t) - PdT, t)A34(t) 

The PJ 4(7', t) are known because L PJk = 1. 

k 
The preceding development does not specify the way in which the transition rates 

>.. 1 1+1(t) vary with time. As mentioned before, aging very likely increases the probability 
ttiat a joint in a given state of deterioration will pass to a higher state for the same time 
interval. Therefore, it would seem plausible that the >.. 1 1+ 1(t) would increase in time. , 
A simple formulation that fits graphical plots of the data is 

>..dt) = cdl/> 

A23( t) = r;t<t> 

A34(t) = yt<t> 

(5a) 

(5b) 

(5c) 

where a, r;, 'Y are scaling coefficients and ¢ is a parameter that indicates the degree of 
time nonhomogeneity. If r/J = O, the process is time-homogeneous; if¢ /. 0, the process 
is non-time-homogeneous. Furthermore, we would expect that Cl( < ~ < 'Y because 
a joint already in a highly deteriorated state can be expected to decay more rapidly to 
the next higher state. This specification of X11+1(t) together with the initial conditions, 
P11(T, T) = P22(7', 7') = p33(T, T) = 1, yields the' following solutions to the system of 
equations: 

where 

Eh =Cl(, 
82 = r;, and 
03 = 'Y. 

-8.;\<l>dx -8 (td>+t. ,dJ+l) 
Pu(T, t)=e' =e; .r,+ 1 
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Also, 

-P j\"'dx 
P1ir, t) = c1(r)e · + particular solution 

-Pj'-"'dx 
Particular solution = o:e 

j1l1"'•1+ Q1'ql+ l l 

= O'.e "'"' I 

t 

f 
IP - allv"'+l_Tql+l) 

y'lle q1+ 1 dy 

'T 

t 

f 
tp-aly</)+I 

y.;ie 111+ 1 dy 

'T 

r <tft~1- ,</J+ I I _ph<,ll+ I_Tql+ l )l 
=-0'.-le- ,,,,. , -e ,,,. , 

~-~L ~ 

Because the initial condition P12(r, r) = 0, c(r) = 0. Therefore, 

where r specifies the time at which the prC>cess starts. Similarly, 

Now, 
t 

,;,jx<l>dx 
P 13( r, t) = c2( r )e + particular solution 

-, f\</Jdx 
Particular solution = e r" 

Because the initial conditions are P13('T, r) = 0, c2(r) = 0. Therefore, 

.. 
ii . 
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ESTIMATION OF PARAMETERS 

The problem now arises as to how to estimate Cll, fj, y, and¢. Because the expres
sions for P 11 (r, t) and P 1J(r, t) are nonlinear, classical least squares techniques are 
not helpful. In the present case, a computer optimization procedure containing a mod
ification of Ute steepest method was used (J_, _!!, ~). The procedure minimized the ex
pression where the P 1J(r, t) were proportions computed directly from the survey data. 
In addition, each residual was weighted in proportion to the number of joints entering 
into the probability determination. 

RESULTS WITH FIELD DATA 

An attempt was made to estimate the model's 4 parameters by the nonlinear least 
squares procedure for all the 43 construction projects surveyed at 5-, 10-, and 15-year 
intervals. Except for a small number of extremely good projects for which there was 
no appreciable deterioration at 15 years, estimates for Cll, fj, y, and¢ converge rapidly. 
In all cases, the model's flt was within ±0.10 for the 4 probabilities x 3 survey years 
x 43 projects = 516 data points (Figs. 3, 4, 5, and 6). Examples of state probability 
history curves for several particularly good and poor projects are shown in Figures 
7 and 8. Shown in Figure 9 are the expected (average) state histories for the same 2 
projects. The probabilities for states 2 and 3 of the poorly performing projects peak 
at about 11 and 13 years and then decline. This is because joints are not entering states 
2 and 3 so fast as they are leaving these states for state 4. State 4 is a terminal or ab
sorbing state and naturally captures more joints with time until all joints are finally in 
this state. 

Also of interest is the finding that & < ~ < y. Thus, a joint is more likely to deteri
ora;.teA to theA nfxt highest state if it is already in a deterioi-ated condition. Distributions 
of fj/0!. and y/OI. are shown in Figure 10. Attempts were made to quantify these relations, 
thereby reducing the number of model parameters, but the models did 11.ot fit the data 
satisfactorilyA (resiguals as high as ±0.30 were encountered). Because 'Y was generally 
greater than Cll and fj, one would presume that state 3 joints would be the ones mostlikely 
to progress to state 4. Therefore, if state 4 (mostly blowups) prediction is desired, a 
good strategy would be to look for joints in state 3. Because the model will predict the 
probability of state 4, given state 3 for any elapsed time, one can compute state 4 prob
ability curves once Cll, fj, 'Y, and ¢ have been estimated from earlier performance data 
(or possibly environmental and materials variables). 

Figure 11 shows for an arbitrary construction project the cumulative probability of 
state 4 occurring given that a joint was in state 3 at the selected r times of 1, 11, and 
15 years. Notice the rapid rate of increase in probability as r increases. For example, 
if a joint is in state 3 at 1 year ( r = 1), it takes just over 12 years before the potential 
occurrence of state 4 has reached a probability of O. 50. However, if the joint is in 
state 3 at 11 years (r = 11), it takes only 3 years for the probable occurrence of state 
4 to reach 0.50. These curves will not give good forecasts of blowup probability unless 
Cll, /j, y, and ¢ are reliably estimated from early performance data for each project it
self or from a group of relevant causal variables. 

As discussed earlier, ¢ is a measure of the non-time-homogeneity of the process. 
Figure 12 sh~ws the frequency distribution of ¢ for the 40 projects for which ¢ could be 
estimated. ¢ varies from about 0.20 to 5.83 with a median value of about 2.3. Thus, 
our hypothesis concerning non-time-homogeneity is tenable, particularly because most 
¢ are significantly greater than 0.0 (Cll level = 0.05, as tested by a linearized t test). 

CONCLUSION 

Condition survey data were used to define 4 joint conditions in terms of the percent
age of transverse joint length deteriorated. Progressive deterioration of a joint was 
considered as the passage from a given state to the next higher state. This process 
over time appeared to embody the Markov assumption, which requires that only the 
current state determine the probability of passage to another state. The Markov as
sumption was used to design a continuous time, non-time-homogeneous Markov process 



Figure 1. Survey data on joint 
condition. 

Figure 2. Probability transition 
from state i to state j as a function 
of time. 

Figure 3. Estimated versus actual 
probability of a joint in state 1 for 
5, 10, and 15 years. 
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Figure 4. Estimated versus actual 1.0 

probability of a joint progressing 
from state 1 to state 2 within 5, .9 
10, and 15 years. 
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Figure 5. Estimated versus actual 1,0 

probability of a joint progressing 
from state 1 to state 3 within 5, 

,9 
10, and 15 years. 
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Figure 6. Estimated versus actual probability of 
a joint progressing from state 1 to state 4 within 
5, 10, and 15 years. 
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Figure 7. Estimated probability of a joint from a good 
project being in a state during a 15-year service life. 
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Figure 8. Estimated probability of a joint from a poor project 
being in a state during a 15-year service life. 
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Figure 9. Estimated expected state for projects within 
15-year service life. 
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Figure 10. Cumulative ratios for coefficients plotted on normal probability 
paper. 
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Figure 11 . Cumulative probability of a joint progressing from state 3 at 1, 11, and 15 years to state 
4 at t. 
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Figure 12. Cumulative distribution of ¢. 
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to model joint deterioration. The particular model chosen required the nonlinear es
timation of 4 fitting parameters to predict 27 probabilities of joint condition measured 
at the 5-, 10-, and 15-year periods of service life. This procedure proved very satis
factory except for projects showing practically no deterioration, For these, parameter 
estimation was not possible because of computer overflow problems. Generally excel
lent fits of estimated and actual data were obtained for the 43 projects examined. Based 
on these results the procedure looks quite promising for structural deterioration model
ing in general. 
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