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Pavement Texture: 
and Development 

I ts Significance 

Glenn G. Balm~r, Federal Highway Administration, U.S. Department of 
Transportat10n 

This paper discusses the influence of roadway surface textures on skid 
resistance, the skid resistance-speed gradient, accident rates on wet pave
ments, pavement wear, and the noise generated by tire-road interaction. 
The tendency of a vehicle to hydroplane is reduced by increasing the 
depth of the pavement texture. Appropriate textures are developed by 
using open-graded asphalt friction surface courses and by finishing port· 
land cement concrete with steel tines or a vibrating float while the con
crete is plastic. Hardened pavements can be textured by grooving with 
a diamond saw or by resurfacing with an overlay. More development is 
needed in techniques of texture measurement, especially in automating 
the stereophotographic interpretation method. 

Water on the roadway is one of the major causes of 
highway accidents . It induces hydroplaning, reduces 
skid resistance, and adversely affects vehicle control 
{!). Modern high-speed traffic challenges the highway 
engineer to provide dynamic drainage at the tire
pavement interface and facilities for rapid removal of 
water from the pavement surface during precipitation . 
Construction of deep-textured surfaces can help in 
achieving these goals. 

CLASSIFICATION OF SURF ACE 
TEXTURES 

The large-scale features of a pavement surface-known 
as the macrotexture-are commonly distinguished from 
the fine-scale features-the microtexture. Pavement 
surfaces can be analyzed in more detail by use of an 
American Society for Testing and Materials (ASTM) 
procedure, ASTM E 559. Four parameters are coded 
for the macrotexture : height, width, angularity, and 
density of the distribution of large projections. Two 
parameters describe the microtexture: harshness and 
the rugosity of the background. Kummer and Meyer (2) 
have classified the sui·face types as (a) smooth, {b) fine
textured and rounded, {c) fine-textured and gritty, {d) 
coarse-textured and rounded, and {e) coarse-textured 
and gritty. 

MECHANISTIC ASPECTS OF 
TEXTURE 

Effect of Texture on Friction and 
Speed Gradient 

Figure 1 (3) shows the effects that road surfaces have 
on skid resistance and speed gradient. Both adhesion 
and hysteresis contribute to skid resistance. Adhesion 
is the shear force developed at the interface between 
the tire and the roadway, and hysteresis is the friction 
produced by damping losses in the rubber of the tire. 
Harsh or gritty pavement surfaces yield larger skid 
numbers (100 times the coefficient of friction) than 
rounded, polished, or smooth surfaces. This is true 
for both locked-wheel and peak braking. The sharp 
asperities of angular aggregates tend to penetrate the 
water film and grip the tires to provide better friction 
on wet pavements. The sharp, coarse texture is even 
more effective for peak braking than it is for locked
wheel braking. 

The skid resistance-speed gradient (G) can be de
fined by 

G(A-Bl = (SNA - SNa)/(B -A) (!) 

in which A and Bare the test speeds at which the skid 
numbers SNA and SNe are measured. The gradient is 
often steeper at higher levels of skid resistance ; there
fore, a percentage gradient, which can be defined as 

PG= [G/SNo.s(A+BJl x I 00 

may correlate better with texture measurements (i) 
than does the speed gradient. 

(2) 

The speed gradient is not as steep for coarse sur
faces as for fine-textured roadways because the large 
voids in coarse surfaces allow more rapid expulsion of 
water at the tire-road 'interface and because the coarse 
texture develops greater hysteretic effects in the tire, 
improving its friction characteristics. Skid resistance 
thus decreases more slowly with increasing speed. 
Open- or coarse-textured pavements are therefore 
excellent for safe, wet-weather travel at higher speeds. 
They decrease objectionable splash and spray, reduce 
hydroplaning, and diminish headlight glare by dispers
ing light {glare becomes intolerable at night when the 
roadway surface is smooth, wet, and reflective) . 

Gritty, fine-textured pavements usually yield larger 
skid numbers at lower speeds than do open-graded road
ways. This makes them suitable for slow-speed traffic. 
Moyer (~) recognized the virtue of gritty, dense - graded 
surfaces many years ago. Surfaces of this type have 
been used successfully in Kentucky and Virginia and in 
other locations. 

Influence of Texture Depth 

Figure 2 shows significant increases in mean skid num
ber with an increase in mean texture depth {"sand 

Figure 1. Influence of different road surfaces on tire grip. 
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Figure 2. Effect of texturing methods on initial texture depth and skid 
resistance. 
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patch" method of texture measurement) on portland 
cement concrete (PCC) pavement in skid tests at 64 
and 89 km/ h (40 and 55 mph) (6). It should be noted 
that the slope is greater at the-higher test speed. The 
coarse te,.,'1:ure allows better drainage relief than Lhe 
fine texture, particularly at the higher speed, and 
stimulates the hysteretic response of the tires. 

Similar results have been obtained by others (7,8). 
One investigator's experiments extended linearly to a 
texture depth of nearly 2.5 mm (0.1 in}. Both the sand
patch and "putty impression" methods (~2,!!,} were used 
for measurement. 

In a study of hydroplani11g (10), experiments yielded 
more than a 16-km/ h (10-mph)ciifference in speed for 
the initiation of hydroplaning for textures between 0.46 
and 3.68 mm (0.018 and 0.145 in); this was determined 
by using th.e putty impression method and a 10 percent 
spin-down of the hydroplaning wheel. The more shallow 
texture was obtnincd by usini:; a burlap drag on PCC 
pavement and the deeper one by using a seal coat 1vith 
large, round i·iver gravel. The deeper textui·e may be 
coarser than that generally used on highways, but it 
demonstrates the influence of texture on hydroplaning. 

When the water depth on a pavement surface is mea
sured from the top of the asperities, the depth is ex
pressed as negative when the asperities are exposed and 
positive wl1en they are inundated. 

In Figui·e 3, the putty impression method has been 
used to show the depths of texture required to prevent 

Figure 3. Combinations of cross slope and texture required 
to prevent significant water depths. 
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significant water depths for v.arious cross slopes and 
for two pavement widths when.a design rainfall intensity 
of 25 mm/ h (1 in/ b) reaches the steady state (11). It 
should be noted that the texture requirement increases 
as the width of the pavement increases and the cross 
slope decreases. 

Skid Number Versus Accident Rate 

Experimental results indicate that wet- pavement :;kid 
resistance usually increases with the depth of the pave -
ment texture. Figure 4 shows that the wet-surface 
accident rate decreases as the skid number increases. 
These data were obtained from ASTM locked-wheel 
skid test measurements and from accident analysis on 
rural Interstate and parkway roads in Kentucky. Two 
analysis curves of similar shape are shown: one for 
roads with average daily traffic (ADT) of less than 
3000 and one for roads with greater than 3000 ADT. 
The results are expressed in accidents per 161 million 
vehicle km (100 million vehicle miles). 

Both curves reveal a significant decrease in the ac
cident rate when the wet-pavement skid number is 
greater than 44. These data were obtained from an 
extensive analysis of wet-pavement accidents and a 
large numbe1· of highway skid tests conducted at 64 
km/ h (40 mph) . Other analyRP.S and tests conducted at a 
speed of 113 km/ h (70 mph) s how that a value of $N40 = 
44 is equivalent to approximately SN10 = 27 . 

Open-Graded Asphalt Friction Courses 

Weste1·n states recognized the merits of open•graded 
asphalt friction courses several years ago (12) and a 
number of these courses have been placed onr~adways 
throughout the nation. Highway designers are recom
mending these sui·faces to improve skid resistance and 
mitigate hydroplaning. 

If quality aggregates are used, the skid resistance of 
open-graded courses is excellent when the plant-mix 
seals are new. In general, test results show improve
ment in friction characteristics as the bitumen wears 
and the harsh angular aggregates are exposed. The skid 
number decreases slightly with continued wear, but the 
surfaces continue to exhibit excellent skid resistance 
for several years. 

The Louisiana Department of Highways has con
ducted tests on plant-mix seals with several different 
aggregates (13). A summary of test results on the per
formance of open-graded surfaces with time and traffic 
is given in Table 1. The test results indicate that the 
skid resistance of plant-mix seals is superior to that 
of a dense-graded hot-mix surface. The comparison 
would probably have favored plant-mix seals even more 
at higher speeds because the speed gradient of open
gi·aded plant-mix seals is usually smaller than that of 
a dense-graded sui·face . 

Smith, Rice, and Spelman (1!) p1·ovide information 
on a new design method for open-graded asphalt friction 
courses, listing the following benefits for such courses: 

1. Improved skid resistance at high speeds during 
wet weather, 

2. Minimization of hydroplaning effects during wet 
weather, 

3. Improved road smoothness [present serviceability 
index (PSI)], 

4. Minimization of splash and spray during wet 
weather, 

5. Minimization of wheel-path rutting, 
6. Improved visibility of painted traffic markings, 
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7. Improved night visibility during wet weather (less 
glare), 

8. Lower highway noise levels, and 
9. Retardation of ice formation on the road surface. 

These courses are desirable because their open texture 
provides channels for the escape of water from the sur
face. Air voids of 15 percent or greater are recom
mended in the design and construction of open -graded 
courses. 

NOISE AND WEAR 

Noise Produced by Tire-Road 
Interaction 

The noise produced by tire-road interaction (~.!§.,) in
creases with speed, depth of the pavement texture, and 
moisture, and it is the dominant traffic noise at higher 
vehicle speeds. It also increases with tire load and 
wear for many tire tread patterns. Tread vibration is 
a major source of tire-road noise. Irregularities in 
the road surface (asperities, texture, and roughness 
of the pavement) create an oscillation in the tread that 
emits sound waves. The modal responses of tires 
differ. At low frequencies most of the sound emanates 
from the contact area, whereas at higher frequencies 
carcass vibrations also contribute to the generation of 
sound. 

Figure 5 (7) provides preliminary experimental high
way data on sound pressure level versus texture depth 
for several finishing techniques at speeds of 64 and 97 
km/h (40 and 60 mph). Noise was measured with a 
microphone near the left rear tire of a panel truck 
1 m (3.3 ft) above the pavement. A conventional, worn 
highway tire was used as the test tire. Noise is ex
pressed in decibels on the A scale, a measure of sound 
that is practical for modern highway vehicles and that 
correlates well with human evaluation of noise. 

Notice that the sound level increases with texture 
depth for both speeds, but the noise is substantially 
greater at the higher speed. Steel comb or tine finishes 
for PCC pavements are rapidly gaining in favor, and 
this finishing technique has been used to develop the 
deeper textures. 

Figure 4. Skid number versus accident rate. 80 
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Texture depth is not the only factor related to noise . 
The shape and the spacing of striations are other fac
tors. Placing transverse grooves at irregular inter
vals in the road surface has prevented generation of a 
pure tone for concrete that was plastic grooved with a 
vibrating float (17). Random sizing of the discrete 
blocks or lugs oTiire tread patterns is another way to 
reduce sound level. These methods diversify the 
sound frequencies developed and so decrease the in
tensity of individual tones. 

Optimal tire performance and its relation to pave
ment texture, noise, polishing, and wear have been 
studied in England. Petrographic types of aggregates 
were subjected to polishing tests and then examined 
with a scanning electron microscope. A microtexture 
between 0.01 and 0.1 mm (0.0004 and 0.004 in) was 
recommended to penetrate a viscous water film and 
establish a harshness that is adequate for effective tire 
contact without excessive tire wear (18). Optimal 
macrotexture for sufficient bulk waterdrainage was 
provided by surface aggregates 6 to 12 mm (0.24 to 
0.47 in) in diameter. 

Another study suggests that a 0.4 ratio of groove to 
rib width for vehicle tires gives optimum tread drain
age (!~). 

Wear of the Pavement Surface 

Pavement surfaces wear by abrasion, degradation, and 
decomposition as a result of vehicle traffic and environ-

Table 1. Friction performance of open-graded surfaces {high traffic 
volume in exterior lane). 

Skid Number at 64 km/h 

Cumulative Gravel Expanded Clay Slag 
Age Traffic Hot Plant-Mix Plant-Mix Plant-Mix 
(months) (OOOs) Mix Seal Seal Seal 

0 0 36 42 60 52 
4 0.68 37 47 60 56 

12 2.11 42 46 59 51 
18 3.90 39 45 55 51 
32 5.83 46 46 57 51 
40 6.83 44 44 56 50 
48 7.83 41 43 52 52 

Note: 1 km/h = 0.62 mph. 

• 

JO 35 40 45 50 55 

Skid Number, SN40 



4 

Figure 5. Effect of texture depth on sound pressure level. 

105 

100 

95 

90 

O O~i,.---0.~03 ___ 0 ...... 0_4 __ 0~.0._5 ___ 0.~06 ___ 0 ...... 0_7 - inch 

0 0.76 1.02 1.27 1.52 1.78 mm 
Texture Depth 

Figure 6. Skid resistance of various PCC pavement textures under 
traffic without studded tires. 
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mental change. The rubber tires react with the detritus 
on the roadway to abrade homogeneous exposed rocks, 
degrade laminated stones or those with zones of weak
ness, and disintegrate the bonding medium, which in 
turn releases surface aggregates. The polishing of a 
pavement by traffic impairs the microtexture, and fur
ther wear reduces the texture depth of the surface (the 
macrotexture), decreases the void space of open
graded seal coats by degradation and compaction, and 
reduces the channels that permit the expulsion of sur
face waler. Conlinued wear and lhe lnfillralion of dusl, 
mineral particles, abraded rubber, oil drippings, and 
other foreign materials tend to clog the void spaces 
over a period of time and gradually reduce texture and 
skid resistance. 

The release of sand-size mineral particles is not 
always a disadvantage. Dense-graded asphalt pave
ments have been designed to retain surface rugosity by 
attrition and thus continue to provide a skid-resistant 
surface. Eventually, it becomes necessary to reha
bilitate the surface. When the pavement is wet, how
ever, the open-graded asphalt friction course is usually 
superior to the dense-graded surface for higher vehicle 
speeds. 

Studded tires and chains rapidly destroy the texture 
of both PCC and bituminous pavements. Heavy use of 
studded tires soon causes depressions or ruts in the 
wheel paths. Use of high-quality pavements with hard, 
durable surface aggregates retards the processes of 
wear, rutting, wheel-path compaction, and deteriora
tion of skid resistance. 

It is essential to use polish-resistant aggregates in 
pavement surfaces to provide enduring texture and skid 
resistance. Ag·gTegales and pavemenl specimens can 
be evaluated before construction by means of polishing 
tests (ASTM D 3319, E 451, and E 510 ), petrographic 
analysis (ASTM C 294 and C 295), and chemical tests 
(ASTM 03042) (20,21) . The hardness of the mineral 
aggregates can be rated on the Mohs scale. Several 
types of circular test tracks have also been used for 
preevaluating the endurance characteristics of pave
ment surfaces. However, accelerated polishing tests 
do not account for weathering effects. 

The Georgia Department of Transportation has used 
ASTM locked-wheel skid measurements to compare the 
wear of PCC pavement textures under traffic without 
studded tires (8). These results are shown in Figure 6, 
plotted as skid-number versus traffic in millions (log 
scale) for a maximum of 2 million passes. It can be 
seen that grooves produced by steel comb or tine 
finishes gave the highest skid resistance and that the 
rate of wear for the surface with grooves spaced 12 .7 
mm (0. 5 in) apart is less than that of all other finishes 
except the burlap finish with grout buildup (which has 
much lower skid resistance). 

The rate of wear may decrease as the number of 
traffic passes increases. But even if wear for the 
tined finish with 12.7-mm (0.05-in) groove spacing 
continues at the same rate, it will remain above SN4o = 
50 after 6.7 million passes. 

FORMATION, RESTORATION, AND 
MEASUREMENT OF TEXTURE 

Development of Texture on PCC 
Pavements 

During the past few years, it has been recognized that 
the texturing methods for PCC pavements have been 
inadequate for allowing proper drainage relief, mitigat
ing hydroplaning, exciting sufficient rubber hysteresis, 
and providing sufficient skid resistance for high-speed 
traffic. As a result, finishing techniques are being 
modified, and new methods are being introduced (22). 
Limited success has resulted from experiments con
ducted with finishing tools such as nylon brooms ; 
flexible, fine wire brushes; wire drags; and modified 
burlap drags. 

Greater success is being achieved by steel combing 
or grooving plastic concrete. Experiments have also 
been conducted with a fluted magnesium float (6). The 
steel comb or the vibrating groover has been incor
porated in texturing and curing machines as a part of 
the paving train. This is desirable for mass producing 
textures with uniform high quality. 

The deeper textures produced by the steel comb or 
the vibrating groover provide larger channels for water 
expulsion and drainage. This improves skid resistance, 
prevents hydroplaning, decreases splash and spray, and 
reduces wet-pavement highway accidents. These finish
ing techniques (;17) permit coarse aggregates to re
main near the surface of the pavement or between the 
grooves and minimally disturb the surface mortar, re
sulting in stronger, more durable textures. An addi
tional benefit is that these grooves are placed in the 
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plastic concrete at the time of construction at a cost 
that is only a fraction of that for grooving hardened 
pavements. Grooving of hardened pavements, which is 
discussed below, can be very advantageous when sur
faces have become slick as a result of wear by traffic 
or when they have an inadequate texture. It may be 
desirable to finish pavements with a burlap drag before 
grooving to produce a gritty texture between the grooves . 

Recent research recommends a minimum macrotex
ture of 1.3 mm (0.05 in) for coarse-textured surfaces 
on high-speed highways (23). The texture can be mea
sured by the sand patch orthe silicone putty method. 

Grooving Hardened Pavements 

Grooving of hardened pavements to reduce wet-pavement 
accidents in locations that have high accident rates has 
increased rapidly in recent years. A before-and-after 
study on 55 lane-km (34 lane-miles) of grooved pave
ments in California has shown a 20 percent decrease in 
total accidents and a 70 percent reduction in wet
pavement accidents even with a 17 percent increase in 
traffic (24). · 

Transverse grooves furnish shorter escape routes for 
surface water, reduce splash and spray, and allow better 
wet-pavement braking distances than do longitudinal 
grooves. Presumably, longitudinal grooves increase 
the directional control and stability of vehicles because 
they improve lateral friction characteristics. 

Because of the high cost of grooving hardened pave
ments, there is a tendency to minimize the grooving 
dimensions and increase the pitch or spacing. It is 
better to develop adequate pavement texture during con
struction and resurfacing-and thereby decrease the 
need for diamond sawing-than to groove hardened pave
ment. Grooving, however, is an effective means of 
reconditioning roadway surfaces that are smooth or worn 
from traffic. 

Restoring or Retexturing Pavement 
Surfaces 

Some common methods for restoring pavement surfaces 
are applying a seal coat, resurfacing, or placing a thin 
asphall overlay (.!!,25). PCC pavements may be resur
faced with a PCC overlay (26) if the contractor is 
meticulous about resurfacing procedures. In any case, 
for the best results, the pavement should be structurally 
sound, patched, or repaired before resurfacing. 

Pavements are often resurfaced to correct road 
roughness or to increase skid resistance. Adequate 
texture should be developed during resurfacing to ob
tain the best drainage relief and friction characteristics. 
Harsh, angular, properly graded aggregates are es
sential for these surface layers. 

Measurement of Pavement Texture 

Rose, Hutchinson, and Gallaway (9) summarize 26 
methods for evaluating or measuring pavement tex
ture. Of these, stereophotographic interpretation and 
the sand patch, silicone putty, and static drainage (out
flow meter) methods or modifications of these proce
dures are most commonly used. Most of the measure
ments involve stationary procedures, but there is also 
a need to evaluate pavement texture from a vehicle 
moving at traffic speeds. 

Pavement textures are complex, and many of the 
procedures measure only a single attribute such as depth, 
hydraulic radius, or drainage characteristics. This is 
why the correlation of skid resistance with texture mea-
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surements, which is commonly done today, is often im
perfect. 

RECOMMENDED TEXTURING 
METHODS 

PCC pavement should be textured with a steel comb in
corporated as a part of the paving train. The steel 
tines should be spaced 13 to 20 mm (0.5 to 0.8 in) apart 
center to center, and for high-speed roadways the average 
depth of the striations should be 5 mm (0.2 in). When 
pavements become worn or slick, they should be re
textured by grooving with a diamond saw or resurfaced 
with an overlay that has a deep texture. The open
graded asphalt friction course-constructed from quality 
aggregates in accordance with procedures given by 
Smith, Rice, and Spelman-is recommended as a sur
face for new or hardened pavements. 

CONCLUSIONS 

Open-graded or coarse-textured roadway surfaces are 
advisable for high-speed, wet-weather traffic. They 
provide drainage relief at the tire-pavement interface, 
reduce the steepness of the speed gradient, decrease 
the likelihood of hydroplaning, minimize splash and 
spray, reduce the glare from wet pavements, and im
prove high-speed skid resistance. The skid number in
creases as the texture depth increases, and the wet
pavement accident rate diminishes as the skid number 
increases (the lowest rate occurring for values of 44 and 
greater). 

Texture wear and tire-pavement noise usually be
come greater as the depth of the texture increases, but 
these factors depend on jaggedness, the contour of the 
surface, and the method used in finishing the pavements. 
The open-graded asphalt friction course is an exception. 
It is less noisy than many other surfaces. Adequate 
texture can be obtained by plastic grooving fresh con
crete with a vibrating float or a steel comb. The surface 
is more durable when the grooves are spaced 13 mm 
(0.5 in) or more apart center to center. When it is well
designed and properly constructed, the open-graded as
phalt friction course produces an excellent surface. 
Texture can be provided on hardened pavements by 
grooving or resurfacing. Polish-resistant aggregates 
must be used in resurfacing if durable textures are to 
be obtained. Harsh, angular aggregates give good re
sults. 

Pavement texture can be characterized by stereo
photographic interpretation. Texture depths of 1.3 mm 
(0.05 in) or greater, measured by the sand patch method, 
are advocated for high-speed roads; however, measure
ments of this nature do not fully evaluate the character
istics of the texture. Textural requirements should 
probably be varied with the geometrics of the highway 
and with traffic demands. Deeper texture is needed in 
geographic locations where rainfall intensities are 
greater and vehicle speeds are faster. 
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Prediction of Skid Resistance as a 
Function of Speed From Pavement 
Texture Measurements 
M. C. Leu and J. J. Henry, Pennsylvania State University 

A model that can be used to describe the variation of skid resistance 
with vehicle speed is presented. The model contains two constants: 
One is a measure of low·speed skid resistance, and the other accounts 
for the decrease in skid resistance as vehicle speed increases. It is dem· 
onstrated that the constants can be predicted from measurements of 
pavement microtexture and macrotexture. A significant feature of the 
model is that it clearly separates the effects of the two texture types. 
It can also be used to determine skid resistance-speed characteristics 
from a single speed measurement and a macrotexture measurement. 

It is current practice in the United States to evaluate the 
skid resistance of highways by taking annual measure
ments of the locked-wheel skid number of the primary 
road system (1). These measurements are usually 
performed at one speed only-typically 64 km/h (40 
mph)-but sometimes at the "prevailing traffic speed." 
Such measurements only partially characterize pave
ment safety in that they do not indicate the degree to 
which skid resistance changes with speed. The mea
surement of the relation between skid resistance and 
speed requires testing at two speeds or more, which 
would require three times the effort of conducting an 
annual survey. 

The skid resistance of a pavement is determined by 
its surface texture. Kummer and Meyer (2) have re
ported the combined effects of microtexture and macro
texture. Microtexture, the fine-scale surface texture 
of the pavement aggregate, determines skid resistance 
at low vehicle speeds. Macrotexture, on the scale of 
the gradation of the aggregate, influences wet-pavement 
skid resistance by determining the rate at which water 
can escape from the tire footprint and therefore the 
rate at which skid resistance decreases as speed in
creases. Thus, it should be possible to predict the 
skid resistance-speed curve from suitable parameters 
for macrotexture and microtexture. An alternative 
method for determining the relation between skid re
sistance and speed for a pavement would be to perform 
a measurement at any convenient vehicle speed and 
combine the result with a macrotexture measurement 
to predict skid resistance at other speeds. 

The objective of this research was to develop a model 
for characterizing the skid resistance-speed behavior 
of pavements and to relate this model to measures of 
pavement texture. Considerations are limited to mea
surements of skid resistance made according to the 
E 279-77 test method of the American Society for 
Testing and Materials (ASTM) (1). The effects of 
commercial tires, water-film thickness, and other 
test conditions are not considered here. Seasonal 
effects and variations in skid resistance caused by 
rain are also excluded from consideration because 
all data were obtained at the same time. 

MODEL FOR THE RELATION 
BETWEEN SKID NUMBER 
AND SPEED 

Three forms of the relation between skid number (SN) 
and speed (V) are considered; eventually, one is selected 

on the basis of how well it fits the experimental data and 
relates to the texture parameters. 

A second-order relation is most frequently used to 
fit SN data (~): 

SN = a0 + a, Y + a2 Y
2 (I) 

In this model, a0 represents low-speed skid resistance 
and would therefore be expected to be related to some 
measure of microtexture. The skid number-speed 
gradient (SNG) for this model is 

SNG = - [d(SN)/dV] =-(a, + 2a2 V) (2) 

and the percentage SNG (PSNG) is 

PSNG :=(SNG/SN) x 100= [-(a 1 + 2a2 V)IOO/a0 + a1 Y+ a2 Y
2 ] (3) 

The results of other investigations (4, 5) have shown that 
PSNG is a function of macrotexture alone. The model 
in Equation 1 contradicts this observation because Equa
tion 3 contains a parameter (ao) that must be highly 
dependent on microtexture. Another deficiency of this 
model is that it often results in curve shapes that are 
cone ave downward (negative second derivative) or 
curves that indicate an increase of SN with speed at 
high vehicle speeds. 

Majcherczyk (6) has plotted skid number versus 
speed data on log:-log paper and obtained a linear fit, 
implying the following model: 

SN= b0 yb I (4) 

The gradient and percentage gradient for the model are 
as follows: 

PSNG = (-bi/V) 100 

(5) 

(6) 

Majcherczyk found a correlation between b1 and macro
texture that is consistent with earlier findings that 
PSNG at a given speed is a function of macrotexture 
alone. The deficiency of this model lies in its low-
s peed skid number behavior. The curve is so steep 
at low speeds that it predicts consistently high skid 
numbers at low speeds. Thebo parameter, therefore, 
cannot be correlated with microtexture. 

The model that was developed in the course of this 
research is 

SN= c0 exp (c1 V) 

where co is the zero speed intercept and the gradient 
and the percentage gradient are 

SNG = -c0 c1 exp(c1 Y) 

and 

PSNG = -100 c1 

(7) 

(8) 

(9) 
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As in Equation 1, low- speed skid resistance is in
dicated by the zero speed intercept of the curve fitting 
the data. It would therefore be anticipated that Co would 
be strongly correlated with parameters of microtexture. 
The c i parameter is proportional to the PSNG and should 
therefore be related to macrotexture parameters. It is 
interesting to note that the P8NG for this model is a 
constant that is independent of speed. In fact, the model 
in Equation 7 was suggested as a result of the observa
tion that the PSNG of actual data did not vary signifi
cantly with speed. The model can be derived from the 
following definition of PSNG: 

PSNG =(-100/SN) [d(SN)/dV) (10) 

which can be rearranged to obtain 

[d(SN)/SN] = (-PSNG/ 100) dV (11) 

Integrating from zero to any speed and assuming the 
PSNG is independent of speed, 

In (SNv/SN v=o) = -(PSNG/l 00) V (12) 

which yields the Pennsylvania State University (PSU) 
model for skid resistance-speed behavior: 

SN= SN0 exr [-(PSNG/ l 00) VJ (11) 

where 

SNo = zero speed intercept (related to microtex
ture) and 

PSNG = percentage skid number-speed gradient 
(related to macrotexture). 

A significant advantage of this model is that it separates 
the effects of macrotexture and microtexture . 

Figure 1 shows the results of a least squares fit of the 
three models to three sets of skid resistance-speed data. 
Although the three models fit the data equally well, only 
the PSU model (Equation 13) consistently provides the 
expected shape and low-speed behavior. Further 
evidence of the superior ability of this model to fit skid 
resistance-speed data may be found in the treatment of 
data for six pavements where the vehicle speed ranged 
from 16 to 80 km/h (10 to 50 mph) (7). 

The speed gradient from Equation 13 is 

SNG = SN0 (PSNG/ 100) exp[-(PSNG/I OO)V] (14) 

If it is assumed that SNo is a function of microtexture 
and PSNG is a function of macrotexture, then SNG is 
a function of both macrotexture and microtexture. For 
two surfaces with the same macrotexture, the one with 
a better microtexture will have a steeper gradient. 

Findings in earlier research appear to be consistent 
with the PSU model. Sabey (8) and Gallaway and Ros P. 
(~)both found a higher correlation between macrotex
ture and PSNG than between macrotexture and SNG. 
Schulze (10), using model surfaces, concluded t hat s ur
faces withhigh micr otexture produce high skid numbers 
at low speeds and a steeper SNG than do surfaces with 
low microtexture. Mahone (11), in research on actual 
pavements, found that surfaces that originally had a 
steep gradient would have an intermediate gradient after 
polishing (wearing away of the microtexture ). 

DATA BASE 

The skid resistance data used in this study were ob
tained by the West Virginia Department of Highways on 

Figure 1. Test of three models for relation between 
skid number and vehicle speed . 
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20 test sections in West Virginia in July 1976. The 
tests were conducted in accordance with ASTM E 274-77 
at speeds of 48, 64, 80, and 96 km/ h (30, 40, 50, and 
60 mph). Twelve tests were made at each speed, and 
the average values were used in the study. A least 
squares fit of the data to the PSU model (4) was per
formed to provide values of SNo and PSNGfor each 
pavement. 

At the time the skid resistance measurements were 
made, two core samples were taken from each section 
and sand-patch measurements (8) were performed by 
personnel of the West Virginia Department of Highways. 
Dui·ing the same week, PSU personnel recorded mac -
rotexture and microtexture profiles. PSU personnel 
subsequently analyzed the profile data to obtain root 
mean square values for the heights of the macrotexture 
and microtexture profiles (RMSH..A and RMSHMr re
spectively) (7) and obtained British portable numbers 
from the core samples. 

PAVEMENT MACROTEXTURE AND 
PSNG 

To test the hypothesis that macrotexture parameters 
can be used to predict PSNG, two parameters were 
considered: root mean square height (RMSH..A) from 
profile analysis and sand-patch mean texture depth 
(MD). A high degree of correlation was found between 
these two parameters (Figure 2). Therefore, either 
of the two can be selected with similar results. 

Figure 3 shows the correlation of PSNG with MD. 
The relation 

PSNG = 4. l(MDt 0 .47 (15) 

is seen to fit the data well . Similar results were ob
tained when RMSH.,A and other profile-derived parame
ters were used (!)· 
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Although the sand-patch method is relatively simple, 
it has two disadvantages as a method for measuring mac -
rotexture: (a) It is somewhat lacking in precision, 
and (b) it requires closing the pavement to traffic. 
Noncontacting methods that can be used at traffic speeds 
are under development (5) and should be considered as 
substitutes for sand-patch or profiling techniques. 

PAVEMENT MICROTEXTURE 
AND SNo 

Two microtexture parameters, root mean square height 
(RMSHM1) from'profiles and British portable number 
(BPN) from core samples, are available to test the hy
pothesis that SNo can be predicted from microtexture 

Figure 2. Mean texture depth versus root mean 
square macrotexture height. 
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Figure 3. Percentage skid number-speed gradient versus 
mean texture depth. 
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data. The values of RMS~1 depend on the definition of 
the size range of microtexture. Values for RMS~1 
were computed as a function of the largest wavelength 
considered. The cutoff wavelengths ranged from 0.05 
to 2.54 mm (0.002 to 0.10 in). A correlation between 
the resulting values of RMS~ 1 and SNo was then at
tempted for each cutoff wavelength. The highest cor
relations, with correlation coefficients of 0.69 and 0.87 
for two data sets, were obtained for the cutoff wave
length of 0.5 mm (0.02 in) (7). Microtexture is there
fore defined here as consisting of asperities whose 
width is less than 0.5 mm. 

The correlation between the RMSHM 1 of asperities 
less than 0.5 mm (0.02 in) wide and the BPN from the 
core samples is shown in Figure 4. The fact that only 
two core samples were obtained at each test section 
could account for some of the scatter. 

In Figure 5, SNo is plotted versus BPN for 20 test 
sites. A least squares regression analysis yields the 
following: 

SN0 = -31 + 1.38 BPN (16) 

with a correlation coefficient of 0. 75. Other data ob
tained at six sites in Pennsylvania, for which BPN 
measurements were taken at five rather than two loca
tions at each site, are given by Leu (7). For these data, 
the regression equation was -

SN0 = -35 + 1.32 BPN 

with a correlation coefficient of 0.95. 

PREDICTION OF SNs FROM TEXTURE 
PARAMETERS 

(17) 

By combining Equations 13, 15, and 16, a relation can 
be obtained for SN, MD, BPN, and V: 

SN= (-31+1.38 BPN)exp[-0.04 1 V(MDt0
·
47

] (18) 

Values of SN40 and SNao, calculated from the texture 
data by using Equation 18, are compared with the mea-

Figure 4. British portable number versus root mean 
square microtexture height. 
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Figure 5. Zero speed intercept skid number versus 
British portable number. 
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sured skid numbers shown in Figure 6. Although the 
method provides good prediction of skid resistance, 
better results could be expected if more extensive BPN 
data were available. 

The combination of an SN measurement and a mac
rotexture measurement can also be used to predict 
SNs at other speeds. For example, SN40 [64 km/ h (40 
mph)] and MD could be used by combining Equations 13 
and 15 to yield 

SN= SN40 exp[-0.041 (V - 40)(MDt0A1] (19) 

Figure 7 shows excellent agreement between measured 
SNao [96 km/ h (60 mph)] and the predictions from Equa
tion 19. Noncontacting methods for measuring macro
texture at traffic speeds would provide a more con
venient technique for use in an equation of the form of 
Equation 19; such methods are now being developed (~). 

Figure 6. Measured skid number versus predicted 
skid number for British portable number and 
mean texture depth. 
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Fi9ute 7. Skid number at 96 km/h (60 mph) as 
measured end predicted from skid number at 64 km/h 
(40 mph) and mean texture depth. 
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The relation between SN and V for various macrotex
tures and microtextures is shown graphically in Figure 
8. In designing pavements for good skid resistance at 
low speeds, it is important to provide high BPN levels; 
for adequate skid resistance at high speeds, it is neces
sary to have high MD values. 

CONCLUSIONS AND RECOMMENDATIONS 

Skid resistance at any speed can be predicted from one 
microtexture and one macrotexture parameter by using 
the Pennsylvania state University model for skid 
resistance-speed behavior. An advantage of this model 
is that it clearly distinguishes the roles of macrotexture 
and microtexture. Another application of this model 
permits the prediction of skid resistance at any speed 

Figure 8. Relation between skid number and vehicle 
speed for various conditions of pavement texture. 
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from a measured skid number at one speed and a mac
rotexture measurement. 

Although British portable number and sand-patch 
texture depth are adequate measures of microtexture 
and macrotexture, they do require the interruption of 
traffic. It is unlikely that microtexture can be measured 
at high vehicle speeds. Progress is being made how
ever, in the development of noncontacting, high-'speed 
methods for measuring macrotexture. The develop
ment of these methods should be encouraged so that a 
simultaneous macrotexture measurement and skid num
b~r measurement can be obtained that will make it pos
sible to determine the skid resistance-speed charac
teristics of a pavement from a single test. 
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Discussion 
William P. Chamberlin, New York State Department of 
Transportation 

One of the mathematical models proposed by Leu and 
Henry allows prediction of a skid number at one vehicle 
speed from a combination of a skid number at another 
vehicle speed and a macrotexture measurement. Equa
tion 19 is an expression of this model in which the con
stants were derived from tests on 20 bituminous pave
ments in West Virginia. For the West Virginia 
pavements, SN40 varied from 26 to 61 and mean sand
patch texture depth from 0.08 to 0.83 mm (0.003 to 
0.032 in). It has recently been shown (12) that Equation 
19 is also valid for 31 experimentally textured bitumi
nous pavements in Texas (_!!) for which the range in 
SN40 is comparable to that in West Virginia but the range 
in texture depth is much greater [0.25 to 3.15 mm (0.01 
to 0.12 in)]. The purpose of this discussion is to show 
that Equation 19 applies equally to a group of experi
mentally textured concrete pavements in New York State. 

The New York data were collected at five different 
experimental sites, and each was textured by the same 
four methods-burlap drag, natural bristle paving 
broom, wire brush, and fluted float (14,15). Skid re
sistance at 64.5 and 88.5 km/h (40 and55mph) and 
sand-patch texture depths were measured immediately 
after construction and at various times over the next 4 
years. SN40 in the New York data varied from 20 to 72 
and sand-patch texture depth from 0.20 to 1.65 mm 
(0.008 to 0.064 in). 

The New York data were first used to develop the 
relation between MD and PSNG (Figure 3). Fitting an 
exponential curve of theform of Equation 15 to these data 
resulted in the regression shown in Figure 9. Although 
the scatter of data points about this regression is greater 
than that found by Leu and Henry, the correlation coef
ficient (0.61) is significant at the 0.01 level and more 
important, the constants in the regression equ~tion are 
similar. 

Because of this similarity, Equation 19 was used 
with the authors' constants (4.1 and 0.47) to estimate 
values of SN55 from measured values of SN40 . Com
parison of the estimated and measured values of SN55 is 
shown in Figure 10 in which the 0.95 prediction limits 
for the regression and the line of equality are shown as 
broken lines. The regression itself is not plotted be
cause of its close correspondence with the line of 
equality. The prediction limits correspond to a 
standard error of estimate of 2.6 skid numbers a value 
only slightly larger than the measurement erro~ as
sociated with typical skid tests performed according to 
ASTM E 274 (16). 

Thus, experience with bituminous pavements in Texas 
and concrete pavements in New York, which represent 
textures produced by a variety of methods, supports the 
authors' contention (based on experience in West 
Virginia) that skid resistance at one speed can be esti
mated with reasonable accuracy from a combination of 
skid resistance measured at another speed and a mea
surement of pavement macrotexture. 
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Figure 9. Percentage skid number-speed gradient versus mean 
texture depth for experimental concrete textures in New 
York. 

Figure 10. Prediction of SN5 5 by use of the Leu and Henry 
model. 
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precision of the correlated data (SN40 and mean depth 
measured by the sand-patch method). Research that 
will consider 20 sites in Pennsylvania is planned for 
1979, so we would welcome similar data from others. 

Equation 19 eliminates the parameter SNo from our 
model (Equation 13). We have found that this parameter 
is affected by both microtexture and short-term varia
tions in weather. Weather-related effects are eliminated 
by conducting all skid measurements in one weather 
area at the same time. However, it is probably not 
possible to compare data sets taken at different loca
tions at different times without correcting for weather
related factors such as rainfall history . The dif
ferences between Equations 16 and 17 can be attributed 
in part to these effects, and larger differences might 
be expected. Research into seasonal and short-term 
variations is under way and, if it is successful, we may 
be able to account for microtexture and weather in a 
generalized model. 

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

Skid Resistance-Speed Behavior and 
Side Force Coefficients of Pavements 
V. R. Shah, Dorr-Oliver Company, Stamford, Connecticut 
J. J. Henry, Pennsylvania state University 

Pavement friction characteristics including skid resistance-speed depen
dence, side force coefficients, and brake slip numbers are seen to be 
derivable from data obtained in the transient slip test. The transient 
slip test is described, and it is noted that any friction tester with force
measuring transducers can be used for these measurements. The brake 
slip numbers are shown to be independent of the rate of wheel lockup, 
which leads to the observation that brake slip numbers obtained during 
a transient slip test are equivalent to locked-wheel skid numbers at the 
same sliding speed . Side force coefficients can be computed from 
transient slip data with the help of a model. The data and conclusions 
apply to the standard skid-test tire operating under fixed test conditions 
and normal load, water film thickness, and inflation pressure. 

Highway safety in the United states is currently evaluated 
by using locked-wheel skid numbers (1). During the 
lifetime of a pavement wearing course, the skid num
ber (SN) is measured at least once a year at a single 
vehicle speed-usually 65 km/ h (40 mph)-although 
sometimes at the "prevailing traffic speed." Because 
vehicles are operated on highways at a variety of speeds 
and only rarely in the locked-wheel mode, the ranking of 
pavement safety by means of a locked-wheel test at a 
single speed can be questioned. Furthermore, vehicles 
require adequate lateral forces to maintain directional 
stability in cornering maneuvers . In a complete 
evaluation of pavement safety, it is necessary to mea
sure the complete frictional characteristics of a pave-

ment at various speeds, cornering angles, and wheel 
stop rates. It would clearly be impractical to do this 
for each pavement in the country on an annual basis. 

Research was initiated at the Pennsylvania Trans
portation Institute (PTI), Pennsylvania State University, 
to determine the degree of interrelationship among slip, 
side force , and locked-wheel data (2,3). The objective 
of this research was to determine the-most efficient 
means of evaluating the frictional capability of pave
ments. As a result of this research, a methodology 
was developed for processing data from a single mea
surement at one vehicle speed to obtain the speed de
pendence and side force frictional characteristics of a 
pavement. 

EXPERIMENTAL PROCEDURE 

The Penn State Mark III Road Friction Tester (4) was 
used in this study. The tester has a single wheel, a 
six-component force-torque measuring hub, and a hy
draulic system that can steer the test wheel into angles 
of up to 12" in relation to the forward velocity of the 
towing vehicle. Two rotary variable differential trans
formers measure the angle of the test trailer and the 
angle of the free-trailing fifth wheel relative to the truck 
axis. In this way, the actual yaw angle of the test trailer
including the correction for any yaw it induces in the 
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direction of the towing vehicle-is determined. Both the 
test-wheel and fifth-wheel speeds are measured. All 
signals are recorded on an oscillograph recorder that 
has sufficient response so that friction force and ve
locities can be recorded as the test tire is being locked 
up. In addition, side force and yaw angle can be re
corded as the trailer sweeps from free trailing to a 12° 
yaw angle at a r ate of about 24'1s . 

The pavements used in this study (six sites at the 
PTI Skid Test Facility) are described below: 

Pavement 

3 

4 

5 

6 

8 

Tangent 

Type 

Dense-graded asphalt concrete with thick application of 
Jennite and low-friction surface 

Dense-graded asphalt concrete with a sand-epoxy overlay 
and fine-grained texture 

Portland cement concrete lightly dragged in transverse 
direct ion wi t h burlap drag 

Dense-graded asphalt concrete (Pennsylvania Specifica
tion 1D2A) 

Open-graded asphalt concrete with river bottom gravel 
aggregate (Pennsylvania Specification SR 1 A) 

Dense-graded asphalt concrete (same as site 6 but sub
jected to wear as part of PTI Pavement Durability 
Track) 

Some supporting data were also obtained on public roads 
in the State College, Pennsylvania, area. 

Three test tires were included in the study: the ASTM 
E 249 five-r ibbed tire (5), the ASTM E 501 seven-
ribbed tire (6), and the -ASTM E 524 blank tire (7). Data 
are reported- here only for the E 501 seven-ribbed tire, 
which is the current standard test tire. Data for the 
other tires are given elsewhere (3). 

In all tests, the on-board watering system delivered 
a nominal 0.50-mm (0.02-in) water film thickness. Tire 
inflation pressure was 165 kPa (24 lbf/in2

) (measured 
cold), and the vertical load was 4670 N (1050 lb). 

Locked-wheel skid numbers were obtained at 16, 24, 
32, 48, 64, and 80.5 km/h (10, 15, 20, 30, 10, and 50 
mph) . Side force coefficients with a free rolling wheel 
were obtained at yaw angles up to 12°. Transient slip 
data were obtained at 48, 64, and 80.5 km/h. The test 
procedure for transient slip consists of operating the 
strip chart recorder fast enough so that the friction 
force can be read as a function of the rotational velocity 
of the test tire from the free rolling to the fully locked 
condition. In all other respects, this test is the same 
as a locked-wheel test. The lockup rates for the road 
friction tester are between 0.25 and 0.5 for the pave
ments tested. 

Because all data reported here were collected during 
the first two weeks of August 1975, seasonal variations 
and their possible effects on the data are not considered. 

TEST RESULTS 

In the procedure used in this research, the locked
wheel skid number (SN) is the special case of the 
transient slip brake slip number (BSN) at 100 percent 
slip. The BSN is the ratio of friction force to normal 
load multiplied by 100 at a specified wheel slip. Per
centage slip is defined as the deficiency in angular 
velocity caused by braking expressed as a percentage 
of free-rolling angular velocity. Any skid tester 
equipped with a force-measuring hub and sufficiently 
responsive instrumentation can be used to obtain data 
on transient slip. 

The BSN is a function of the percentage slip and the 
test speed. In other investigations of the effect of lock
up rate, it has been found that peak and slide coeffi
cients are not significantly affected by lockup from 0.25 

to 1 s (8). Some tests were performed by using a con
stant slip tester on loan from the Federal Aviation Agency 
(9). At the same time, data were obtained with the 
road friction tester on the transient slip mode. The 
constant slip test has an effective zero lockup rate com
pared with the rapid lockup rate of the transient slip 
test. Figure 1 shows the results of these tests. The 
slight differ~nce in the results can be attributed to the 
calibration of the two testers. The effect of wheel 
lockup rate is therefore considered to be ne(:?;ligible. 

A significant discovery resulted from plotting the 
BSN data versus sliding speed rather than percentage 
slip. Slidii:ig speed can be determined by multiplying 
the percentage slip by the test speed and represents 
the velocity of the tire tread relative to the pavement. 
Locked-wheel data can also be plotted on these coordi
nates because SN is equivalent to BSN at 100 percent 
slip. Figures 2 through 7 show the plots for reduced 

Figure 1. Brake slip 
number versus 
percentage slip for 
constant and variable 
speed testers. 

Figure 2. Reduced 
brake slip number 
versus sliding speed for 
site 3. 
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A single curve drawn through the data in the plots of 
reduced brake slip number can be used to determine the 
s peed-related friction performance of a pave ment. For 
example a locked-wheel test at 48 km/ h (30 mph) will 
produce the same res ult for SN30 as a tr ansient slip test 
result at 80.5 km/ h (50 mph) with 60 percent slip. The 
curves for reduced brake slip number can be obtained 
from transient slip tests at a single test speed and used 
to determine the skid number-speed behavior up to that 
test speed. 

Prediction of Side Force Coefficients 
From Tn nsient Slip Data 

A model designed to predict side forces generated by a 
cornering tire requires parameters that describe the 
behavior of the tire and the friction force in the tire
pavement contact area as a function of sliding speed. 
The friction forces depend on the combination of tire 
and pavement and can be measured by the transient slip 
method described above. The other parameters, those 
that describe the tire, depend on the tire only and are 
thus fixed when the tire is selected. It is possible then 
to predict s ide force coefficients (the ratio of the lateral 
force on a cornering t ire to the normal load times 100) 
for a given tire given the reduced brake slip number plot 
for that tire-pavement combination . 

The following assumptions were made for the model : 

1. The tire behaves as an elastic beam representing 
the tread base, supported on an elastic foundation rep
resented by the carcass, which permits simulation of 
vertical and longitudinal carcass motion. 

2. A pressure distribution in the tire contact region 
is parabolic along the contact length and uniform 
across it. 

3. The contact region is approximated by a rectangle . 
4. The friction coefficient is isotropic. 
5. The carcass has a bending stiffness EI. 

In general, the tire motion during braking, traction, 
or cornering is a combination of slipping, sliding, and 
rolling. The tire-pavement contact surface can be 
divided into sliding and nonsliding regions, which are 
analyzed separately. The coordinate system defined 
here is similar to the one adopted by the Society of 
Automotive Engineers (10) except that the system dis
cussed here takes into account finite deformation of a 
tire in the region of contact with the pavement. Figure 
8 shows the coordinate system for a freely rolling, 
yawed tire. The analysis is an extension of analyses 

Figure 8. Coordinate axes for tire model. 
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made by Fiala (11) and Sakai (12), which do not account 
for the dependence of friction on speed and are valid 
only for small yaw angles. 

Nonsliding Region 

Figure 9 shows the shear deformation of a single por
Uo11 or Lhl:! tfre tread for a freely , rolling, yawed tire. 
(Deformation and shea1· stress are averaged across the 
tire tread, and the resulting kinematic and force ex
pressions depend on t he ~coordinate only.) In Figure 9, 
Bis a point on the carcass whereas A is a correspond
ing point on the tread element t hat is in contact with the 
road surface. 0 represents the leading edge of the tire 
in contact with the road surface. The diagram of tire 
velocity shown in Figure 8 shows the wheel yawed at an 
angle a. to the direction of motion. It can be seen in 
the figure that V, represents the free-rolling velocity 
of the tire whereas V, represents the lateral elastic 
slip or slide of the tire. In time t, the base point B of 
a tread element will move into the contact region a 
longitudinal distance ; as determined by rolling veloc
ity v,. 

Then, 

~=-V, · t (1) 

wherP. V, is i.n the negative ; direction. The velocity 
of the contacting tip A is V. During the same time in
terval t, A will be laterally displaced by a distance 
given by 

11 =-Vy · t (2) 

t can be eliminated between Equations 1 and 2 to give 

11 = (Vy/V,) · ~ (3) 

The preceding analysis assumes that there is no 
sliding or slipping of the tire With respect to the road 
surface. In the region of adhesion, lateral deformation 
is produced by the static coefficient of friction with a 
limiting value µ.0 • The friction force required to pro
duce lhis displacement depends on the lateral stiffness 
of the element (Cy in pounds force per cubic inch) (be
cause the equations were formulated in U.S. customary 
units, no SI equivalents are given). The force per unit 
area is 

(4) 

where Tlb is the carcass deformation. 
The maximum static friction force available from a 

particular tire-pavement combination depends on the 
limiting friction coefficient (µ.0 ) and the vertical contact 

Figure 9. Tire deformation in the contact patch. 
'!'/ 

y 

pressure distribution (P,). Friction force varies 
linearly until the limiting condition is reached when 

F~/(~ = ~,) = µ0 Pz/(~ = ~.) 

where ;. is the limit of the adhesion region. 

(5) 

The curve of carcass deflection is given by Hart
ranft (!): 

T/b = bS · (~/L) [I - (~/L)] (6) 

where b is the beam constant (0.015 x io-3 in/lbf for the 
E 501 tire) determined experimentally according to the 
Hartranft procedure (4) and Sis the side force. As
suming a parabolic pressure distribution in the contact 
region gives 

P, = (6N/wL2) · WL) [I -(~/L)] (7) 

where 

N static wheel load (1050 lbf for the tests reported 
here); 

w = tire contact patch width, the width of the tire 
minus the total width of the grooves (4.62 in for 
the E 501 tire); and 

L = tire contact patch length (6 in for the E 501 tire). 

At the point of incipient slip, 

(8) 

Substituting for F" and Rz in Equation 5 from Equations 
4 and 7 gives 

Cy (11 - T/b) = (6µ 0 N/wL2) · (~8 /L) [I - (~./L)] (9) 

But 17 = ;. tan a. Substituting for 17 and 1) b and solving 
the expression for ;. give 

~. = [(6µ 0 N/wL2Cy) + (bS/L)- tan a] 

· [(L/6µ 0 N/wL2 Cy)+ (bS/L)] (I 0) 

Sliding Region 

Beyond the adhesion limit, the tread element begins to 
slide back to its original undeformed position and the 
sliding velocity changes from zero at the limiting 
adhesion point to its maximum at the exit of the contact 
region. The side force per unit area in this region is 
given by 

The total side force S is given by 

S = Sadhesion + Ssliding 

which can be obtained by integrating over the entire 
contact region. Thus, 

I la iL S= w·F~·d~+ w·µp,·d~ 

0 '· 

Substituting for F" and P, and simplifying give 

S = (['/,. w · Cy · ~~ · Lano:] + I µN [I - 3 (~./L)2 2(a/L)3
]) )/ 

11 + (b/LH; ['h - (~./3L)] w C,I 

(11) 

(12) 

(13) 

(14) 

where the first term in the numerator represents the 
contribution by the adhesion region and the second the 
contribution by the sliding region. Thus, the expres-
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sion for S permits evaluation of S for any yaw angle 0/.. 

µ. is a function of sliding velocity and can be obtained 
from plots for BSN and sliding speed. In the present 
case, values are obtained from Figures 2 to 7 for the 
particular surfaces. 

C
1 

can be obtained as follows : In the adhesion region, 
the side force is given by 

S = S adhesion = Y:z • w · Cy · ~; · tan ex (I 5) 

For the limiting condition of a: approaching zero, this 
expression becomes 

(16) 

and 

(aS/acx) = y, · w ·Cy · ~; (17) 

But ~ = L = contact length (in that no slip takes place 
in this condition), which gives 

(as;acx) = y, · w ·Cy · L2 

Cy = zcas/acx)/w · L2 

(18) 

(19) 

From the experimentally obtained plots of side force 
versus yaw angle , the value of aS/a01. at 01. approaching 
zero was calculated. This gives C, = 250 lbf/ in! for 
the E 501 tire. The length of the contact region was 
determined by obtaining tire footprints under statically 
loaded conditions. The values of side force obtained 
from Equation 14 are compared with the experimentally 
obtained results for the six test sites in Figures 10 to 15. 

Figure 10. Side force coefficient versus yaw angle 
for site 3. 
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Figure 12. Side force coefficient versus yaw angle 
for site 5. 
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Figure 13. Side force coefficient versus yaw angle 
for site 6. 
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Figure 14. Side force coefficient versus yaw angle 
for site 8. 
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Figure 15. Side force coefficient versus yaw angle 
for site tangent. 
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The results show a good agreement between experi
mental and theoretical results for sites 5, 6, 8, and 
tangent but poorer agreement for sites 3 and 4. The 
cause of this poor agreement lies in the assumption 
that the friction coefficient is isotropic . Although it is 
not possible to obtain SNs perpendicular to the direction 
of travel, the British Portable Tester (13) was used to 
determine British portable numbers (BPNs) in relation 
to direction of travel to determine whether the assump
tion of isotropic friction is valid. The results nhtained 
are given in the table below, which shows that the as
sumption is least valid for sites 3 and 4 : 

BPN 

Parallel Perpendicular Deviation 
Site to Road to Road (%) 

3 53.2 58.4 +9.8 
4 65 70.3 +8.2 
5 86 83 -3.5 
6 81 81 0 
8 82.1 81.7 - 0.5 

Thus, the calculated results for these sites would be 
expected to differ from experimental results and, be
cause friction is greater in the lateral direction, the 
experimental results are greater than the predictions. 

CONCLUSIONS 

It has been shown that collecting data during the tran
sient portion of a locked-wheel skid test as the test tire 
undergoes the transition from freely rolling to fully 
locked can provide useful information. During the 
transition, instantaneous fr iction force and correspond
ing sliding speed (relative velocity of the tread and the 
pavement) can be measured and are found to be inde
pendent of test speed and wheel lockup rate. Data on 
brake slip number and sliding speed characterize the 
relation between pavement friction and speed and can 
be used, with the help of a mode 1, to determine side 
force coefficients. 

Transient slip tests do not require unique equipment. 
Any locked-wheel skid tester provided with a force
measuring hub and instrumentation that has sufficient 
response to measure forces and angular velocities 
during the transition can be used. 
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Nondestructive Pavement Evaluation: 
The Deflection Beam 
G. Y. Baladi, Michigan State University 
M. E. Harr, Purdue University 

The prediction of the effects of vehicle motion on pavements is time 
dependent. Current design procedures, however, account for this motion 
as a sequence of equivalent static conditions reduced to passes or cover
ages. A solution to this problem was obtained by verifying the following 
hypothesis. A pavement system operated on by a vehicular input pro
duces an output response. Relating the two is a time-dependent trans
fer function that contains within it the properties of the system. This 
function is obtained, in a mathematical sense, by using Laplace trans
formations without the need to simulate respective material performance 
or to determine values for preselected descriptors. The time-dependent 
transfer functions can be used to predict the response and the perfor
mance of a pavement system when it is subjected to an imposed load. 
The investigation was carried out by extending transfer function theory 
in connection with a finite convolution procedure to define the time
dependent transfer functions of a pavement. Moving trucks and aircraft 
were used in full-scale dynamic tests in service environments (six high· 
way and two runway cross sections). It was shown that the time
dependent transfer functions obtained represent the characteristics of 
flexible pavements. Changes in parameters of the functions reflect 
changes in the performance end the condition of the pavement. 

The major problem that faces the highway engineer 
today is not how to design and construct new pavements 
but how to evaluate, maintain, and upgrade existing 
pavement systems to meet today's demand for higher 
magnitudes of traffic loading and frequency. 

The closing of a highway to permit the use of con
ventional destructive evaluation methods (such as test 
pits and plate load tests) may have catastrophic con
sequences. The need for rapid, nondestructive methods 
of pavement evaluation has been recognized in recent 
years (~29), and different methods of nondestructive 
pavement evaluation have been developed (,!b~31). 
These methods, however, do not simulate actual traffic 
loading or take into account the complexity of the mech
anism of pavement-subgrade interaction. 

This paper introduces equipment for the rapid, non
destructive evaluation of pavement and a test procedure 
that was used at nine highway and airfield sites to mea
sure flexible pavement deflections caused by the passage 
of a conventional vehicle. 

DEVELOPMENT OF TESTING 
METHOD 

The need for remedial measures to upgrade pavements 
so that they meet today's traffic demands has led many 
investigators to agree that a closer look must be taken 
at the materials that make up the pavement structure . 
Researchers concerned with fatigue failures have long 
recognized the need for a testing method that would 
simulate the action of traffic @): 

Irrespective of the theoretical method of evaluation of load tests, there 
remains the important question as to what extent individual static load 
tests reflect the results of thousands of dynamic load repetitions under 
actual traffic . Tests have already indicated that various types of soils 
react differently and that the results of static load tests by no means 
bear a simple relation to pavement behavior. 

In 1947, Campen and Smith (7), Hittle and Goetz (17 ), 
McLeod (20 ), and Phillipe (23) had all begun investiga-

tions of repeated-load tests on model pavement sec
tions in which the number of load repetitions was on the 
order of 10. But these tests were destructive, time 
consuming, and costly, and experimentation with 
repeated-load testing in the conventional triaxial cell 
was soon recognized as a better method (32). Cyclic 
(repeated) plate load tests could only evaluate soil 
parameters under one set of conditions-those that 
existed at the time of testing-whe1·eas critical soil 
conditions could be reproduced in the triaxial cell. 
Consequently, the effects of many different parameters 
(such as density, water content, degree of saturation, 
confining pressure, and deviatoric stresses) were soon 
being investigated (!,!.~.~. 10,.!_!, 14, 15,.!§_,.!!!_, 19,~22, 
24,25,26,27). 

Terrel and Awad (25) stressed the continuation of 
research to develop anewer theoretical technique and 
refine existing test procedures so that adequate ma
terial parameters could be obtained. Recently, investi
gators recognized that pavement deflection was one such 
technique, and a search was begun for a method of ac
curately predicting pavement deflection. 

In 1970, Harr introduced the transfer function con
cept as a method of determining pavement parameters. 
Ali (33) applied transfer filllction theory to the study of 
flexible pavement under controlled laboratory condi
tions. Boyer and Harr, extending transfer function 
theory to in-service pavement systems, conducted field 
tests at Kirtland Air Force Base, New Mexico, and 
concluded that the characteristics of flexible pavements 
could be represented by a time-dependent transfer 
function (6). They were successful in their prediction 
of pavement deflections, but their method of testing was 
destructive. 

In response to ambient conditions, volume changes 
cause pavement surfaces to curl and warp with time 
and location (13). Portions of the surface may there
fore not be in contact with underlying materials when 
the pavement is subjected to vehicle loadings. Thus, 
any apparatus used to evaluate a pavement system must 
not alter the conditions that prevail before loading. All 
devices in use today-such as the Benkelman beam and 
vibrators-suffer from this shortcoming. In the 
Benkelman beam test procedure, the beam is set up 
next to a stationary load vehicle and the rebound of the 
pavement is measured as the vehicle moves away. 
Vibrators must seat the pavement before introducing 
steady-state vibrations. It should be noted that the 
nature of loading (the magnitude and frequency) of 
steady-state vibrators bears little resemblance to the 
transient input of an actual vehicle. Although Benkel
man beams treat vehicle loads, they monitor only 
residual deflections after the pavement surface has 
been seated by vehicles at creep speeds. 

If developed hardware is to gain widespread ac
ceptance and use, it must (a) be inexpensive; (b) be 
operable with minimal or no training on the part of the 
user; (c) be lightweight, self-contained, and mobile; 
and (d) be able to accommodate available vehicles at 
the test site. 
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FIELD INVESTIGATION 

The field phase of this study had as its objective the 
development, design, and use of rapid, nondestructive 
techniques for obtaining the data needed to determine 

1 . A time -dependent deflection response function 
for pavement, 

2. An equivalent forcing function for the vehicle, 
and 

3 . The attenuation of energy in the pavement section. 

Boyer's work at Kirtland Air Force Base, New Mexico 
(6 ), provided the technical guidance for the early phases 
Of these investigations. Boyer reported that accurate 
deflection measurements could be obtained by using 
linear variable differential transformer (LVDT) gauges 
embedded in the pavement system. He also noted that 
accelerometer gauges are inadequate for the task be
cause of'their slow response and electrical drift. Based 
on Boyer's tests, it was decided to use LVDTs with an 
accuracy of 0.0025 mm (0.0001 in). 

The initial LVDT installations were made on a line 
perpendicular to the wheel path at a gravel pit road near 
the West Lafayette, Indiana, campus of Purdue University. 
The objectives of these installations were (a) to deter
mine the width of the dynamic deflection basin of the 
pavement section for a wide variety of trucks that enter 
the gravel pit plant and (b) to help in designing and 
checking the nondestructive measurement system. Re
sults of this test program indicated that the width of the 
deflection basin extends less than 1.5 m (5 ft) laterally 
from the outside edge of the wheel for highway pave
ments. 

The time-dependent deflection response functions of 
the pavement were recorded under varying ambient 
conditions for a wide variety of truck gear configura
tions by using the installed LVDT gauges at the gravel 
pit road. Analyses of these results led to the con
struction of a lightweight aluminum beam that carried 
six LVDTs (so that there would be no need to install 
gauges in subsequent tests). Figure 1 shows a schematic 
representation of the LVDT beam. It should be em
phasized that measurements made with the LVDT beam 
are nondestructive. 

The LVDT beam was first placed over the installed 
gauges, and pavement deflections were recorded by both 
systems. Figure 2 shows a plot of pavement deflections 
recorded by the LVDT beam versus those recorded by 
the installed LVDT gauges at the same lateral distances 
from the edge of the tire. Deflection measurements 
made by the beam were also checked against data from 
two other sets of installed LVDT gauges at Eglin Air 
Force Base, Florida. In those tests, an F-4 aircraft 
with a 111.2-kN (25 000-lb) wheel load was used as a 
loading vehicle, and tests were performed on a parking 
area as well as on an active taxiway. Pavement deflec
tions at the same lateral distances from the wheel path 
showed the same relative equivalence as those shown 
in Figure 2. 

The field investigations were conducted at seven sites . 
Locations of four of those sites are given below (1 m = 
3.3 ft): 

Site Road 

Gravel Pit Road 

Ind iana Location 

West Lafayette, entrance to gravel 
plant after railroad bridge (installed 
LVDT gauges 45 m inside the gate) 

2 

3 

Happy Hollow Road West Lafayette, 182 m north of 
Happy Hollow Park entrance 

North 9th Street Lafayette, at exit of a small road 

4 
leading to an old bridge 

County Road 200 North West Lafayette 

Cross-AP.r.t.innal characteristics of these four sites are 
shown in Figure 3. Information about the other three 

Figure 1. L VDT beam. 

0 Two Way Screw Jack 

G) 7.62 cm O.D. pipe 

Q Web without Flanges 
(for Counterweight) 

© Slots for LVDT(s) 

l---7.5clll.....---..oo 

Note: 1 m ~ 3.3 ft; 
1cm=0.4 in. 

Figure 2. Pavement deflection responses of LVDT beam and LVDT 
gauges. 

0 . 3 
Date: 8. 26 1975 
Trucks: Single Axle 

Tandem 

o. 25 
Weights: 129 kN 

227 kN 

a Location: Gravel Pit Road 
~ 

ill 
... 
" 0.2 
;'; 

1 
c O.lS 
~ 
u 
~ 
"' ~ 0 . 10 

" c 
g 
~ 
"' 0.05 

1 mm= 0.04 in; Note: 
1 kN = 224.8 lb. 

0 
0 a.as 0.1 0.15 o. 20 o. 25 o. 30 

Pavement Deflection (mm), Installed LVDT Gauges 



I 

) 

.J 

Figure 3. Cross sections of sites 1, 2, 3, and 4. 

SITE 1 

SITE 3 

Q Bituminous Coated Blended 
Aggregate Surface 

Ci) Bituminous Coated Blended 
Aggregate Hinder 

(£) Compacted Aggregate Base 

{]) Bituminous Surface 

@ Bituminous Binder 119 

0 Bi tu.mi nous Base 

SITE 2 

2.1 cm 

5.6 cm 

25. ii cm 

SITE o 
Q Hae Surface Type B 

(V ttac Base 

(!)A C Surface (3 Overlays) 

Q Bituminous Coated, Compacted 
Sand Gravel Base 

{!)Compacted Sand and Gravel 

Note: 1 cm= 0.4 in , 

sites may be obtained elsewhere (3). Investigations 
were designed and tests were performed to account 
for various factors that were thought to influence the 
performance and response of pavement. These fac -

Table 1. Ambient test conditions. 

Date 

3/12/75 
3/13/75 
4/10/75 
4/12/75 
8/26/75 
10/10/75 
1/5/76 
1/10/76 
3/17 /76 
5/13/76 
7/30/7 
8/12/76 
9/13/76 

Note: 1°C = (1°F 

Table 2. Data for truck types at site 1. 

Gross Load (kN) Speed 
Gear Range 
Configuration Empty Loaded (km/h) 

Double tandem 111 325 18-40 
Tandem 89 222 10-40 
Single axle 36 89 16-48 
Automobile 18 19 6-16 
Pickup 27 40 16-24 
Concrete truck 133 289 16-32 
Tandem 93 231 16-48 

Note: 1 kN = 225 lb; 1 km - 0.62 mile; and 1 kPa = 0.145 lbl/in2 • 

Time 

9: 00 a.m.-1: 00 p.m. 
9:00 a.m.-1:00 p.m. 
9:00 a.m.-2:00 p.m. 
9:00 a.m.-2:00 p.m. 
9: 00 a.m.-3: 00 p.m. 
10:00 a.m.-3:00 p.m. 
9:00 a.m.-1:00 p.m. 
9:00 a.m.-11:00 a.m. 
9:00 a.m.-2:00 p.m. 
9:00 a.m.-1:00 p.m. 
9:00 a.m.-1:00 p.m. 
9: 00 a.m.-4: 00 p.m. 
12:00 n.-1:00 p.m. 

· 32)/1.B; 1 km= 0.62 mile. 

Tire Pressure 
Range (kPa) 

483-621 
517-689 
517-621 
138-172 
172-241 
552-689 
483-695 

tors include (a) ambient conditions (Table 1), (b) gear 
configuration (Table 2), (c) load variation (Table 2), 
(d) tire pressure (Table 2), and (e) load repetitions 
(Table 3). 

Signature 
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The signature of a vehicle is defined here as the pave
ment's time-dependent deflection response function that 
is measured or calculated at the edge of the tires of the 
loading vehicle. The symbol for the signature is y(O,t). 

The overhang of the LVDT beam and the bulge of the 
side of the tire prevented the direct measurement of 
vehicle signature. However, pavement deflections 
were measured at different lateral distances from the 
edge of the tire. A study of the deflection basin at the 
embedded LVDT gauges determined that the deflection 
would follow the expression 

y(x,t) = y(O,t)exp[-(1/B)xN] (I) 

where 

y(x,t) measured deflection at lateral distance x 
from the tire edge at time t, 

y(O,t) calculated deflections [signature at the 
tire edge (x = 0) and at time t J, 

x lateral distance from the tire edge to the 
LVDT gauge at which y(x,t) was measured, 
and 

B and N = parameters of the equation. 

The LVDT beam was placed at the side of the 
embedded LVDT gauges at site 1 (gravel pit road). The 
loading vehicle was then driven so that the intermediate 
and rear tires passed over one of the embedded gauges. 
Pavement deflections were recorded under the tire and 
at various gauge positions on the LVDT beam. The 
vehicle signature was calculated by using Equation 1. 

Temperature 
(°C) Wind (km/h) Sky Precipitation 

2.8 North at 16 Cloudy 1 d after rain 
-3 .9 North at 11 Cloudy Snowing 
-2 .2 Southwest at 16 Cloudy Snowing 
4.4 South at 16 Cloudy 2 d after snow 

23 .9 Southwest at 16 Partly cloudy 1 d after rain 
7.2 North at 13 Clear 3 d after rain 

- 24.4 North at 16 Clear 1 d after snow 
- 23 . 3 North at 13 Clear 1 d after snow 
-5 .6 Southeast at 8 Clear 2 d after snow 
17 . 8 Northwest at 16 Partly cloudy 5 d after rain 
25 .6 Southwest at 13 Partly cloudy Hours after rain 
26 .7 South at 13 Partly cloudy 5 d after rain 
26.7 Southwest at 16 Clear 10 d after rain 

Table 3. Average count of load repetitions at sites 1, 2, 3, and 4. 

Average Load 
Site Repetition' Vehicle Type 

200 000 90 percent trucks' 
10 percent automobiles 

2 250 000 5 percent trucks 
9 5 percent automobiles 

3 300 000 10 percent trucks 
20 percent pickups 
70 percent automobiles 

4 200 000 5 percent trucks 
15 percent pickups 
80 percent automobiles 

1 Number of wheels that passed ovor one point in the PfVfJment. 
bChecked at the scale with the book.kHs:ier of the grav11I road plant. 
c Plimt cfcna1 avnr wo!!kandL 

Counting Days 

Monday,c Wednesday, 
Friday 

Monday, Wednesday, 
Saturday 

Monday, Wednesday, 
Saturday 

Monday, Wednesday, 
Saturday 
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Figure 4. Calculated versus measured signature at site 1. 
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The region between the straight lines shown in Fig
ure 4 designates the locus of the pairs of calculated and 
measured signatures for various lateral positions of 
loading vehicles. The solid line represents the cor
respondence between the measured and calculated 
signatures within the accuracy of the measurements . 
This last condition was found tu hull.I fu1· all lesls when 
the intermediate and rear tires of the loading vehicles 
passed within 20 cm (8 in) of the front of the LVDT 
beam. Discrepancies between calculated and measured 
values were noted for vehicle paths at greater lateral 
distances. 
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Figure 5 shows typical measured deflections and 
calculated signature as a function of time at different 
lateral distances from the wheel path. Figure 6 shows 
measured and calculated deflections as a function of 
lateral distances. 

The values of the parameters N and B of Equation 1 
were calculated for sites 1 through 7 and are given in 
Table 4. Figure 7 shows plots of the values of N (to an 
arithmetic scale) against the corresponding values of B 
(to a logarithmic scale) for sites 1, 2, 3, and 4. The 

LR.teral l>i stance (x) 

Gap;e from the ~:dp;P 

nf Ti.re. 

Go G 
0 

r.1 0. 09 

r.2 0.17 

G3 0. 32 

G4 O. SS 

GS 0.80 

G6 LOS 

Date: 7.30.76,Temp. 27°C 

Note: 1 mm= 0,04 in; 
1 m=3,3ft;1°C= 
(1°F -32)/1.B. 

6.0 ti.O 
Time (sec) 

t.egond 

0---0 Front Tire 

~Intermediate Tire 

0--Q Rear Tire 

Meaaured 

- - __ Calculated 
N - .87 
B = S. Bl 

Note: 1 mm= 0.04 in; 
1 m=3.3ft. 

.~5 .60 . 15 .90 l.OS 

Lateral Diotance (m.) 
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Figure 7. N versus log B for sites 
1, 2, 3, and 4. 
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1 Surfacihg 1 

c2 Material (cm) 

0. 37 7. 62 

o. 44 15. 24 
0. 46 7. 67 
o. 62 6. 96 
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l..):" 11!'2 

Vt- Note: 1 ~m = 0.
1
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8 Site 4 0. 

10 100 1000 

~ Parameter (Log ~ca1e) 

Table 4. Data for standard highway truck at all seven sites. 

Deflection Basin 
Air Wheel Load (kN) Peak Deflection (mm) Vehicle Parameters 
Temperature Velocity 

Site Date (oC) Front Intermediate Rear Front TntP.rmP.diatf'! RP.ar (m/s) N B 

8/26/75 24 29 30 30 0.17 0.17 0.17 0.81 1.26 31.64 
24 29 30 30 0.17 0.17 0.17 0. 86 1.2.6 31.82 

1/05/76 -24 29 30 30 0.00 0.00 0.00 0.82 
-24 29 30 30 0.00 0.00 0.00 0.88 

3/17 /76 -5.6 28 39 42 0.13 0.18 0.19 1.08 1.38 53.30 
-5.6 28 38 42 0.13 0.18 0.19 0.99 1.38 52.28 

5/13/76 17 .8 29 37 39 0.14 0.19 0.19 0. 77 1.22 26.28 
17 .8 29 37 39 0.14 0.19 0.19 0.72 1.22 23.62 

7/30/76 25.6 30 38 39 0.17 0.21 0.21 1.09 1.14 17.25 
25.6 30 36 41 0.17 0.20 0.22 1.27 1.15 17.04 

9/13/76 26. 7 20' 12 16 0.14 0.08 0.11 0.67 1.128 15.62 
26.7 4b 4 0.03 0.02 1.13 15.60 

2 8/25/75 27.8 28 32 31 0.26 0.29 0.28 0.95 1.01 8.46 
27.8 29 33 30 0.34 0.39 0.35 1.10 1.07 10.70 

1/05/76 -24 28 31 30 0.00 0.00 0.00 0.80 
-24 28 32 29 0.00 0.00 0:00 0.89 

3/17/76 -5.6 31 35 36 0.30 0.34 0.35 0.91 1.37 31.95 
-5.6 31 37 37 0.29 0.34 0.35 0.80 1.34 32.24 

5/13/76 20 31 36 35 0.40 0.46 0.43 0.77 0.99 6.54 
20 31 36 35 0.40 0.46 0.43 0.91 0.99 6.54 

7/30/76 26.7 28 36 36 0.25 0.49 0.50 0.91 0.87 5.81 
26.7 28 35 37 0.25 0.46 0.51 0.77 0.88 6.75 

3 8/26/75 24 27 33 34 0. 83 1.02 1.05 1.01 1.60 37.29 
24 27 34 37 0.68 0.92 0.92 0.34 1.57 34.67 

1/5/76 -24 29 35 36 0.00 0.00 0.00 1.10 
-24 29 35 36 0.00 0.00 0.00 0.58 

3/17 /76 -5 29 39 44 0.26 0.34 0.39 0.63 1.86 241.39 
-5 29 39 44 0.26 0.34 0.39 0.63 1.88 252.09 

5/13/76 20 29 39 39 0.59 0.78 0.78 0.78 1.52 32.01 
20 29 40 38 0.62 0.84 0.80 0.74 1.53 32.39 

7/30/76 27 31 35 43 0.96 1.13 1.37 1.03 1.45 16.77 
27 31 35 44 0. 86 0.99 0.67 1.27 1.48 18.28 

4 8/25/75 28 25 36 32 0.82 0.98 0.87 0.89 1.05 16.15 
28 25 36 36 0.82 0.97 0.87 0.95 1.05 16.16 

1/5/76 -24 29 36 36 0.00 0.00 0.00 0.28 
-24 29 35 36 0.00 0.00 0.00 1.26 

5/13/76 20 29 40 41 0.96 1.30 1.30 0.84 0.99 10.11 
20 29 39 39 0.98 1.32 1.33 0.83 0.99 10.64 

7/30/76 27 31 36 44 1.01 1.15 1.41 0.86 0.93 10.81 
27 31 36 44 1.01 1.16 1.41 0.80 0.93 10.80 

5 8/12/76 27 31 38 42 0.44 0.53 0.58 0.45 1.15 20.17 
6 8/12/76 27 28 39 41 0.21 0.28 0.29 0.38 0.87 6.87 
7 8/12/76 27 28 39 41 0.58 0.80 0.84 0.40 0.50 2.08 

Note: 1°C = (1°F · 32)/1 .8; 1 kN = 225 lb; 1 mm= 0.04 in; and 1m=3.3 ft. 
11 Sumdud (emp ty) highway truck. 
hfotd 1utomobl1e. 

figure suggests that N and B may be related functionally as yses of the data have indicated the constants to be in-
dependent of temperature, number of load repetitions, 

N = C1 + C2 log B (2) and loading vehicle. Corresponding values of the con-
stants calculated for each of the four sites are shown 

where C1 and C2 are constants that depend on the char- in Figure 7. 
acteristics of the pavement section at each site. Anal- The N and B parameters of Equation 1 may be thought 
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of as descriptors of the distribution of deflections from 
the edge of a loading tire. For example, if N = 2, Equa
tion 1 resembles the normal (Gaussian) distribution with 
B proportional to the variance. Thus, changes in values 
of N and B for a pavement section reflect changes in 
the distribution of deflections and structural character
istics of that section. 

Figure 8 represents four typical, normalized peak 
dP.flfir.t.ion r.urves as a function of lateral distance for 
sites 1, 2, 3, and 4. The corresponding values of N 
and B parameters and the values of (B1/N) are indicated 
in the figure. It can be seen that the higher the value 
of (B11N) is, the greater is the lateral spread of the de
flection. Again, the analogy to the normal distribution 
should be noted for N = 2. For this state, (B •/N) is seen 
to be proportional to the standard deviation. Most tests 
were conducted by using the same loading vehicle 
traveling at creep speed; the input energy was thus 
fairly constant and the amount of lateral spread may be 

Figure 8. Normalized peak 
deflection versus lateral distance 
for sites 1, 2, 3, and 4. 

1. 00 

thought of as a measure of the lateral attenuation of 
energy in the pavement. These observations gave rise 
to the use of the N and B parameters as indicators of 
pavement performance. 

Plots of the B parameter as a function of the number 
of load repetitions for sites 1, 2, 3, and 4 are shown 
in Figure 9, and corresponding data are given in Table 
5. The solid symbols in the figure designate conditions 
at a temperature of -5.5"C (22"F). Open symbols in
dicate the temperature range of 18° to 27"C (64° to 80"F). 
The straight lines between the data points were obtained 
from a least squares analysis . The coefficients of cor
relation (R2

), the y-intercepts, and the slopes of the 
lines are given in Table 5. The table also gives the 
numbers of trucks, pickups, and automobiles that 
traveled over each of the road sites (as a percentage 
of the total traffic at the site). Figure 9 and Table 5 
indicate that in all cases the B parameter decreases 
with increasing load repetitions during the period of 

Symbol N 81/ N Site 

c 
0 

·.< ... 
u • ..... ... 
~ 

~ .. 
] 

o. 75 

o. 50 

i 0 . 25 

0 

"' 

Figure 9. B versus load repetition for 
•Mo 1.2, 3, oOO 4. ] 

60 

40 

20 

Average 

' (2.2) 

- - --- - 0.9) 10.80 12 .90 
--- 1.14 17.25 12 . 15 
-- -- - 0.87 5.81 7.60 
- -- --1.45 16 . 80 7 .00 

7/30/76, Temp 21°c 

Site l 

Lateral Distance (mm) 

O.t..v Temperature - 5.6°c 

eAT Temperature 17.8 - 26 . 7°C 

Note: 1 mm= 0.04 in; 
1°C= (1°F ·321/1.B. 

(15.4) • Equivalent Load Repetitions (Year) 

~ (2) Identical Data Pointe 

SYMBOL SITE 

0 1 
Site J 

6 2 

Cl 3 

0 · 0 ':-0-------.1':-.0~~----o.20.:;oo;;;onio.----"mll'tooo 
v 4 

Load Repetition& During Study Period Note: 1°c - (1°F -32)/1.B. 

Table 5. Data for B versus load 
Percentage of Total Traffic repetition (Figure 9). Slope 

Symbol Site x 10· • Y - Intercept R' (\C) Truck Pickup Automobile 

0 1 -7.4 32 .51 94.6 90 0 10 
6 2 -5 .4 37.45 80.4 10 20 70 
0 3 -3 .2 15.93 95 .8 5 15 80 
'J 4 -1.5 9. 51 89.6 5 0 95 
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study. In addition, the steeper the slope of the line 
is, the higher is the percentage of trucks traveling 
over the site. 

Plots of the N parameter with load repetitions are 
shown in Figure 10. The N parameter also decreases 
with increasing load repetitions, but the slopes of the 
lines-obtained from a least squares analysis-show 
much less variation than did those for the B parameter. 

Figure 11 shows a schematic representation of the 
typical deflection basin with corresponding relative 
values of the N and B parameters at one site. The 
figure show that, the smaller the value of the parameters 
is, the more rapid is the lateral attenuation of energy 
and the deeper it penetrates under the wheel. As noted 
above, implicit in this is that, as N and B decrease, 
more work is done to the pavement section in the 
vicinity of the wheel load. As a result, greater distress 
might be expected to occur with fewer passes. 

Table 5 indicates that, at an air temperature of 
-5.5°C (22°F), the values of N and B parameters are 
larger than those listed at higher temperatures. This 
is a consequence of the more uniform deflection for 
the colder pavement. Conditions for this temperature 
are designated in Figures 9 and 10 by the solid symbols. 
The number shown in brackets next to each of these 
symbols indicates the equivalent number of years of 
traffic that must travel over the road site so that the 
data point will fall back on the straight line representing 

Figure 10. N versus load repetition for 
sites 1, 2, 3, and 4. Symbol 

0 

v 
I:>. 
CJ 

Slope 

Site x l D
7 

1 - 5. 8 

2 - 6 . a 
3 - 3. 9 

4 - 5 . 9 
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the site. These numbers were calculated by using the 
noted slopes of the lines and relating observed load 
repetitions and time . 

SUMMARY AND CONCLUSIONS 

Equipment for rapid, nondestructive pavement evalua
tion was designed and used on nine different highway 
and airfield sites. Time-dependent deflection response 
functions were measured, and deflections under the edge 
of the loading wheel were calculated by using Equation 1. 
Analyses of the data indicated the following conclusions: 

1. The results obtained from the LVDT beam (non
destructive system) were found to be in extremely close 
agreement with those obtained by the embedded LVDT 
gauges. 

2 . The lateral extent of the deflection basin was 
found in all cases to be less than 1. 5 m (5 ft) from the 
edge of the loading tire. 

3 . The deflection basin extending laterally from the 
edge of a tire of a loading vehicle was found to follow 
an exponentially decaying function (Equation 1). 

4. The parameters of Equation 1 were found to be 
independent of gear configuration, tire pressure, and 
wheel load. They did depend on the number of load 
repetitions and temperature. 

ntercept R2(%) 

1. 27 90. 6 

1. 05 8 3 . 5 
1. 59 92 . 5 

1.05 95. 4 ... ' 
OVI:>. 

( 3 . 7) 
2 • 

Tempera ture -s0 c 
0 

Temperature 17 - 27 C 

2 . a 

1. 5 
~ 

~ 
~ 

~ 
~ 
~ 

"' z 1. 0 

o. 

Figure 11 . Typical deflection basin. 
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Measurement of Road Roughness in 
Australia 
D. W. Potter, Australian Road Research Board 

After the introduction of vehicle-based systems of road roughness mea· 
surement in the United States, a survey was made of such systems in 
Australia. The qualities sought were simplicity, trouble-free operation, 
and ability to predict the present serviceability rating of pavements (as 
determined by a panel of drivers) . Two systems were selected for field 
trials : the PCA road meter and the Mays road meter. An apparatus 
was then developed that combines features of both meters. This 
apparatus and iu operation are described in this paper. Development 
of improved methods of displaying, recording, and storing data as well 
as a method of obtaining a continuous trace of body-axle displacement 
1s also described. Current use of roughness data in Australia and pos· 
sible future applications are discussed. An area of concern common to 
all systems that are based on the measurement of body-axle displace· 
ment is the establishment of a standard against which vehicles can be 
periodically checked. Efforts made in Australia to overcome this 
problem are described. 

To determine the extent to which individual sections of 
a road network are fulfilling their functions and to deter
mine those sections of the network that need improve
ment, a method of quantitative assessment of condition 
is required. Carey and Irick (1), in the design stage of 
the AASHO Road Test, developed the concept of the con
dition of a section of road as its "ability to serve the 
needs of the user." Condition defined in this manner 
depends predominantly on the quality of the ride expe
rienced by the road user. The changing performance of 
a road is then reflected by change of condition with time 
and traffic. 

The term present serviceability rating {PSR) was in
troduced to quantify this measure of condition. To de
termine the PSR of a section of road, a panel of drivers 
representative of the driving population travel over the 
section. Each driver is asked to rate the section on a 
scale from 0 (very poor) to 5 (excellent). The mean of 
the panel's ratings is the PSR of the section. 

Because of the time and expense involved in conducting 
such a rating exercise over substantial lengths of a road 
network, considerable effort has been expended in de
veloping instruments capable of measuring character
istics of the road that can be correlated with PSR. The 
estimate of PSR from such a measure is called the pres
ent serviceability index (PSI). Several types of instru
ments are currently being used by highway organizations 
throughout the world. Australian experience in this field 
is described in this paper. 

DEVELOPMENT OF ROUGHNESS 
MEASURING DEVICES 

The first instrument developed to quantify a road surface 
profile was the CHLOE profilometer (2), This instru
ment, which was developed in association with the AASHO 
Road Test, measures the surface slope for each 150 mm 
(6 in) of travel by means of two rigid wheels in contact 
with the road surface. A computer calculates the vari
ance of the slopes. The system is based in a long trailer 
and operates at a travel speed of 8 km/ h (5 mph). Be
cause of the slow travel speed and the effect on the re
sults of coarse surface texture (sprayed seals), the in
strument has been little used in Australia, However, 
the Australian Road Research Board {ARRB) possesses 
an instrument for research purposes @), 

Another device developed was the U.S. Bureau of Pub
lic Roads (BPR) roughometer-a single-wheel trailer 
towed in a wheel path (usually the outer) and capable of 
atravelspeedof32km/ h(20 mph). The roughometer sums 
displacements in one direction between trailer wheel and 
frame, expressing roughness in {U.S. customary) 
terms of inches of displacement per mile traveled (2). 

General Motors {GM) developed a considerably more 
elaborate and expensive device-the GM road profilometer 
{4)-a vehicle-based system capable of determining road 
profile. The acceleration of a solid wheel in contact with 
the road surface is measured relative to an inertial ref
erence. Double integration of this acceleration with re
spect to time produces the required profile. The vehicle 
is capable of operation at 80 km/ h (50 mph), 

Because of the advantages of a vehicle-based system 
that operates at highway speed and the cost and complex
ity of the GM profilometer, other, simpler systems were 
soon developed. The two most widely used are the Mays 
road meter (5) and the Portland Cement Association 
{PCA) road meter (6). 

Output of the Mays meter is in the form of a graph of 
individual displacement between vehicle body and axle 
versus total body-axle displacement. Thus, the rough
ness of a section of road is determined by measuring the 
length of the graph generated by the section, The PCA 
meter also measures body-axle displacement in a vehi
cle. The amplitude of each individual displacement is 
measured to the nearest 3.1 mm {0.125 in) by means of 
a roller traversing a plate segmented in 3.1-mm inter
vals; the roller is attached to the vehicle axle, and the 
plate is attached to the vehicle body. A common config
uration uses a plate composed of 23 segments. The seg
ments are electrical conductors, and those equidistant 
from the central segment are connected together. Asso
ciated with each pair of segments is a digital counter 
(total of 11 counters). When the roller contacts a seg
ment, an electrical connection is made and the count on 
the corresponding counter is increased by 1. 

Before fieldwork begins, the plate is adjusted to bring 
the central segment in contact with the roller (the vehi
cle is stationary on level ground). Testing is conducted 
at 80 km/ h {50 mph). The PCA value of a section is de
termined from the counts by means of the following for
mula: 

PCA value = [ (! x counter I) + (2 x counter 2) 

+ ... + (N x counter n)] x (! /8) + distance (I) 

where distance is derived in miles. This value is re
lated to the time-based variance of the axle-body dis
placements. Scala (3) has reported early Australian ex
perience with this device . 

AUSTRALIAN DEVELOPMENTS 

The development of roughness meters was followed with 
considerable interest by road authorities in Australia, 
and in 1969 the National Association of Australian State 
Road Authorities (NAASRA) and ARRB established a joint 
subcommittee to report on currently available systems 
with a view to adopting a system for use in Australia. 
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The subcommittee was also asked to make recommenda
tions on any modifications it considered desirable. Be
cause a considerable portion of the Australian road net
work is in sparsely populated areas, emphasis was 
placed on reliability and simplicity of operation in ad
dition to ability to predict PSR. 

A detailed investigation of the PCA meter was carried 
out and reported by Scala (3). Two major difficulties 
were experienced: The zero position of the meter (and 
thus the roughness value) changed with grade and with 
fuel use, and it was found that the shortest interval of 
distance in which counter readings could be continuously 
recorded was approximately 0.8 km (0.5 mile). However, 
for maintenance and reconstruction programming applica
tions, it was considered desirable to monitor i·ouglmess 
in intervals as short as 0 .2 km (0 .12 mile). Maintaining 
satisfactory electrical contact between roller and plate 
segments, particularly in dusty conditions, was also a 
problem. In the case of the Mays meter, the main ob
jection centered on the office work involved in measuring 
up to 1000 strips of paper for each day's field testing. 

To overcome these difficulties a device was developed 
(with the guidance of the subcommittee) that translated 
the axle-body displacement into rotation of a shaft. 
Clutches were incorporated to allow one-way-only rota
tion of the shaft (corresponding to downward displace
ment of the axle relative to the body), and a mechanical 
revolution counter similar to a vehicle odometer was at
tached to the shaft. By means of this system, the degree 
of roughness of a section of road is obtained by subtract
ing the reading of the revolution counter at the start of 
the section from the reading at the end of the section. 
This difference divided by the section length in kilo
meters gives a roughness value in counts per kilometer. 
Details of the meter, designated the NAASRA roughness 
meter, are given in a technical manual that contains full 
operating instructions (7). 

The meter is mounted in a "station sedan" (i.e., sta
tion wagon), directly over the differential. A thin steel 
cable, attached to the housing of the differential, passes 
through the vehicle floor and is attached to a length of 
bicycle chain. The latter passes over a sprocket to a 
tension spring attached to the vehicle body (Figure 1). 
The sprocket is attached to a shaft by a sprag clutch, 
which allows rotation of the shaft in only one direction. 
A second sprag clutch is incorporated between shaft and 
meter housing to eliminate backlash. A speedometer 
type of flexible drive connects the shaft to the counter, 
which is located in the glove compartment of the vehicle. 
An accurate mechanical odometer is also housed in the 
glove compartment adjacent to the roughness counter 
(Figure 2). 

After successful preliminary trials, a detailed study 
was conducted to determine the effect on roughness count 
of vehicle type, test speed, ballast, til·e type and pres
sure, road surface textui·e, and vehicle dl·ivex· (~). 

Correlation of NAASRA Meter With PSR 

Studies were carried out in four of the six Australian 
states to determine the correlation of the NAASRA 
roughness meter with PSR. Panels consisting of ap
proximately 15 highway engineers were selected. Each 
panel member rated approximately 30 rural and 30 urban 
sections. Each section was approximately 0,8 km (0.5 
mile) long and of uniform roughness. Sections differed 
in roughness over a smooth to rough range and encom
passed a representative range of pavement widths and 
types . Rural sections were traversed at 80 km/h (50 
mph) and urban sections at 50 km/h (30 mph). 

In rating a section, a panel member was required to 

assign a number between 0 (very poor) and 5 (excellent) 
to the section. The PSR of the section was the mean 
rating for the sections. NAASRA roughness values 
(counts per kilometer) for each section were taken as 
the mean of four runs. Figures 3 and 4 (8) show typical 
results obtained. On the basis of these studies, it was 
concluded that the correlalion uI Lhe NAASRA l'UU!!,huess 
meter with PSR was comparable to that of other systems 
based on the measurement of body-axle displacement. 
Further details are given elsewhere ®. 

Tolerability Rating of Pavements 

During the PSR rating of pavements outlined above, ad
ditional information was sought from each panel member. 

Figure 1. NAASRA roughness meter fitted in vehicle. 

Figure 2. Roughness counter and odometer in glove compartment of 
vehicle. 
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Figure 3 . PSR versus NAASRA roughness values at 80 
km/h (50 mph). 
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Figure 4. PSR versus NAASRA roughness values at 50 
km/h (30 mph) . 
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After the panel members traversed each rural section, 
they were asked the following questions: 

1. Assuming that you have to drive at 80 km/h (50 
mph) for 320 km (200 miles) on a highway, is the pave
ment of acceptable quality? 

2. Assuming that you have to drive at 80 km/ h (50 
mph) for 80 km (50 miles) on a main road, is the pave
ment of acceptable quality? 

After the panel members traversed each urban section, 
the following question was posed: 

3. Assuming that you are on an urban arterial that 
has a 60-km/h (35-mph) speed limit and you have to drive 
32 km (20 miles) in heavy traffic, is the pavement of ac
ceptable quality? 

The purpose of this exercise was to determine the maxi
mum NAASRA roughness value (or minimum PSI) for 
each class of road that could be considered a tolerable 
limit. Responses to the questions were analyzed, and 
50th percent ile values (i.e ., NAASRA roughness values 
consider ed a cceptable by 50 percent of the r ating panels) 
were determined. These values were adopted by the 
NAASRA subcommittee as tentative maximum tolerabil
ity limits (1 km = 0,62 mile): 

Class of Road 

Highways 
Main roads 
Urban arterials and subarterials 

Roughness Data 

Recording and Storage 

NAASRA Roughness 
(counts per kilometer} 

110 
150 
175 

After the NAASRA roughness meter was accepted by the 
state road authorities, the device gained rapid acceptance 
as a routine road survey tool, During this phase it be-
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came apparent that, because of the large quantities of 
data being generated, more sophisticated methods of data 
collection and analysis were needed. A fully automated 
system was developed and constructed by ARRB in 1971 
and 1972. In this system, the desired distance interval 
for roughness measurement (0.1, 0.2, 0.5, or 1.0 km) 
may be preset. Travel time, roughness, and distance 
from the starting point are automatically recorded for 
each interval on computer-compatible punched paper 
tape. This information can also be recorded at any mid
interval position by use of a manual keyboard that con
sists of 16 alphabet characters , During operation, a 
record of the alphabet character and the time, roughness, 
and distance information are placed on the punched tape 
by the pressing of a ke y. 

A coding system is used that associates each alphabet 
character with a road feature of special interest. Thus, 
by use of a suitable computer program for processing 
the data, roughness associated with special road features 
such as railway level crossings, stock grids, bridges, 
culverts, and construction zones can be isolated. This 
feature can also be used to indicate a change in pavement 
surfacing or test speed. A printer is supplied with the 
equipment so that data can be assessed on the spot. Fig
ure 5 shows a schematic diagram of the system, which 
has been used in Australia for routine survey work for 
approximately 4 years (7). 

A prototype that performs the same function but in
corporates improved electronic circuitry and cassette 
tape recording is currently undergoing field evaluation. 
This unit is considerably smaller in size and requires 
significantly less power to operate. 

Two additional recording systems have also been de
veloped that, in sophistication, fall somewhere between 
the standard NAASRA roughness meter and the fully au
tomated system. The first of these has the ability to 
"hold" on a digital display the roughness reading for the 
preceding distance interval. The additional time af
forded the operator to record the roughness value con
siderably reduces operator fatigue. The unit is compact 
[approximately 75 x 100 x 125 mm (3 x 4 x 5 in)] and is 
mounted under the glove compartment of the vehicle. 
The second system has capabilities similar to those of 
the fully automated version except that output data are 
available only in a printed (not computer- compatible) 
form . This unit is also compact and is located in front 
of the operator. 

Continuous Trace Recording 

A disadvantage associated with the methods of recording 
road roughness outlined above is that a single roughness 
value is assigned to each distance interval. However, 
the roughness for an interval may be attributable mainly 
to one or two isolated bumps or a short, very rough 
subsection (e.g., transverse construction joints and 
bridge expansion joints or uneven settlement of embank
ments and isolated pavement failures). To enable dis
tinctions of this nature to be made, ARRB has developed 
equipment that continuously records the body-axle dis
placement of a vehicle. 

Two types of devices are currently in use. Installa
tion of both systems is simple and rapid (9). 

The first system uses a paper drive assembly and 
heated pens from a commercially ava ilable (Watanabe 
Mini-Writer model 711) chart recol'der (Figure 6). The 
pen that records displacement is dil'ectly attached to the 
chain of the roughness meter; the recorder trace is thus 
direct reading (with a 1:1 displacement scale). A second 
pen is used to provide event marks on the trace. The 
paper trace is driven by means of a mechanical cable 
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Figure 5. Automatic recorder equipment and interconnecting cables. 

POWER SUPPLY CABLE 

linked to the vehicle speedometer cable, This produces 
a record of body-axle displacElment versus distance trav
eled. Controls for pen temperatures and the event marker 
are housed in a small box that is carried on the front 
seat between the driver and the operator of the device, 
The recorder does not affect the operation of the rough
ness meter and thus may be used as an adjunct to routine 
testing. ',I'he device is installed in a few minutes and has 
proved to be trouble free in operation, 

Figure 6. Direct I ink recorder. 

Mechanical Flexible Cable to NAASRA 
Roughneaa Meter Counter 

e 

8 

NAASRA ROUGHNESS METER 
AND ROTOPULSEA 

A second system was developed to allow direct enter
ing of comments and items such as section identification 
on the trace during testing. A displacement transducer 
is mounted so that its central core is attached to the 
roughness meter chain an!'.l its body is attached to the 
meter frame (Figure 7). Output voltage is fed to a con
ventional chart recorder. The recorder gain is adjusted 
to give direct-reading body-axle displacements. Again, 
the paper trace is driven by a mechanized cable. The 

Figure 7. Remote recording apparatus. 
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recorder can be comfortably carried on the operator's 
lap, and comments can be directly recorded on the trace. 

Current Use 

In Australia, roughness data are currently collected at 
two levels. Each state road authority collects data for 
the entire road system under its control. These data, 
categorized according to road class, are used by the 
state to support its application for financial assistance 
from the federal government. They are also used within 
the road authority as input for long-range rehabilitation 
programming and, in the short term, to assist in as
signing priorities in maintenance and overlay programs. 
Such data were used in a recent major study that assessed 
the overall economic impact of changes in current re
strictions on road vehicles (such as limits on axle load, 
gross weight, and size). Roughness data and pavement 
age were used to determine performance relations for 
each class of road. By use o·f the "fourth power law" 
derived from AASHO Road Test results (i.e., the de
structive effect of an axle is proportional to the fourth 
power of the axle load), estimates could be made of the 
additional expenditures that would be required to main
tain the road system in its current condition if it were 
subjected to increased axle loads (10). 

The second major use of roughness data is at the op
erating, or district, level. To determine specific re
medial measures on a section of road to be upgraded, 
roughness levels are usually determined at 0.2-km (0.1-
mile) intervals. This detailed information helps the 
engineer to locate possible problem areas-such as poor 
drainage and embankment consolidation-that require at
tention before overlaying. The continuous trace recorder 
is also put to considerable use at this level. 

Future Applications 

It is anticipated that roughness data will increasingly be 
used in Australia during roadwork construction. A con
tinuous trace of roughness on each successiv.e pavement 
layer during construction would help in rapidly indicating 
those areas that require further work. It is also felt 
that, as the concept of rideabUity becomes more widely 
accepted as a criterion of pavement condition, current 
longitudinal profile requirements based on deviation from 
a straight edge will be supplanted by maximum acceptable 
roughness levels. 

Roughness data collected from periodic surveys of the 
entire road system will make possible a continued refine
ment of estimates of pavement performance, providing 
information required for the development of pavement 
management systems and maintenance management sub
systems. 

ESTABLISHMENT AND MAINTENANCE OF 
A ROUGHNESS STANDARD 

The response to a road profile of a vehicle-based system 
of roughness measurement depends on, among other 
things, the response characteristics of tires, springs, 
and shock absorbers. As vehicles age, these character
istics change, and so does the roughness value deter
mined for a fixed road profile. If meaningful compari
sons are to be made between roughness data obtained at 
different times, a standard is required against which ve
hicles can be periodically calibrated. Australian studies 
directed toward establishing a standard started with the 
selection of standard sections of road, which were chosen 
on the basis of uniformity of roughness within a section 
and a range of roughnesses between sections. Other re-
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quirements were light traffic (low rate of deterioration 
with time) and assurances from the controlling authori
ties that no rehabilitation or major maintenance work on 
the sections was projected. In addition, an ARRB rough
ness vehicle was designated as a standard vehicle; its 
use was restricted to the establishment of correlations 
with other roughness vehicles. 

The limitations of this approach soon became appar
ent. When the roughness levels of the standard sections 
recorded by the standard vehicle varied with time, it 
was impossible to determine what proportion of this 
change was attributable to changes in road profile and 
what proportion to changes in vehicle response. After 
considering the problem, the NAASRA subcommittee 
recommended that ARRB develop a secondary standard 
system based on a two-wheel trailer. It was considered 
that a trailer-based system would offer the following ad
vantages: 

1. When the trailer was required to travel inter
state for calibration of state road authority vehicles, 
wear on suspension components would be minimized by 
transporting the trailer on a flatbed truck. 

2. When the trailer was not in use, it could be con
veniently stored so that there was no load on its wheels 
and spring sag was reduced. 

3. Fewer components affect the response character
istics of a two-wheel system than affect a four-wheel 
system. This point was considered relevant because an 
attempt would be made to determine the response charac
teristic of each major component. 

4. The use of two standards (the trailer and the ARRB 
vehicle) in conjunction with standard sections of road 
would overcome the problem presented in item 3. If, on 
a given standard section of road, both trailer and vehicle 
responses changed but the relation between trailer re
sponse and vehicle response remained unchanged, one 
could attribute the change in response to a change in 
section roughness. However, if the response of only 
one standard changed or if both changed by different 
amounts, laboratory checking of the suspension compo
nents of the trailer should enable the extent of the changes 
to be determined and the necessary corrections to be 
made. 

Following the recommendations of the subcommittee, 
ARRB constructed a trailer by using the rear suspension 
of a station wagon (11, 12). The use of adjustable shock 
absorbers makes itpossible to obtain trailer roughness 
values that are in close agreement with vehicle roughness 
values. After establishing this relation, ARRB intends 
to determine the static load deflection characteristics 
of the springs and the load displacement characteristics 
of the shock absorbers under repeated sinusoidal dis
placements of fixed amplitude and frequency. Tests will 
be conducted at 1, 2, 5, 10, and 20 Hz. 

It is expected that use of the trailer response system 
will help to achieve a more permanent standard of rough
ness measurement. 

CONCLUSIONS 

As a result of the development by ARRB and the accep
tance by NAASRA of a simple, vehicle-based device for 
the measurement of road roughness, roughness values 
are now used as routine inputs into rehabilitation pro
gramming and maintenance scheduling in Australia. Re
cording systems of varying complexity have been devel
oped to expedite data manipulation. A long-term program 
is currently being undertaken that, it is believed, will 
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allow meaningful comparison of roughness values mea
sured at different times. 
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Use of Road Rater Deflections in 
Pavement Evaluation 
M. C. Wang and Thomas D. Larson, Pennsylvania State University 
Amar C. Bhajandas and Gaylord Cumberledge, Pennsylvania 

Department of Transportation 

There is a need to predict the future perfo rmance of pavements by using 
deflections measured at any time so that deflection data can be used to 
determine the strategy for pavement maintenance. The road rater is a 
relatively new instrument for evaluating pavement performance. This 
paper presents some basic principles of road rater operation, its method 
of measuring pavement response, and criteria for evaluating the future 
performance of flexible pavements that contain bituminous concrete 
base courses. The response of experimental pavements to 80-kN 
(18 000-lb) axle loads and road rater loading is analyzed and is related 
to the actual performance of the experimental pavements. A model 
400 road rater was operated at a frequency of 25 Hz. The BISAR com
puter program was used to obtain spring pavement temperature and 
subgrade moisture condition. Critical responses analyzed include maxi
mum vertical compressive strain at the top of the subgrade, maximum 
tensile strain at the bottom of the base course, and maximum surface 
deflection. Based on the results of the analysis, equations are developed 
that interrelate various pavement responses and permit the calculation 
of critical responses to 80-kN axle loads from the road rater deflection 
basin. A permissible ratio of surface curvature index to maximum de
flection is also established based on the fatigue property determined in 
the laboratory. This value may be used to evaluate pavements for re
habilitation purposes. 

Predicting pavement performance is an essential step in 
the development of maintenance programs to extend the 

service life of a pavement beyond its original design life. 
Warrants for overlays are currently based mainly on the 
functional performance of a pavement, which is essen
tially a measure of riding comfort . The design of over
lays, however, is based on surface deflection data, which 
primarily measure the structural performance of the 
pavement. There is thus a need to predict the future 
performance of pavements by using deflections measured 
at any time so that deflection data can be used to deter
mine the strategy for pavement maintenance. 

Various types of instruments are available for mea
suring the deflections of a pavement surface under load. 
The Benkelman beam was developed during the W ASHO 
Road Test in 1952. The underlying principles of opera
tion for this instrument are relatively simple and have 
been well defined (1, 2). One disadvantage of the Benkel
man beam test is the-limited rate of progress that can be 
achieved in the routine evaluation of roads. This has 
prompted the development of mechanized versions of the 
instrument that are aimed at providing a much greater 
rate of progress. The most common of these instru
ments are the traveling de'flectometer developed by the 
California Division of Highways (!) and the Lacroix de-
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flectograph developed in France (4). Other types of in
struments have been developed for measuring specific 
features of the deflection basin, such as the curvature 
meter developed in South Africa (5) and the slopemeter 
(6). All of these instruments are used in measuring the 
deflection characteristics of a pavement surface under 
a dual wheel load that is either stationary or moving at 
a very slow speed. 

Dynamic testing techniques have been developed to 
simulate the effect of vehicle speed in reproducing re
peated impulsive loadings at a point in the pavement. 
One method that has the advantage of fast operation uses 
a stationary vibrating load to replace the moving wheel 
load; the r esponse of the pavement is monito1·ed through 
a number of geophones (accelerometers) . The road 
rater (7), the Dynafl ect (8), and other instruments (~) 
have been developed for Di.is purpose. Because of its 
relatively high degree of mobility, the road rater has 
been adopted by the Pennsylvania Department of Trans
portation (PennOOT) for the routine evalualion of slale 
highway pavements. 

The road rater technique for measuring pavement re
sponse is simple, but use of the instrument for evaluating 
pavement performance is by no means well established. 
This paper presents some basic prin~iples of road rater 
operation, its method of measuring pavement response, 
and criteria for evaluating the future performance of 
flexible pavements that contain bituminous concrete base 
courses. The evaluation criteria were developed based 
on the results of an analysis of road rater deflections and 
performance data collected at the Pennsylvania Trans
portation Research Facility (10). 

PAVEMENT RESPONSE UNDER ROAD 
RATER LOADING 

The road rater is composed of three basic types of ele
ments: loading, sensing, and monitoring. The loading 
element consists of a vibrating weight and two rectangular 
steel plates that rest on the pavement surface. The 
weight varies from 72 to 295 kg (160 to 650 lb), depending 
on the model, and vibrates vertically at various frequen
cies. The loading pl ates have dimensions of 10. 2 by 17. 8 
cm (4 by 7 in) each and ar e spaced 26.7 cm (10.5 in) apart 
center to center. The sensing element consists of four 
geophones 0.33 m (1 ft) apart; one sits at the middle of 
the two loading plates, as shown in Figure 1. The moni
toring element is simply a readout unit for the four geo
phones. The road rater is mounted at the front of a van. 
A more detailed description of the components and the 
operation of the road rater is given by Bhajandas, Cum
berledge , and Hoffman (11). 

The vibratory motion Of the weight induces a simple 
harmonic loading. The peak force of the road rater load
ing is 

where 

W = weight (kg), 
f = fr equency of vibration (Hz), and 

D =peak-to-peak displacement (cm). 

Figure 1. Arrangement of DIRECTION OF TRAFFIC 

geophones and loading plates of ~01 
0 

a road rater. G[ill'llOllES DI~ 
No. •1 ffo. 1 No. i :"! f"' 7 -+--.+---- "'...I+- i5 ... . 01 

DI:;j 
10.l011 I O.lOtt 10.'!lh!.. j '\ ~:., llQ !'\.ATE 

Ntna: 1 cm• 0 .. 4 In; 1 m .. 3.:1 h . 

(I) 
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Equation 1 is derived as follows. The weight (W) vi
brates sinusoidally in the vertical direction at a frequency 
f. Displacement at any time t can be expresseCil in terms 
of the angular velocity (w = 27Tf), as follows : 

X= X0 ·sin wt 

where 

x = displacement at time t and 
Xo = peak displacement. 

The acceleration of motion can be obtained from 

(2) 

(3) 

The maximum values of displacement and acceleration 
occur when the sine function equals unity. Thus, 

(4) 

and 
.. - 2 
Xmax - ±XoW (5) 

The peak force is induced by the maximum acceleration, 
which equals 

(6) 

Substituting m = (W /g), x0 = (D/2), and w = 2rrf into Equa
tion 6 yields 

where Dis the peak-to-peak displacement that can be 
measured directly from the road rater. 

(7) 

The road rater used in Pennsylvania is a model 400 , 
which has a vib1•ating weight of 72 kg (160 lb). The de
vice is commonly operated at a frequency of 25 Hz, but 
other frequencies used have ranged between 10 and 40 Hz. 
The peak-to-peak displacement for the model 400 road 
rater is 1.803 mm (0 .071 in). In these conditions, peak 
force is 1615 N (362.8 lbf), and the contact pressure un
der each plate is 89.6 kPa (13 lbf/in2

). During testing, 
the loading plates are subjected to a downward static 
force. A static force of 6672 N (1500 lbf) is used for the 
road rater and the van. Because only the difference in 
pavement response to maximum and minimum downward 
forces is monitored, the magnitude of the static force 
has no direct influence on monitored pavement response. 
Thus, the pavement response under the road rater load
ing can be a nalyzed by using the peak force alone. 

In this analysis, the 10.2- by 17 .8-cm (4- by 7-in) 
loading plates were approximated by two circular areas 
spaced 26.7 cm (10. 5 in) apart center to center; each has 
a 7. 6-cm (3-in) radius . The contact pressur e for a fre
quency of 25 Hz is 89 .6 kPa (13 lbf/in~). In these condi
tions, surface deflections at four geophones can be de
ter mined, and surface curvature index (SCV and base 
curvature i ndex (BCI) can be computed. SCI is defined 
as the difference between the first and second geophone 
r eadings and BCI as the difference between the third and 
fourth geophone readings (12). 

The deflection profiles of pavement systems were 
analyzed for the loading conditions described above by 
using the BISAR (bitumen structures analysis in roads) 
computer program. The pavement systems analyzed 
were composed of an elastic layer that had a finite thick
ness overlaying the elastic half space. Results of the 
analysis are shown in Figures 2 and 3. Figure 2 indi
cates that the ratio of SCI to maximum surface deflection 
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(o., .. ) increases as the moduli ratio of lower to uppe1· por
tions of the pavement structure (E2/ E1) increases · the 
slope of the curves decreases slightly as the Ea/E1 ratio 
increases. Figure 3 shows that the BCI/ SCI ratio de
creases as the E2/ E1 ratio increases. Both figures im
ply that, when the upper p01·tion of a pavement structu1·e 
undergoes deterioration faster than the lower portion, the 
SCI/61.,,ratio will increase and the BCI/ SCI ratio will de
c:re~se. Therefore, the deflection profile determined 
from road rater measurements can be used to evaluate 
the relative strength between the upper and lower por
tions of a pavement structure. 

EXP ERi MENTAL PAVEMENTS AND 
FIELD TESTING 

Field studies of road rater deflections were conducted 
at the Pennsylvania Transportation Research Facility. 
This accelerated live testillg facility-a 1.6-km (1-mile), 
one-lane highway constructed in August 1972-is com
posed of sections of various lengths and thicknesses and 
different types of base materials (Figure 4). Four dif
ferent base course materials were used: bituminous 
concrete, aggregate cement, aggregate-lime-pozzolan, 
and aggregate bituminous base. The subbase material 
was a crushed limestone natural to central Pennsylvania. 
The subgrade soil had classifications that ranged from 
A-4 to A-7 but was predominantly A-7. The wearing 
surface for the entire facility was constructed of one type 
of material. This paper deals only with the pavements 
that contain bituminous concrete base. 

By the end of December 1974, the pavement sections 
constructed during the first cycle of research had been 
subjected to about 1 million applications of equivalent 
80-kN (18 000-lb) axle loads (EAL18). By the end of May 
1977, a total of about 1. 5 and 0. 5 million axle loads re
spectively had been applied to pavement sections con
structed during the first research cycle and pavement 
sections constructed during the second cycle. Traffic 
loading was provided by a conventional truck tractor that 
pulled a semitrailer and a full trailer. Complete infor
mation on design, construction, material properties, 
and traffic operation has been given in several research 
reports (13, 14). 

Field performance measurements of the test pave
ments were conducted periodically; these included mea
s urements of surface deflection (by use of the Benkelman 
beam and the road rater), rut depth, surface roughness, 
and surface cracking. In addition, data on sub~rade 

Figure 2. SCl/llmax versus E2/E1 . 
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moisture, pavement temperature, and meteorological 
conditions were collected regularly. Table 1 gives the 
results of the crack survey for the pavement sections 
that contain bituminous concrete base. A complete rec
ord of the field data accumulated so far is available else
where (15). 

Material Properties 

The modulus of elasticity of each constituent pavement 
material was determined by using repeated-load labora
tory tests on labo1·atory-compacted test specimens. The 
specimens were 15.2 cm (6 in) in diameter and 25.4 cm 
(10 in) high. The repeated loading had a frequency of 
20 cycles/min and a duration of 0.1 s. For the range of 
confining pressures and deviator stresses that occurred 
under loading by the test vehicle, the resilient modulus 
of the crushed limestone subbase material was 331 MPa 
(48 000 lbf/in2

). At 23 percent water content, the sub
grade modulus was about 55 MPa (8000 lbf / in2

). Modu
lus values of surface and base materials for various 
temperatures are given elsewhere (14). 

Fatigue properties of the surfaceand base course 
materials were determined by conducting fatigue tests 
on laboratory-compacted beam specimens. The re
peated loading had the same frequency and duration as 
that used in Lhe tesling uf Lhe 1·esilient modulus. These 
test results are given by Root (17). 

Data on the change of moduli values with number of 
axle load applications were required to determine the 
variation in pavement response during pavement service 
life. For this purpose, regression analyses were per
formed for the Benkelman beam deflection data for the 

Table 1. Results of crack survey. 

Number of Equivalent 
80-kN Axle Loads nt 

Layer Thickness (cm) First Appearance of 
Significant Cracking 

Section Surface Base Subbase (000 OOOs) 

1B 3.8 15.2 35.6 
lC 3.8 15.2 20.3 1.37 
lD 3.8 15.2 15.2 1.32 
2 6.4 15.2 20.3 
6 6.4 20.3 20.3 
7 3.8 20.3 20.3 
8 3.8 10.2 20.3 0.386 
9 6.4 10.2 20 .3 1.052 
14 3.R 20 . ~ 0 0.906 
H 3.8 12.7 0 0.359 

Note: 1 cm= 0.39 in; 1 kN = 224.B lb. 

Figure 3. BCl/SCI versus E2 /E1 • 
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Figure 4. Plan view and longitudinal profile of test track. 
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sections that contained bituminous concrete base. Re
sults of the regression analyses give deflection equations 
for these pavement sections . 

Benkelman beam spring season deflection equations 
for the bituminous concrete base sections at the Penn
sylvania Transportation Research Facility are as 
follows (because the values are derived in U.S. custom
ary units of measurement, no SI units are given): For 
bituminous concrete base sections lC, 2, 6, 7, 8, 9, 
and 13, 

li x I 03 = 86.632 - 15.898H1 - 89 .739(1og H2) + 18.219H1 (log H2) 

- 2.460H1 (log H2)(EAL)2 + 7 .818(EAL)2 (8) 

For full-depth bituminous concrete sections 14 and H, 

li x 103 = 20.145 - 0.6SOH2 - 15.989H2VEAL + 144.580vEAL (9) 

where 

o = Benkelman beam deflection (in 0.001 in); 
H1 = surface layer thickness (in); 
H2 = base layer thickness (in); and 

EAL = 18 000-lb equivalent axle loads. 

Note that the original deflection model contains sev
eral other influential factors. These equations are re
duced from the original model to spring temperature and 

moisture conditions. A pavement temperature of 15.6°C 
(60°F) and a subgrade moisture of 23 percent were used 
because these are the most-critical conditions that affect 
pavement performance. These equations permit the cal
culation of spring season deflections at any time during 
the service life of the experimental pavements. 

The field data for subgrade moisture indicate that the 
subgrade moisture content reached a maximum of ap
proximately 23 percent for all test sections. Thus, it 
would be conservative to assume that the subgrade modu
lus in the spring season remains constant throughout the 
entire service life of the experimental sections. Subbase 
modulus is also assumed to be independent of the num
ber of axle load applications. It is generally recognized 
that, during the early stages of pavement sevvice life, 
a pavement will undergo s ome degree of compaction that 
will cause a slight increase in the modulus. But results 
of field plate load tests conducted during the construction 
of the research facility and after termination of traffic 
at the end of the first cycle of study did not give a clear 
indication of this effect. 

Based on the computed spring season deflections and 
the preceding assumptions, the modulus of elasticity of 
the combined surface and base layer at any number of 
axle load applications was determined by using the 
BISAR computer program. The moduli values needed 
for the analysis of pavement response to road rater load
ing were determined in the following way. First, road 
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rater deflections were taken at the top of each constit
uent layer during construction. The deflection values 
were then corrected to correspond with spring season 
conditions by using the PennDOT method of correction 
(16). Based on these corrected deflections, the modu
lus of elasticity of each layer was computed by using the 
RISAR computer program. The change in modulus of 
elasticity with number of axle load applications was de
termined by using these initial moduli values in con
junction with the variation in modulus of elasticity for 
the Benkelman beam deflections already determined. 
It was assumed that the ratio of modulus of elasticity 
for Benkelman beam loading to modulus for road rater 
loading remains constant for each constituent layer. 
The initial values for modulus of elasticity for road rater 
loading and Benkelman beam loading for each pavement 
section analyzed are given below (1 MPa = 145 lbf/ in2

): 

Layer 

Combined surface and base by section 
18 
1C 
1D 
2 
6 
7 
8 
9 
14 
H 

Subbase 
Subgrade 

Response 

Benkelman 
Beam 

7 586 
6 896 
6 896 
8 276 

13 793 
13 793 
7 586 
6 896 
8 276 

12414 
331 

55 

Road 
Rater 

11 034 
9 655 

10345 
11 724 
16 552 
17 241 
8 965 

10345 
8 965 

13 793 
379 

69 

The response of the test pavements was analyzed for both 
traffic and road rater loadings by using the BISAR com
puter program and the material properties obtained 
above. In the analysis, the surface and base courses 
were combined into a single layer, and only spring 
weather conditions were considered. The traffic load
ing used was an 80-kN (18 000-lb) dual-wheel axle load 
and a tire pressure of 55 kPa (80 lbf/ in2

). 

The critical responses analyzed were maximum ten,.. 
sile strain in the surface and base layers, maximum 
vertical compressive strain in the subgrade, and maxi
mum surface deflection. These critical responses were 
considered because maximum tensile strain and maxi
mum surface deflection have been associated with fatigue 
cracking whereas maximum vertical compressive strain 
has been related to rutting. 

Results of the analysis give relations between the 
pavement response measured by means of a Benkelman 
beam and that measured by means of a model 400 road 
rater operated at 25-Hz frequency. For pavements that 
contain bituminous concrete base, the ratio of Benkelman 
beam deflection to road rater maximum deflection is 
proximately 14. 5. The maximum tensile and maximum 
compressive strains under 80-kN (18 000-lb) axle loads 
are both about 12.5 times those that occur under road 
rater loading. These two strain relations are useful for 
evaluating pavement behavior when a road rater is used. 

The relation between maximum tensile strain (ft) un
der road rater loading and SCI is shown in Figure 5. 
This relation indicates that maximum tensile strain is 
directly proportional to SCI. Figure 6 shows the rela
tion between maximum surface deflection (6 ... , ) and the 
ratio of BCI to the product of maximum surface deflec
tion and maximum vertical compressive strain at the 
top of the subgrade (£ 0 ), i.e., BCI/(6mu£0 ). Based on 
Figures 5 and 6, 

Figure 5. Road rater maximum tensile strain 
as a function of surface curvature index. 
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Figure 6. Relation between BCl/llmaxfc and 
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e1 = 59.0(SCI) 

and 

log Ee = 2. 1 + log(BCI) + (0.6 + J. 7 log Omax)log o max 

(10) 

(11) 

where Bmax, SCI, and BCI are in 0.0025 cm (0.001 in) and 
£ t and £ 0 are in micrometers per millimeter. 

The results of the analysis indicate that SCI can be 
related to maximum tensile strain in the base course 
whereas BC! is strongly related to maximum compres
s ive s ti·ain at the top of the s ubgr ade. By using Equa
tions 10 and 11, lt ls possible to calculate maxi.mum 
tensile strain in the base course and maximum com
pressive strain at the top of the subgrade under road 
rater loading from the profile of measured surface de
flection. Then maximum tensile and comp1·essive strains 
under 80-kN (18 000-lb) axle loads can be estimated. 
These two maximum strains are important factors in the 
evaluation of pavement performance. 
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Figure 7. Variation of maximum tensile strain under 
road rater loading with number of equivalent 80-kN 
(18 000-lb) axle loads. 
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Figure 8. Number of equivalent 80-kN (18 000-lb) 
axle loads required for crack to propagate through 
base and surface layers. 

l L....-~-~~----~-~~----' > lx 10> 8 I x 106 

NUMBER OF EAL18 FOR CRACK PROPAGATION 

CRITERIA FOR EVALUATION OF 
PAVEMENT PERFORMANCE 

Evaluation criteria are developed by plotting maximum 
tensile strain in the base course under road rater loading 
against the number of 80-kN (18 000-lb) axle load appli
cations for pavement sections that contain bituminous 
concrete base (Figure 7). Note that the data for tensile 
strain were analyzed based on deflections in the spring 
season. Figure 7 indicates that maximum tensile strain 
increases with an increase in the number of 80-kN axle 
load applications. At any tensile strain, the number of 
repetitions of 80-kN axle loads required to cause fatigue 
failure can be determined by first converting the road 
rater strains to Benkelman beam strains and then sub
stituting the Benkelman beam strain values into the fa
tigue equation. As the maximum tensile strain increases 
with traffic, the number of load applications required to 
cause fatigue failure will decrease as shown in Figure 7. 

Figure 7 also shows the number of 80-kN (18 000-lb) 
axle loads at the first appearance of significant surface 
cracking (taken from Table 1). The difference in the 
number of axle loads between the appearance of cracking 
and the initiation of a crack at the bottom of the base 
layer is the number of axle loads required for the crack 
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to propagate through the base and surface layers. As 
expected, the number of axle loads for crack propagation 
increases as the thickness of the surface plus the base 
layer increases (Figure 8). 

The evaluation of pavement performance is usually 
based on maximum surface deflection. Many re
searchers, however, have found that maximum surface 
deflection alone is not sufficient to indicate pavement 
performance. For instance, Ford and Bissett (18) found 
that the ratio of the radius of the deflection basin to max
imum surface deflection is a better criterion for eval
uating pavement performance. Dehlen (5) found distinct 
relations between both maximum deflection and minimum 
radius of curvature and the condition of the pavement 
surface. Kung (19) concluded that the slope of a deflec
tion basin is highly correlated with the condition of the 
pavement surface. Leger and Autret (20) proposed that 
the product of maximum deflection andminimum radius 
of curvature is a valuable indicator of pavement condi
tion. All of these findings were the results of studies 
of pavements in specific environmental and traffic con
ditions. Precaution should be taken, therefore, in 
directly applying these findings to other environmental, 
structural, and traffic conditions. 

These research findings were developed primarily for 
80-kN (18 000-lb) axle loads. Few findings of this type 
are available for road rater loading. The rapidly in
creasing use of the road rater in pavement evaluation 
has created a heavy demand for research findings in this 
area. 

The pavement response data analyzed here have been 
used to plot maximum surface deflection (i.e., deflection 
at road rater sensor 1), SCI, the ratio of SCI to maxi
mum deflection (SCI/limaJ, and several other possible 
combinations against number of 80-kN axle loads. In 
these graphs, the numbers of axle loads required to 
initiate cracking in the base courses were entered, and 
a line was drawn to connect these numbers. It was found 
that the ratio of SCI to maximum surface deflection gives 
a better relation between layer thickness and number of 
axle loads to fatigue failure. Figure 9 shows the varia
tion of the SCI/Bmax ratio with axle load application for 
bituminous concrete sections. The figure shows that fa
tigue cracks are initiated in the base coUl'Se of bitumi
nous concrete sections when the ratio SCl/ 6111,. is in a 
range of 0.15 to 0.25. 

According to this finding, there is a critical SCI to 
maximum surface deflection ratio. When that critical 
value is reached, cracks will start to develop at the 

Figure 9. SCl/omax ratio under road rater 
loading versus equivalent 80-kN (18 000-lb) 
axle loads. 
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bottom of the base course and the base course will begin 
to lose its structural integrity. As a consequence, the 
rate of decrease in pavement serviceability will acceler
ate, and major repair of the pavement system may soon 
become necessary. Therefore, the critical value of the 
SCI to maximum deflection ratio could possibly be used 
as a criterion for determining the need for pavement 
overlay. 

Note that, because the distance between sensors 1 and 
2 ts exactly 0.3 m (1 ft), the SCI value can be related to 
the minimum radius of curvature (R) of the deflection 
basin. Assume that the deflection curve between 
sensors 1 and 2 is circular, as shown in Figure 10. 
R2 = 12 + (R - SCI)2; 2R •SCI = 1 + (SCI)2; R = ~ [(1 / 
SCI)+ SCI]. Because the units SCI and R are usually 
0.0025 cm (0.001 in) and 0.3 m (1 ft) respectively, the 
following equation (empirically derived in U.S. cus
tomary units) results: 

R= Yi(t !/[SCI x oo-3/12))} +SCI x (10"3/12)) (12) 

or 

R"' (6 x I 03)/SCI (13) 

in feet. Thus, the ratio SCI/ omax is essentially a measure 
of the reciprocal of the product of the radius of curvature 
and the maximum deflection, which is the factor proposed 
by Leger and Autret (20). 

SUMMARY AND CONCLUSIONS 

The road rater is a relatively new instrument for eval
uating pavement performance. There is a need to pre
dict the future performance of a pavement by using road 
rater deflections. 

In this study, the BISAR computer program was used 
to analyze the response of experimental pavements to 
80-kN (18 000-lb) axle loads and road rater loading. The 
experimental pavements contained four different tY_.PE'.S 
of base course material, but only pavements contammg 
bituminous concrete base were analyzed. Equations were 
developed that interrelate various pavement responses 
and permit determinations of maximum tensile strain in 
the base course and maximum compressive strain at the 
top of the subgrade-strains attributable to 80-kN axle 
loads from the road rater deflection basin. 

Based on a fatigue property determined in the labora
tory a permissible ratio of SCI to maximum deflection 
mea~ured at road rater sensor 1 was determined for 
pavements that contain bituminous concrete base. This 
value may be used to evaluate pavements for rehabilita
tion purposes. 
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Evaluation of Concrete Pavements 
With Tied Shoulders or Widened 
Lanes 
Bert E. Colley, Claire G. Ball, and Pichet Arriyavat, Portland Cement 

Association 

Field and laboratory pavements were instrumented and load tested to 
evaluate the effect of widened lanes, concrete shoulders, and slab thick
ness on measured strains and deflectfons. Eight slabs were tested in the 
field and two in the laboratory. Pavement slabs were 203, 229, or 254 
mm (8, 9, or 10 in) thick. Other major design variables included the 
width of lane widening, the presence or absence of dowels or of a con
crete shoulder, joint spacing, and the type of shoulder joint construc
tion. Generally, there was good agreement between measured strains and 
values calculated by using Westergaard's theoretical equations. Concrete 
shoulders were effective in reducing the magnitude of measured strains 
and deflections. A chart is presented to show the allowable reduction in 
thickness of the outer lane of the main-line pavement when there is a 
tied concrete shoulder. Lane widening of about 406 mm (16 in) was as 
structurally effective as a concrete shoulder in reducing edge strains 
and deflections. However, it should be remembered that a concrete 
shoulder provides the added advantage of draining runoff fartlier from 
the pavement edge. Because of the possibility of load encroachments on 
a widened lane, it is recommended that lanes be widened by a minimum 
of 0.46 m (1.5 ft) plus any additional width required to avoid encroach
ment. Under the conditions considered, tied-butt, tied and keyed, and 
keyed-joint constructions were equally effective in reducing load-induced 
pavement strains and deflections. 

Existing pavements represent a major investment of 
highway funds. A road can seldom be abandoned or re
placed. Every year many kilometers of pavements re
quire rehabilitation to cope with increased traffic. Over
lays are built for the purpose of restoring pavement 
serviceability and improving structural capacity, but 
this practice is expensive and alternative solutions are 
needed. 

One alternative to resurfacing is the use of a widened 
lane or a paved concrete shoulder. This type of con
struction could be used not only to strengthen existing 
pavements but also to strengthen new pavements and thus 
defer rehabilitation. Another approach for the design 
of new pavements that include a tied concrete shoulder 
would be to reduce the thickness of the outer lane of the 
main-line pavement. 

In addition to strengthening a pavement, concrete 
shoulders and lane widening provide a benefit not ob
tained by resurfacing in that runoff water is drained far
ther away from the wheel paths of traffic. A recent study 
for the Federal Highway Administration (1) determined 
that accumulation of water in the joint betWeen an asphalt 
shoulder and a concrete pavement was a major factor in 

reducing pavement performance, Because of this prob
lem, several states have installed costly longitudinal 
and transverse drainage systems. Thus, concrete 
shoulders and widened lanes have the potential for curing 
many drainage problems as well as providing additional 
slab strength. 

Many design features contribute to pavement life. 
The effect of some of these features can be evaluated 
analytically. For example, analytical tools can be used 
to determine the effect of pavement thickness or subbase 
strength on pavement life, Thus, when analytical pro
cedures are available, the engineer can combine a knowl
edge of pavement life with data on construction and 
maintenance cost to provide the most economical design, 

Analytical tools often are unavailable or require the 
use of unknown or unverified coefficients. For example, 
tied shoulders reduce load deflections and stresses, but 
the amount of the reduction is a function of the unknown 
continuity across the joint between the pavement edge 
and the shoulder, In these cases, the most direct 
method of evaluating design features is a planned series 
of field data measurements extended by laboratory tests 
and analytical procedures. This paper reports on a 
project that incorporated these features. The principal 
objective of the project was to determine the effect of 
widened lanes, tied concrete shoulders, and slab thick
ness on measured strains and deflections. Field and 
laboratory pavements were instrumented, and measure
ments of load strains and deflections were obtained. The 
measured data were then analyzed to determine the ef
fects of the variables on pavement life. 

PAVEMENT TEST SECTIONS 

Field measurements were obtained on four experimental 
pavement projects located in the state of Minnesota. All 
fieldwork was done under a contract between the Min
nesota Department of Transportation and the Portland 
Cement Association (PCA). 

Project 1 is a roadway 8.23 m (27 ft) wide that con
sists of a 4.57-m (15-ft) wide inside lane, a 3.66-m 
(12-ft) wide outside lane, and a 3.05-m (10-ft) wide out
side tied and keyed concrete shoulder. Shoulders are tied 
at 762-mm (30-in) spacing by no. 5 tie bars 762 mm 
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long. Shoulder thickness is 152 mm (6 in), The pave
ment is composed of plain concrete slabs 229 mm (9 in) 
thick that have skewed joints at a repeated random spac
ing of 3.96, 4.88, 4.27, and 5.79 m (13, 16, 14, and 19 
ft). Dowel bars were placed only in the 3 .66-m outside 
traffic lane. Dowels are no. 8 round bars spaced at 
305 mm (12 in) on centers; the first dowel is located 152 
mm (6 in) in from the pavement edge. Panels selected 
for testing were located at stations 539+16 and 540+10. 

Project 2 is a roadway 8.23 m (27 ft) wide with a 
3.05-m (10-ft) wide outside tied and keyed concrete 
shoulder, Dowel size and location are the same as for 
project 1. The pavement thickness is 203 mm (8 in). 
Panels selected for testing were located at stations 
519+80 and 521+81. 

Project 3 is a roadway 8.23 m (27 ft) wide with a 
4.57-m (15-ft) wide inside lane and a 3 ,66-m (12-ft) wide 
outside lane, The pavement is composed of reinforced 
concrete slabs 229 mm (9 in) thick that have skewed 
joints at a spacing of 8.23 m. Dowel bars were placed 
only in the 3,66-m portion of main-line pavement in both 
traffic lanes. The dowels are no. 8 round bars spaced 
305 mm (12 in) on centers. Panels selected for testing 
were located at stations 985+53 and 987+11. 

Project 4 is a roadway 7 ,62 m (25 ft) wide with a 
3.66-m (12-ft) wide inside lane and a 3,96-m (13-ft) wide 
outside lane. The pavement is composed of plain con
crete slabs 203 mm (8 in) thick that have skewed joints 
at a repeated random spacing of 3.96, 4,88, 4.27, and 
5.79 m (13, 16, 14, and 19 ft), Dowel bars were placed 
only in the inner 3.66 m of the 3.96-m outside traffic 
lane. The dowels are no. 8 round bars spaced 305 mm 
(12 in) on centers. Panels selected for testing were 
located at stations 870+64 and 872+21. 

Projects 1, 2, and 3 are located on TH-90 between 
Albert Lea and Fairmont, Minnesota. Project 4 is lo
cated on TH-14 near Rochester, Minnesota. None of the 
projects had been opened to traffic before testing. 

Two test sites were selected on each project for in
strwnentation and data recording. Sites were located 
within 60.96 m (200 ft) of each other to facilitate load 
testing and data acquisition. Care was taken to ensure 
that the sites selected were representative of the project 
and were similar in joint opening, The field test pave
ments were 203 or 229 mm (8 or 9 in) thick and either 
had or did not have a tied and keyed concrete shoulder 
152 mm (6 in) thick. 

Supplementary data were obtained from two pavement 
slabs constructed and tested at the PCA laboratories. 
These slabs included tied and keyed, keyed, and tied
butt shoulder joints. The laboratory slabs were 254 mm 
(10 in) thick and had shoulders that were also 254 mm 
thick. They were constructed indoors directly on a soft 
clay subgrade. 

The indoor test area was equipped with thermostati
cally controlled heaters to provide a uniform tempera.,. 
ture of 18°C (65°F). Overhead steel frames provided re
action for loading test specimens. The testing area was 
30.48 m (100 ft) long and 7 .32 m (24 ft) wide, The sub
grade was a clay soil 1.52 m (5 ft) thick compacted to 
American Association of State Highway and Transporta
tion Officials (AASHTO) standard density at 2 percent 
above optimum moisture. The k value of the subgrade 
(modulus of subgrade reaction), determined from tests 
of plates 762 mm (30 in) in diameter, was 758 kPa (110 
lbf/in2

). 

For the slabs constructed and tested in the laboratory, 
the tied and keyed and tied-butt shoulder joints were in
cluded in a slab that was 9,14 m (30 ft) long and 3.66 m 
(12 ft) wide. Shoulder width was 2.13 m (7 ft). To pro
vide continuity at doweled transverse joints, sections of 

concrete 2.74 m (9 ft) in length were cast at each end of 
the slab. The untied and keyed construction was tested 
in a slab 4.57 m (15 ft) long that had one doweled and 
one undoweled transverse joint. 

INSTRUMENTATION 

All pavement test sections were instrumented to mea
sure load-induced strains and deflections. 1n addition, 
field sections were imitrumentf')d to mea!mre air and slab 
temperatures and slab curling (a change in the vertical 
profile of the slab that results from changes in slab tem
perature). 

Type and Location 

Figure 1 shows locations of strain and deflection instru
mentation used on field pavement slabs that included both 
a widened lane and a tied concrete shoulder. Curl mea
surements were obtained at deflectometer locations, and 
temperatures were measured in instrumented test 
blocks. Test blocks were placed in the subbase adjacent 
to the pavement at least 12 h before load testing. Air 
temperatures were monitored by a thermocouple that 
was shaded from the direct sun. Details on types of in
strumentation, methods of installation, and monitoring 
equipment used are given elsewhere (~). 

Monitoring Equipment 

Data were monitored by equipment housed in a mobile 
instrument van. The equipment consisted of 38 channels 
of heat stylus recorders, a 14-channel magnetic tape 
recorder, a 50-channel temperature recorder, a porta
ble strain indicator, and a portable temperature re
corder. 

TEST PROCEDURES 

Trucks used to apply load to field pavement slabs were 
supplied by the Minnesota Department of Transportation. 
The trucks were an 89-kN (20 000-lb) single-axle, a 151-
kN (34 000-lb) tandem-axle, and a 187-kN (42 000-lb) 
tandem-axle, Before testing, axle weights were checked 
and loads were adjusted to obtain uniform distribution to 
the rear wheels. Prints of the contact area for each of 
the rear tire assemblies were obtained for use in data 
analysis. All pertinent dimensions of axle and wheel 
spacing were also obtained. 

Effects of axle weight and load location on strains and 
deflections were recorded as the trucks moved at creep 
speed in the wheel paths shown in Figure 1. Wheel-path 

Figure 1. Instrumentation on field pavement slabs with widened 
lanes and tied concrete shoulders. 
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locations are shown as the distance from the pavement 
edge to the sidewall of the outside tire. 

Instrumentation readouts for three loads operating in 
different wheel paths were obtained continuously during 
the day at each test site. Information for correcting 
data for the effects of temperature curling was obtained 
by hourly reading of selected instruments. 

For indoor slabs, static loads were applied at edges, 
corners, and interiors. Loads were transmitted to slabs 
through a steel plate 406 mm (16 in) in diameter that 
rested on a rubber pad. Because slab temperature was 
kept constant, no correction for temperature was nec
essary. 

RESULTS 

Data for edge strain in slabs 229 mm (9 in) thick located 
at stations 539+16 and 540+10 are shown in Figure 2, 
Although strains were measured only on the top surface 
of the pavement, it is common engineering practice to 
assume a straight-line distribution of stress in a pave
ment slab. In this paper, therefore, bottom strains are 
assumed to be equal in magnitude and opposite in sign to 
measured top strains. 

The close spacing of the data points for the two slabs 
shows that there was good agreement between strains 
obtained at the two test sites. As expected, edge strains 
decreased as the distance of the load from the edge was 
increased. In addition, based on data for the 51-mm 
(2-in) load position, strains measured at the shoulder 
edge were about 27 percent less than those measured at 
the free edge. 

Figure 2. Edge strain at test stations 539+16 and 540+10. 

229 mm Slob 

89 kN Single A:de 

0 • OO BOO 

LOAD DISTANCE FROM EDGE, 

1200 

I mm= 00394 in 

I kN = 0 ,225 kip 

1600 

Table 1. Effect of axle load on strain in 203-mm 
(8-in) slab. 

strain Ratio' 

Free Edge 
Load 
(kN) 519+80 

89 1.00 
151 0.86 
187 1.05 

Note: 1 kN = 225 lb. 

521+81 

1.00 
0.87 
1.00 
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The effect of load and axle configuration on the mag
nitude of strain may be demonstrated by comparing free
edge strains at the 51-mm (2-in) load position for the 
three loads. These strains were 38, 30, and 36 mil
lionths for the 89-, 151-, and 187-kN (20 000-, 34 000-, 
and 42 000-lb) loads respectively. Thus, strain de
creased as load was changed from an 89-kN single-axle 
load to a 151-kN tandem-axle load but increased as the 
tandem-axle load was increased to 187 kN. 

Tables 1 and 2 give a summary of the data for the ef
fect of axle loads on strain for two slab thicknesses. 
The values reported were obtained by dividing the strain 
obtained for the selected axle load by the strain for the 
89-kN (20 000-lb) single-axle load. Average ratios for 
all data were 1.0, 0.84, and 1.0 for the 89-, 151-, and 
187-kN (20 000-, 34 000-, and 42 000-lb) axle loads 
respectively. These ratios are in good agreement with 
the values of 1.0, 0.80, and 0.99 obtained at the AASHO 
Road Test for slabs 229 mm (9 in) thick (4). 

Maximum strains measured for an 89-kN (20 000-lb) 
single-axle load at corner, edge, interior, and trans
verse joint are shown in Figure 3. These data were 
obtained for slabs 203 mm (8 in) thick located at stations 
519+80 and 521+81, but they are representative of trends 
measured at all test slabs that included paved shoulders. 
These trends were characterized by the fact that free
edge loading produced the largest measured strains. In 
general, free-edge strains were 36 to 50 percent greater 
than interior strains. In contrast, strains for cases of 
corner, tied shoulder, and transverse joint loadings were 
generally within 10 percent of strains measured at the 
interior load position. 

Edge strains at test sites without shoulders were also 

Figure 3. Maximum strains at test stations 519+80 and 
521+81. 
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I kN = 0.225 kip 
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203 mm Pavemenl 

Strain Ratio" 

Free Edge 

870+64 872+21 

1.00 1.00 
0.79 0.83 
1.00 1.00 

99kN Single Axle 

Free Widened Edge 

870+64 872+21 

1.00 1.00 
0.82 0.84 
1.11 1.05 

8 Obtained by dividing strain for the selected axle load by strain for the 89-kN (20 000-lb) axle load . 

Table 2. Effect of axle load on strain in 229-mm Strain Ratio" Strain Ratio' 
(9-in) slab. 

Free Edge Shoulder Free Edge Free Widened Edge 
Load 
(kN) 539+16 540+10 539+16 540+10 985+53 987+11 985+53 987+11 

89 1.00 1.00 1.00 1.00 1.00 1.00 1.00 LOO 
151 0.79 0.78 0.72 0.70 0.90 0.92 0.87 0.88 
187 0.95 0.95 0.83 0.89 1.03 1.00 0.97 0.98 

Note: 1 kN = 225 lb. 
8 Obtained by dividing strain for the selected axle load by strain for the 89-kN (20 000-lb} axle load. 
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the maximum measured values. However, strains mea
sured at the transverse joint and corner locations were 
sometimes greater than interior strains by 30 percent 
or more. 

Measurements of edge strain shown in Figure 4 were 
taken from a laboratory-tested 254-mm (10-in) slab that 
had a 254-mm shoulder. Load strains obtained from the 
laboratory slabs were larger than those obtained from 
field slabs although the data followed the same trends. 
But indoor slabs were on a soft clay subgrade, and loads 
were applied at the edge rather than 51 mm (2 in) in from 

Figure 4. Edge strain in laboratory test slab. I mm = 0,0394 in . 
I kN = 0 225 kip 
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Figure 5. Edge 
deflection versus 
distance of load from 
the pavement edge. 
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Table 3. Effect of axle load on deflection in 
203-mm (8-in) slab. 

Deflection Ratio' 

Free Edge 
Load 
(kN) 519+80 

89 1.00 
151 1.17 
187 1.58 

Note: 1 kN = 226 lb . 

521+81 

1.00 
1.14 
1.36 

the edge. It will be shown later that there was good 
agreement between measured and theoretical edge strains 
for all slabs tested. 

One significant difference between the data for indoor 
and field tests was the amount of reduction in edge strain 
that resulted from the addition of a shoulder. The indoor 
slab designs showed an ave1·age strain reduction of 37 
percent compared with an average reduction of 28 per
cent for the outdoor designs. A theoretical analysis in
dicated that this difference is due to the use of a 254-mm 
(10-in) thick shoulder with indoor slabs rather than the 
152-mm (6-in) thick shoulder with outdoor slabs. 

To determine the benefit of dowels versus aggregate 
interlock, separate comparisons were made for test sites 
with and without shoulders. At field sites with shoulders, 
joint strains were reduced by an average of 4 percent 
when dowels were used, In the only laboratory compari
son made to determine the benefit of dowels-the case of 
a slab with a shoulder-there was no reduction of strain 
at the doweled joint. For the one field site without 
shoulders, strains at joints with dowels were reduced by 
an average of 12 percent. These reductions are small, 
but it should be remembered that the pavements had not 
been opened to traffic, The value of dowels will increase 
as aggregate interlock is reduced by increased pavement 
age and traffic applications. 

The effect of load placement on edge deflection is 
shown in Figure 5, As expected, edge deflections de
creased rapidly as the load was moved inward from the 
pavement edge. In contrast to measured strains, how
ever, deflections always increased as the total axle load 
increased. A summary of the effect of axle load on de
flection for all edge measurements is given in Tables 3 
and 4, Average deflection ratios for axle loads of 89, 
151, and 187 kN (20 000, 34 000, and 42 000 lb) were 1.0, 
1.15, and 1.45 respectively. At the AASHO Road Test 
(4), the ratios were 1.0, 1.42, and 1.75. 
- The larger deflections for tandem-axle loads mea
sured at the AASHO Road Test may partially result from 
the times when the data were taken. Measurements were 
made both during the day and at night. In Minnesota, 
measurements were made only during the day. Upward 
curl is greater during the night and the early morning 
than it is during the day. In addition, the slab is un
supported over a greater distance inward from the pave
ment edge, Because the wheels of a tandem-axle vehi
cle are spread over a larger area than are those of an 

Deflection Ratio' 

Shoulder Free Edge Free Widened Edge 

519+80 521+81 870+64 872+21 870+64 872+21 

1.00 1.00 1.00 1.00 1.00 1.00 
1.13 1.10 1.27 1.00 1.08 1.15 
1.38 1.30 1.45 1.50 1.58 1.46 

11 Obtained by dividing deflection for the selected axle load by deflection for the 89-kN (20 000-lb) axle load . 

Table 4. Effect of axle load on deflection in 
229-mm (9-in) slab. 

Deflection Ratio' Deflection Ratio' 

Free Edge Shoulder Free Edge Free Widened Edge 
Load 
{kN) 539+16 540+10 539+16 540+10 985+53 987+11 985+53 987+11 

89 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
151 1.25 1.15 1.14 1.23 1.10 1.33 1.11 0.91 
187 1.46 1.54 1.43 1.49 1.50 1.56 1.56 1.09 

Note: 1 kN = 225 lb. 

n Obtained by dividing deflection for the selected axle load by deflection for the 89-kN (20 000-lb) axle load. 
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equivalent single-axle vehicle, the larger length of non
supported slab is deflected more by tandem axles. 

The use of a tied and keyed shoulder reduced edge de
flections by an average of 32 percent. This is a larger 
reduction than the 27 percent obtained based on strain 
measurements. However, it has been demonstrated that 
deflections are more influenced than strains by warping 
and curling. So it is possible that the presence of the 
shoulder reduced drying shrinkage and that this resulted 
in less warping. The smaller warping was more effective 
in reducing edge deflections than in reducing edge 
strains. 

Measured deflections for corner loading were greater 
than those for edge loading. The larger corner deflec
tions are due to the loss in continuity and the greater up
ward warping that occur at joints. Corner deflections 
were 226 percent larger than edge deflections. 

ANALYSIS OF DATA 

Compar ison of Theoretical and 
Measured Data 

Theoretical stresses and deflections were calculated by 
using influence char ts (5). These charts, which are 
based on Wes tergaard's-equations, permit the calcula
tion of edge stresses and deflections caused by loads 
placed inward from the edge. Stresses were converted 
to strains by using a concrete modulus of elasticity of 
34.5 GPa (5 million lbf/ in2

). The k values used for com
putations were 33 and 109 MN/ m3 (120 and 400 lb/in3

) 

for the laboratory and fie ld tests r espectively. The value 
of 109 MN/m9 used for field t ests was estimated on t he 
bas is that the in-place subbase k was 41 MN/ m3 (150 
lb/ in3

). At t he time of tes ting, however , there was a 
freezing index of 9, which is sufficient to freeze sub
soils. Thus a k value of 109 MN/ m3 was selected. 

Comparisons of measured and theoretical values are 
given in Table 5. The data show generally good agree
ment between measured and theoretical values. Based 
on averages, measured strains were 4 percent greater 
than theoretical strains. However, measured deflections 
were on the average 12 percent larger than theoretical 
deflections. The larger variation for deflections is con
sistent with data previously presented. These data in
dicated that deflections are more influenced by warping 
than are strains. 

The field data may be used to determine the effect of 
pavement thickness on measured strains and deflections. 
For example, increasing slab thickness from 203 to 229 
mm (8 to 9 in) decreased edge strains by 16 percent and 
edge deflections by 21 percent. These values are used 
later for comparison with reductions in strain and de
flection obtained when a shoulder was added to the pave
ment, 
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Concrete Shoulders 

Strain and deflection measurements were obtained at free 
edges and shoulder edges. Based on these measure .. 
ments, average percentage reductions in strain and de
flection attributable to the presence of a shoulder were 
computed for slabs 203, 229, and 254 mm (8, 9, 10 in) 
thick. Strain reductions were 26,5, 29,0, and 37 .O per
cent respectively. 

Good agreement has been shown between theoretical 
and measured strains and deflections. Therefore, in
fluence charts were used to compute theoretical percent
age reductions in strain or deflection as a result of in
creasing pavement thickness. These data were plotted, 
and then the graph was entered at the value of the mea
sured reduction to determine the increase in slab thick
ness required to reduce strains by the same magnitude 
as that obtained by the construction of a tied concrete 
shoulder. The same type of analysis was made by using 
measured deflections, The results showed that, to ob
tain the reduction in deflection achieved by adding a 
shoulder, thickness would have to be increased by 66, 
84, and 107 mm (2.6, 3.3, and 4.2 in) for the 203-, 229-, 
and 254-mm (8-, 9-, and 10-in) slabs respectively. To 
achieve equal reductions in strain, pavement thickness 
would have to be increased by 43, 56, and 86 mm (1. 7, 
2.2, and 3.4 in) for the 203- , 229-, and 254-mm slabs 
respectively. 

The same data can be used to determine an allowable 
reduction in thickness in the outer traffic lane of a main
line pavement when a tied concrete shoulder is incor
porated in the design, In Figure 6, the conventional or 
"as-built" pavement design thickness is plotted versus 
the effective thickness with a concrete shoulder. The 

Figure 6. Reduction in 
outer lane thickness with 
addition of tied concrete 
shoulder. 
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Table 5. Comparison of theoretical and measured data for edge and interior strains and edge deflection. 

Strain 

Edge (millionths) Interior (millionths) Edge Deflection (mm) 
Thickness Load 

Test Location (mm) (kN) Measured Theoretical Measured Theoretical Measured Theoretical 

Field 203 89 45 45 30 29 0.31 0.27 
151 38 35 21 21 0.36 0.32 
187 46 45 26 26 0.47 0.43 

229 89 38 38 28 26 0.25 0.20 
151 33 30 21 19 0.28 0.25 
187 38 38 25 24 0.36 0.32 

Laboratory 254 89 48 49 27 26 0.38 0.41 

Note: 1 mm= 0.039 in; 1 kN = 225 lb. 
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solid, curved line that passes through the three experi
mental data points has been extended by extrapolation. 
The validity of the extrapolation is demonstrated by the 
close agreement between the extended portion of the 
curve and the two points computed by using Wester
gaard's equation for edge load. 

On the chart, the curvP.d line is entered on the ab
scissa of the determined conventional design thickness. 
In the example (Figure 6}, the conventional design thick
ness has been assumed to be 203 mm (8 in}. A hori
zontal line is drawn to intersect the curve and is then 
extended vertically downward to t he ordinate . The value 
of 168 mm (6.6 in) obtained at the intercept is the pave
ment thicknes s of t he oute1· lane t hat could be per mitte d 
if a tied concrete shoulder were used instead of a 203-
mm-thick pavement without a shoulder. 

Another method of evaluating the benefit of a concrete 
shoulder is to determine the added life expectancy of the 
pavement that is attributable to the reduction in edge 
stress. _ This is done by using the following equation de
veloped at the AASHO Road Test @: 

log W2.s = 5. 789 + 3.42 log (Sc/a) 

where 

W2.s = number of applications of stress "• 
S. = 28-d flexural strength of the concrete, and 
" = predicted stress in the concrete caused by 

external loading. 

(I) 

The life expectancy of the pavement is increased be
cause, at a reduced level of stress, the pavement can 
cany a greater number of traffic loads before i·eaching 
a level of terminal serviceability. Thus, if traffic re
mained constant with time, the life of the pavement 
would be extended. 

Values of W were computed by substituting experi
mental data into the equation. The results show that the 
addition of a shoulder would extend the life of the 203-, 
229- , and 254-mm (8-, 9-, and 10-in) pavements by fac
tors of 3 .2, 3 .3, and 3 .6 r espectively. 

Lane Widening 

Experimental data were used to determine the effective
ness of lane widening in reducing pavement strains. An 
example of the procedure followed is shown in Figure 7. 
The data, which arc the average of load strains measured 
at the free edge for test sites located at stations 539+16 
and 540+10, show the decrease in measured edge strain as 
the load was moved inward from the edge. The dashed line 
represent s the measured interior s train for the load being 
conside1·ed-a tensile strain that occurs at the bo ttom of 
the slab directly under the load. 

Figure 7. Effect of lane widening at test stations 539+16 
and 540+10. 
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By projecting downward from the intersection of the 
lines for interior and edge strain in Figure 7, it can be 
determined that an edge strain of 28 millionths was ob
tained when the load was 305 mm (12 in) in from the 
pavement edge. This means that, if the slab was widened 
by 305 mm, no further strain reduction could be obtained 
by additional widening. As the cross-hatching shows, the 
case of edge loading produced thP. largest strain until the 
load was 305 mm from the edge, and after that the strain 
directly under the luad was larger. Results from a simi
lar analysis for each of the test sites are given below 
(1 kN = 225 lb and 1 mm = 0.04 in): 

Required 
Widening 

Test Station Load (kN) (mm) 

985+53 89 305 
987+11 151 356 

187 330 
870+64 89 279 
972+21 151 356 

187 330 
539+16 89 305 
540+10 151 305 

187 305 
519+80 89 406 
521+81 151 381 

187 559 

With one exception, widening requirements varied from 
279 to 406 mm (11 to 16 in). 

Based on this analysis, it would appear that a lane 
widening of 406 mm (16 in) would be sufficient. This 
would be true, however, only if vehicles did not en
croach on the widening. 

To investigate the probabilit y of encroachment, data 
from two studies of traffic distribution a r e s hown in Fl.g
ure a . T he data shown by the cm-ve on the right were 
obtained by T ar agin of the Federal Highway Adminis tra
tion l.n 1958 (.'.!). Thes e data, which a r e s till used in 
pavement des ign, s how that the highest frequency of 
tr ave l and mean travel path distance occurred at s lightly 
more than 0.61 m (2 f t) from the pavement edge , In ad
dition, only about 4 percent of the traffic drove closer to 
the edge than 305 mm (12 in). The data for the curve on 
the left were obtained by Emery of the Georgia Depart
ment of Transportation in 1974 (8). In this case, 53 
per cent of the traffic t r aveled within 305 mm of the pave
ment edge. ! J1 addition, 9 per cent o:i the traffic was ob
served to be driving in a 381-mm (15-in) wide wheel path 
that began 76 mm (3 in) inward from the pavement edge 
and extended outward to include 305 mm of the shoulder. 
Because these data were obtained from pavements that 
had asphalt shoulders, there was a highly visible deline
ation between pavement and shoulder. Therefore, it is 

Figure 8 . Traffic distribution: frequency versus wheel 
path. 
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highly improbable that a painted white stripe located 
406 mm (16 in) from the pavement edge will prevent en
croachment. If pavement widening is to be structurally 
effective, determination of the minimum width should 
include consideration of the effects of load encroach
ments. 

Shoulder Joint Design 

Because all shoulder joints in the field projects used a 
tied and keyed design, laboratory slabs were constructed 
with keyed, tied and keyed, and tied-butt joints. Tie bars 
were 16 mm (O. 7 in) in diameter and 96 5 mm (3 8 in) 
long and were spaced at 762-mm (30-in) centers. 

Load strains and deflections were measured at the 
free edge and the shoulder edge for each design . These 
data were used to compute the percentage reduction in 
strain and deflection that occurred as a result of the 
presence of a shoulder. Figure 9 shows that edge 
strains and deflections were reduced by an average of 
38 and 43 percent respectively. The small percentage 
difference in the performance of the three types of joints 
is not considered significant. 

Although the keyed joint without tie bars was effective 
in reducing strains and deflections, its use would not be 
recommended in construction of outside lanes because 
of the possibility of shoulder joint separation. Such a 
separation might result from lateral traffic forces and 
differential vertical movements in the subgrade. 

The excellent performance of the tied-butt joint sug
gests that this type of construction could reduce costs. 
Joints of this design, however, may lose some of their 
effectiveness under accumulated traffic loadings. 

CONCLUSIONS 

Pavement slabs were instrumented and load tested to 
determine the effects of concrete shoulders, widened 
lanes, and slab thickness on measured strains and de
flections, The following results were obtained: 

1. There was good agreement between measured 
strains and deflections and those computed by using 
Westergaard's theoretical equations. 

2. The 152-mm (6-in) thick concrete shoulders of 
the 203- and 229-mm (8- and 9-in) thick highway slabs 
reduced edge strains by 28 percent. 

3. Measured reductions in edge strain are used to dem
onstrate that the outer lane main-line pavement thickness 
may be i·educed when a tied concrete shoulder is used. 
As an example, a conventional design of 203-mm (8-in) 
thickness could be reduced to 168 mm (6.6 in) with the 
addition of a tied concrete shoulder 152 mm (6 in) thick. 

Figure 9. Percentage reductions 
in strain and deflection 
attributable to presence of a 
shoulder (by type of joint). 
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4. The effectiveness of concrete shoulders in re
ducing edge deflections was equivalent to increasing slab 
thickness by 66, 84, and 107 mm (2.6, 3.3, and 4.2 in) 
for the 203-, 229-, and 254-mm (8-, 9-, and 10-in) 
pavements respectively. 

5. Lane widening was as effective as concrete shoul
ders in reducing strains and deflections. 

6. A 254-mm (10-in) concrete shoulder was only 
slightly more effective in reducing edge strains and de
flections than a 152-mm (6-in) shoulder. 

7. Tied and keyed, tied-butt, and keyed joint con
struction were equally effective in reducing strains and 
deflections. However, it should be remembered that 
tied-butt joints might lose some effectiveness with ac
cumulated traffic loadings. 

8. In addition to reducing strains and deflections, 
tied concrete shoulders direct surface runoff away from 
the pavement edge, 
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Use of Freeway Shoulders to Increase 
Capacity 
William R. Mccasland, Texas Transportation lnslilule, Texas A&M University 

The Texas StHtu Department of Highways and Public Transportation 
approved for testing the concept of increasing roadway capacity on 
urban freeways by restriping the main-line pavement to create narrower 
lane widths and encroaching on the shoulder to create additional lanes 
for travel. Two sections of the US-59 Southwest Freeway in Houston 
were selected for study. The effectiveness of reconfiguring the main 
lanes was examined from the following aspects: operational character
istics of peak-period flow, driver acceptance of use of the shoulder lane, 
accident experience, benefit-cost analysis, and design end maintenance 
requirements . Expected improvements in operations during peak 
periods as a result of increased capacity were achieved. One section did 
not reach the anticipated level of improvement because of low driver 
use of the shoulder lane, and an analysis determined the need for a 
change in the length of that section. Accident experience was signifi
cantly reduced as a result of the modifications, and the benefit-cost 
analysis was extremely favorable to this type of low·eost improvement. 
The results of the study support the application of the use of shoulder 
and narrow freeway lanes for travel through bottleneck sections of urban 
freeways. 

Travel demands on urban freeways continue to increase, 
and state highway departments are unable to build new 
facilities fast enough to prevent the development and 
spread of traffic congestion. Techniques that reduce or 
control travel demand- such as ramp control, priority 
operations for high-occupancy vehicles, and modal 
shifts-are being developed and implemented, b\tt demm1d 
continues to increase. Low-cost, temporary measui·es 
to 'increase the capacity of urban freeway systems are 
needed . 

Texas like most states, !)as p1·ograms to identify and 
eliminate bottlenecks on urban freeways by widening 
bridges and pavements, relocating ramps, consti·ucting 
continuous frontage roads, and eliminating geometric 
features that reduce capacity. These improvement pro
grams will be accelerated as time and money permit, 
but the type of improvement discussed in this paper is 
designed to solve or alleviate capacity problems immedi
ately and at low cost. California is conducting a similar 
p1·ogram (.!, t_, ~ !), and a recent state -of-the-art report 
sugg sts using shoulders on freeways for travel (5). 
This project in Houston, one of the first to be undertaken 
by the Texas State Department of Highways and Public 
Transportation (SDHP1'), has unique design and traffic 
requirements that contribute to knowledge about freeway 
operations and design. 

STUDY SITE 

The Southwest Freeway (US-59) in Houston is a radial 
freeway that varies in design from 6 to 10 lanes. At the 
interchange of the 1-610 Freeway, average daily traffic 
(ADT) on both intersecting freeways exceeds 200 000 
vehicles, and traffic demand immediately adjacent to the 
interchange exceeds the capacity for several hours of 
the day. Major reconstruction will be necessary to 
relieve the congP.Rtion, but temporary i·elief was pro
vided to this section of US-59 in 1976 when the SDHPT 
designed and implemented a reconfigured cross section 
for the freeway to provide another lane for travel by 
narrowing the existing main lanes and encroaching on the 
emergency shoulder. The added lane was opened on 
May 1, 1976, and accommodated travel 24 h/d. Emer
gency parking areas are provided on both sides of the 

roadway except on bridge structures where the right 
shoulder has been totally preempted for travel. 

The study site on the southbound lanes of US-59 is di
vided into the following two sections by the directional 
interchange with 1-610 (Figure 1): 

1. Section 1 (Weslayan to I-610)-The section is 1.9 
km (1.2 miles) long with a cross section before restriping 
of 3.05. x 14,6 x 3.05 m (10 x 48 x 10 ft) made up ol four 
3.6- m (12-!t) concl'ete lanes and two 3.05-m (10-ft) 
asphalt concrete shoulders. The cross section was re
striped t o 3 .05 x 16 x 1. 7 m (10 x 52. 5 x 5. 5 ft) to make 
five 3.2-m (10.5-ft) lanes, a 3.05- m (10-ft) half median, 
and a 1.7-m (5.5-ft) right shoulder (Figure 2). The right 
shouldei· ;vas eliminated at the two bridges over the rail
road and New Castle intersection. 

2. Section 2 (I-610 to Westpark)-The section is 3.06 
km (1.9 miles) long with a cross section before 1·~sh·iping 
of 3.05 x 14.6 x 3.05 m {10 x 48 x 10 ft) made up oflour 
3.6-m (12-ft) concrete lanes and two 3.05-m (10-ft) 

sphalt concrete lanes from 1-610 to Chimney Rock. At 
Chimney Rock the cross section reduces to 3.05 x 10.97 
x 3.05 m (10 x 36 x 10 ft) by dropping a lane and carrying 
t hree 3.6-m (12 -ft) lanes from Chimney Rock to West
park. The cross sections were restriped to 3.05 x 16 x 
1.7 m (10 x 52.5 x 5.5 ft) and 3.05 x 12.8 x 1.2 m (10 x 
42 x 4 It) respectively (Figures 2 and 3) to create a 
3.05-m (10-ft ) halI median, five 3.2-m (10.5-ft) lanes, and 
a 1.7-m (5.5-ft)1·ight shoulder upstream of Chimney Rock 
and four 3.2-m (10.5-ft) Ian sand a 1.2-m (4-it) right 
shoulder downsb:eam. The right shoulder was eliminated 
at the bridges over Rice Boulevard and Chimney Rock. 

Emergency parking can be accommodated on the nar
row right shoulder along sections 1 and 2 by encroaching 
on the turf area of the outer separation . 

RESULTS 

Op rational Characteristics 

Section 1 

Section 1 is the last bottleneck upstream of the 1-610 
interchange. Traffic demand for this section comes from 
the four main lanes and two high-volume entrance ramps 
at the Edloe and Weslayan interchanges. The freeway 
lanes are congested upstream from the New CasUe exit 
ramp for a distance of more than 3 .2 km (2 miles), and 
ramp queues at .l!:dloe and Weslayan often exceed 100 ve
hicles. 

The capacity of the bottleneck is approximately 7600 
vehicles/ h, but peak-hour flow rates of 7800 vehicles/ h 
were observed as the traffic occasionally encroached on 
the sh0t1lder upstream of the New Castle exit 1·amp. 

After the conversion from four to five lanes of travel, 
peak-hour volume through the bottleneck was unchanged, 
and the total numbei· of vehicles in the 2-h peak increased 
by only 3 percent, as given below: 

Condition Peak Hour 

Before restriping 7870 
After restriping 7830 

2-h Peak 

14180 
14 600 
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Figure 1. Study sections 1 and 2 of southbound US-59, -~ 
Southwest Freeway, in Houston. ~ 
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------ SECTION I-- -- SECTION 2 
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Figure 2. Reconfiguration of cross section from 
four to five lanes. 
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Figure 3. Reconfiguration 
of cross section from 
three to four lanes. 
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Lane use indicated that traffic did .not use the added lane 
effectively enough to increase flow rates through the 
bottleneck section. The level of service was improved 
within the section, but total delay was not significantly 
reduced. The bottleneck was shifted approximately 100 
m (330 ft) upstream of the merge point of the Weslayan 
entrance ramp. 

Section 2 

The Westpark overpass has a geomefric design that would 
usually result in a bottleneck: horizontal and vertical cur
vature, no shoulders, and discontinuous frontage roads. 
But the volumes on upstream ramps have established the 
bottleneck section between the Chimney Rock entrance 
and the Westpark exit ramps. High traffic demand is 

,, 
Ci 
"' 

ADDED LANE TO FREEWAY 

DI SCONTIN UOUS FRONTAGE 1---1 
ROAD 

maintained at this bottleneck by the high volumes that 
enter the section from the main lanes and the 1-610 con
nection ramps upstream of the lane drop at Chimney 
Rock. Heavy congestion and queuing are maintained 
throughout the peak period. 

The capacity of the bottleneck was 5800 vehicles/ h, 
but peak-hom· flows of 6000 vehicles/h were observed 
as the Westpark exiting traffic encroached on the 
shoulder. 

In contrast to section 1, the addition of one lane for 
travel from the I-610 interchange had a significant im
pact on traffic volumes (Figure 4). The peak-hour vol
umes and throughput of the section increased and the 
bottleneck shifted downstream to the Westpark over
pass: 

Item 

Vehicles per peak hour 
Vehicles per 2-h peak 

Item 

Vehicles per peak hour 
Vehicles per 2-h peak 
Vehicle kilometers per 
peak hour 

Vehicle kilometers per 
2-h peak 

Section 2 Bottleneck 

Before After 
Restriping Restriping 

5 800 
11 600 

7 100 
13 800 

Section 2 Throughput 

Before After 
Restriping Restriping 

7 250 8 400 
14 450 16 400 
16130 19430 

32 770 37 900 

Increase 
(%) 

22.5 
19.0 

Increase 
(%) 

15.9 
13.5 
20.4 

15.6 

Some of the increase in vehicle kilometers is the re
sult of the improvement in traffic flow through this sec
tion. Traffic that used the Chimney Rock exit and front
age road to bypass fl•eeway congestion now remains on 
the freeway. This results in a reduction of traffic de
mand on the congested Chimney Rock-Frontage Road in
tersection. 

The high flow rates and volumes through the Westpark 
overpass bottleneck (12 000 vehictes/ h for 2 h) were not 
expected (Figure 5). However, several counts have con
firmed these results, and the following factors are of
fered in explanation: 

1. Truck volumes are very low (1.3 percent). 
2. Volumes of small vehicles are high (20 percent). 
3. Speeds of vehicles approaching and leaving the 

overpass are maintained at a high level throughout the 
peak period because of high-volume, high-speed exit 
ramps on both sides of the overpass . 
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Figure 4. Result of adding one lane to section 2: 1· 
and 2-h traffic volumes in p.m. peak period . = :]",eoq_.ii1,6@ = s,?.[o 11~soo) = #--_--_..._-'~ ;;/ '\; 

Figure 5. Traffic volume on US-59 southbound at Westpark in 
p.m. peak period. 
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4. The traffic volume that uses Lhe added lane up
stream of the Westpark exit is high. 

5. Demand for the three through lanes at the Westpark 
exit ramp is high throughout the peak period. Some ve
hicles merge into the through lanes from the added lane 
at or near the termination of the lane at the Westpark 
exit ramp. 

6. Although the overpass has a 5 percent grade and is 
on a 3° horizontal curve, sight distance, lateral clear
ances, and design features are adequale fu1• high-volume, 
high-speed operation. 

7. Driving performance may be more efficient when 
vehicles enter a section of freeway that has lanes of stan
dard width after traveling several minutes in a section 
that has narrow lanes. 

8. The population of motorists who use this freeway 
could be classified as aggressive drivers who tend to 
overdrive traffic conditions. This results in better op
erational efficiency but also an accident rate higher than 
that of other freeways used by less aggressive motorists. 

To determine the effects of added capacity on traffic 
delays, traffic demand for these sections over the 2-h 

1,450 (2.800) 600(1,100) 

o) BEFORE RESTRIPING 

600 (1,100) 

1,300 (2,600) 500 (1,100) 

bl AFTER RESTRIPING 

1,000 ( 1,800) 

period was assumed to be constant before and after re
s triping. The demand curve is represented by t he input 
curve s hown in Figure 6. The output c urve is t he s um of 
the volumes at the Westpark over pass and the Westpark 
and Chimney Rock exit r amps. The output curve before 
restriping indicates traffic congestion between 4:20 and 
6:10 p.m. Output after restriping causes the lerigth of 
the congestion period to be reduced by 20 min to 5:50 
p.m. and the total amount of delay to be reduced by 1100 
vehicle-h/ d. 

Although the demand curve was assumed to be un
changed to measure the effects on traffic delays, traffic 
volumes after 1 year of oper ation have actually in
creased. Peak-period demand increased by 14 percent 
whereas ADT increased by 8. 7 percent. The increase 
in peak-period t r affic is e spec ially significant when it is 
compared with the 2 percent increase experienced the 
year before restriping. As a result of this increase in 
traffic volumes, the length of the congestion period has 

Figure 6. lnput·output flow rates for US-59 southbound between 
1-610 and Westpark overpass in p.m. peak period. 
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stayed the same or increased slightly, but the section 
accommodates 1950 more vehicles during the 2-h peak 
period. 

The level of service has been improved, particularly 
for exit ramp traffic. However, traffic demand for the 
section has increased and still exceeds the capacity of 
the bottleneck, and congestion develops throughout the 
peak period. 

Driver Acceptance of Use of 
Shoulder Lane 

The key to a successful freeway reconfiguration is the 
use of the added lane . In this project, the lane was com
posed partly of the 1·ight shoulder and partly of the main
line pavement . Several factors against its use are (a) 
the texture and contrast of the two pavement materials, 
(b) the restrictive lateral clearance on the approaches 
to bridges, and (c) the condition of the riding surface. 
Factors in favor of its use are (a) the high percentage 
of local traffic, particularly during the peak periods; 
and (b) the high volumes of traffic throughout the day. 
To test the effectiveness of low-cost design, no major 
construction or maintenance activities were conducted to 
minimize the adverse factors during the first year of the 
project. If the concept proved to be successful, a more 
permanent design was to be implemented. 

Section 1 

The number of vehicles in 2-h and peak-hour traffic vol
umes for the various traffic movements shown in Figure 
7 are given below: 

Movement Peak Hour 2-h Peak 

R1 + R2 450 770 
R3 140 320 
F, 970 1700 
L1 470 710 
L2 640 1310 

Figure 7. Peak-period use of shoulder lane: section 1 
of Southwest Freeway. 

Figure 8. Use of shoulder lane over 24-h period : sections 1 and 2 of 
Southwest Freeway. 1,2so 
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No special signing was used to designate the shoulder 
lane for travel. Lane arrows were used downstream of 
the Weslayan entrance ramp to encourage full use by 
entering traffic, but only 30 percent remained in the lane 
(see movement R3 in Figure 7). The contrast between 
the concrete acceleration lane taper and the asphalt con
crete shoulder appeared to guide the entering traffic out 
of the shoulder lane. Peak-period use by main-line traf
fic (F1) was high, but the traffic entered the lane too late 
to improve upstream flow rates. This movement will be 
improved by extending the lane upstream to the next en
trance ramp (Edloe), which will enable most of the 1700 
vehicles that originate upstream of the Weslayan ramp 
and use the shoulder lane (movement Fi) to weave into 
that lane before they reach the bottleneck section. 

The lane is available for 24 h, but it is used primarily 
during the peak period when all other lanes become con
gested. ADT in the lane is 8155 vehicles, approximately 
25 percent of which uses the lane during the peak period 
(Figure 8). 

Section 2 

Use of the shoulder lane at the second study site was 
much greater. Although the lane was "black and white " 
pavement, the riding surface and the lateral clearances 
were better than those of section 1. The high exiting 
volumes at the Chimney Rock and Westpark exits account 
for much of the success of this lane. ADT is 13 445 ve
hicles, approximately 20 percent of which uses the lane 
during the peak period (Figure 8). The greater use in 
the off-peak period is a measure of the acceptability of 
the design in comparison to that of section 1. 

Accident Experience 

Total accident experience for sections 1 and 2 in the 2 
years before restriping is compared below with accident 
experience for 1 year after restriping (1 km = 0.62 mile) : 
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Item 2 Total 

Accidents per year 
Number before restriping (2-year average) 128 205 333 
Number after restriping ( 1-year average) 120 196 316 
Percentage decrease 6 4 5 

Accidents/100 million vehicle-km 
Number before restrlping 207 229 220 
Number after restriping 173 197 1R7 
Percentage decrease 16 14 15 

These accident frequencies and rates indicate that section 
1 had the better accident experience for the 24-h period. 
After the shoulder lane was added, accident rates for 
both sections decreased significantly when they were 
tested at the 95 percent level of confidence for the Pois
son comparison of means test (6) (figures for percentage 
decrease in accidents/ 100 million vehicle-km are sig
nificant at the 95 percent confidence level for the Poisson 
test). 

Analysis of accident experience during the peak 2-h 
period when there is the greatest use of the added lane 
indicates much greater reductions in frequency and rate 
of accidents for the two sections (1 km = 0.62 mile): 

Item 2 Total 

Accidents per year 
Number before restriping (2-year average) 43 38 81 
Number after restriping (1-year average) 22 33 55 
Percentage decrease 49 13 32 

Accidents/100 million vehicle-km 
Number before restriping 602 370 465 
Number after restriping 279 292 287 
Percentage decrease 54 21 38 

The rate for section 1 and the combined rate for sections 
1 and 2 are reduced significantly when they are tested at 
the 95 percent level of confidence for the Poisson com
parison of means test (6) (figures for percentage de
crease in accidents/ 100 million vehicle-km are signifi
cant at the 95 percent confidence level for the Poisson 
test). Although the accident rate for section 2 is reduced 
by 21 percent, it does not satisfy the test because of the 
low number of accidents before restriping (38). 

The accident rate for section 2 was much lower than 
that for section 1 before restriping because section 2 had 
less congestion during the peak period 2 years ago. 
Travel demands and congestion have greatly increased 
in section 2 but have remained somewhat constant in sec
tion 1. In addition, the small number of accidents varies 
greatly from year to year. 

Benefit-Cost Analysis 

The benefits of restriping had not been realized in sec
tion 1 at the time this paper was written. It was esti
mated, however, that the extension of the lane to the 
Edloe entrance would result in a significant reduction in 
vehicle delay. 

As a result of the added lane, section 2 achieved a 
13.5 percent increase in the number of vehicles that exit 
the section in a 2-h period. The estimated savings in 
total travel time were calculated to be 1100 vehicle-h/d 
for 14 600 vehicles with an occupancy rate of 1.3 persons/ 
vehicle. A cost of $5.51/ vehicle-h for private vehicles 
was used to calculate a savings of $6061/ weekday or 
$1 515 250/ year [ 1975 prices taken from Buffington and 
McFarland (7)]. 

Fuel savings resulted from a reduction in travel time. 
Each vehicle saved an average of 4.52 min. This repre
sents a time difference of 9 min at a speed of 32 km/ h 
(20 mph) and 4.48 min at 64 km/h (40 mph) over a dis
tance of 4.83 km (3 miles). Running cost at 32 km/h 
(20 mph) is $0.0613/vehicle-km ($0.0987/vehicle-mile); 

at 64 km/ h (40 mph), it is $0.04/ vehicle-km ($0.0644/ 
vehicle-mile) or 

($0.0613 - $0.04)/vehicle-km($0.0987 - $0.0644) 

+vehicle x 14 600 vehicles x 4.83 km 

= $1502.34 operating cost savings/ct or $37:'i 585/year (I) 

Approximately 75 percent of the operating costs are 
attributed to fuel. Therefore, the number of liters of 
gasoline conserved each year by the improvement can be 
estimated as follows (1 L = 0.26 gal): 

($375 585)(0.75)(L/$0.125)= 2 253 510 L (2) 

Similar calculations of benefits can be made for noise 
and air pollution and traffic accidents, but those cate
gories were not included in this analysis. Therefore, 
total annual benefits are $1 890 835. 

The cost of restriping the lanes was $38 700. The 
project required relocating two lighting standards and 
three roadside warning signs; modifying a metal guard 
beam section and two curb inlets; removing sections of 
curb, traffic buttons, and paint; applying asphalt overlay 
strip to smooth pavement-shoulder transition; stabilizing 
shoulders; and applying paint stripes. Lane lines were 
restriped after three months at a cost of $471, and ad
ditional lane markings and lane arrows were added at the 
Weslayan ramp at a cost of $157. 

Some maintenance was required in the outer separa
tion that had been used as emergency parking areas. In
adequate shoulder strength during wet weather caused 
the material to rut badly. Costs for this work were ab
sorbed in normal maintenance activities, but the extra 
expense should be included as an annual cost of main
taining the installation. 

The benefit/ cost ratio for this project was $1890 835/ 
$39 328 or 48.1. Annual costs to maintain the system 
have not been calculated but should be considerably less 
than $40 000. At some time in the future, however, the 
shoulders will deteriorate and have to be replaced. If 
only the shoulders were to be replaced, the estimated 
cost would be $275 600 or $39 245/year. This is cal
culated for an interest rate of 7 percent and a time pe
riod of 10 years by using the uniform series capital re
covery calculation. 

Design and Maintenance Requirements 

Cross sections with uniform lane widths of 3 .2 m 
(10.5 ft) were designed because of the following consid
erations: 

1. The median shoulder width was maintained at 
3.05 m (10 ft) because of the small, mountable curb and 
drainage inlets in the median. 

2. A paved right shoulder was desired where it was 
practical. 

3. The volume of large vehicles that used this free
way during peak periods was very low. 

4. The minimum desirable width for travel on free
ways was considered to be 3.2 m. 

The cross sections were changed in a 250-m (820-ft) 
transition zone. The old stripes and delineator buttons 
were removed by maintainer blades and sandblasting, 
and new paint stripes were placed. The paint tended to 
wear quickly because of vehicle encroachment and ac
cumulation of oil and dirt. New stripes placed after 3 
months of operation have worn well, but better delinea
tion by means of new stripes and buttons will be provided 
after 15 months of operation. 
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The shoulder lanes have held up well under the in
creasing volume of traffic. The turf area in the outer 
separation that has been used for emergency parking has 
become rutted and requires considerable maintenance. 
New stabilized shoulders will be provided in those areas . 
The longitudinal joint between the main-line pavement 
and the old shoulder pavement has widened and requires 
maintenance. However, the quality and the safety of the 
ride over the joint has not been substantially reduced. 

CONCLUSIONS 

1. Adding a traffic lane in a bottleneck section of a 
freeway produces benefits in travel time, safety and 
quality of operation, and the volume of traffic that can 
be accommodated. 

2. Such solutions are generally accepted by the 
public. 

3. The additional capacity in a converted roadway 
section reduces accident rates and thus offsets any in
crease in accident potential attributable to narrow lanes 
and fewer emergency parking areas. 

4. Additional capacity can be achieved at low cost by 
reconfiguring existing roadway and parking pavements. 
Benefit/cost ratios for these projects are very favorable. 

5. Reconfigured roadways require additional mainte
nance to provide adequate lane delineation, structural 
integrity of the shoulder lane, and emergency parking 
areas. 
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This paper discusses one phase of a research project 
conducted by the Texas Transportation Institute and 
SDHPT in cooperation with the Federal Highway Adminis
tration. The contents reflect my views, and I am re
sponsible for the facts and the accuracy of the data pre
sented. The contents do not necessarily reflect the of
ficial views or policies of the Federal Highway Adminis
tration. This report does not constitute a standard, 
specification, or regulation. 
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Structural Evaluation of PCC 
Shoulders 
Jihad S. Sawan and Michael I. Darter, Department of Civil 

Engineering, University of Illinois 

A structural evaluation of portland cement concrete (PCC) shoulders 
has been conducted. The influence of the major design variables on 
the behavior of shoulders under load was determined by using a finite 
element analysis program and data from field surveys of several PCC 
shoulders. The major design variables studied include slab thickness and 
tapering, foundation support and loss of support, joint spacing, lane
shouldet tie, shoulder width, and design and condition of the adjacent 
lane. Results of analytical and field studies show that each of these 
variables can have a significant effect on the performance of PCC 
shoulders and also on the performance of the adjacent traffic lane. A 
minimum slab thickness of 15 cm (6 in) is recommended, but cer-
tain design situations-i.e., poor foundation support, need for signifi
cant load transfer support at the lane edge, heavy traffic, or a narrow 
shoulder-require greater thickness. The required thickness should be 
determined from structural analysis. To achieve the greatest structural 
benefits for the traffic lane and the shoulder, load transfer efficiency 
at the longitudinal joint should be greater than about 50 percent. 
Field studies indicate that this efficiency can be attained by pro-
viding tie bars across the longitudinal joint. Shoulder width should be 

at least 91 to 152 cm (3 to 5 ft) to contribute a significant structural 
benefit. A shoulder joint spacing of 4.6 m (15 ft) is recommended to 
minimize joint spalling and blowups and slab cracking. If the shoulder 
is designed properly, significant improvement in the performance of 
the traffic lane for both new construction and rehabilitation as well 
as long-term, low-maintenance performance of the PCC shoulder can 
be achieved. 

Portland cement concrete (PCC) shoulders have been 
constructed for many years on some urban expressways 
but for only about the past 12 years on rural highways. 
They were first constructed on an experimental basis 
but have more recently become a part of regular con
struction. Because no structural design procedure is 
available, design has been based on engineering judg
ment and on the performance of a few experimental sec-
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tions. The purpose of this study is to improve shoulder 
design by determining the effects of the major design 
variables on PCC shoulder performance and also the ef
fect of shoulder design on the adjacent traffic lane. The 
evaluation includes the placement of PCC shoulders for 
the purpose of rehabilitating existing pavements and also 
as part of new pavement construction. 

Shoulders are an integral part of today's major high
ways and are required to provide structural support to 
(a) encroaching traffic loads from the adjacent traffic 
lane, (b) emergency parking, and (c) regular traffic if 
the shoulder is used as a detour around a closed lane or 
as an additional lane during peak traffic hours. Shoulder 
design has been inadequate in the past (usually because 
of an effort to minimize construction costs); this has 
often led to considerable distress and required major 
maintenance. 

The influence of many of the major variables in the 
design of PCC shoulders has not been previously deter
mined. To study their influence, a program of finite 
element slab analysis was used to compute critical 
stresses and deflections for several shoulder and lane 
design configurations. Surveys of several experimental 
PCC shoulders have also provided field data about some 
of the design variables. The guidelines for improved 
design presented in this study were formulated based 
on the study results for both rehabilitation and new con
struction. 

DESIGN CONSIDERATIONS 

The two major engineering objectives in shoulder design 
are to (a) provide a shoulder that will structurally sup
port encroaching traffic loads for long-term, low
maintenance performance, and (b) provide a shoulder that 
will reduce the rate of deterioration of the adjacent lane 
of pavement (usually the heaviest traveled truck lane). If 
both objectives can be accomplished economically, 
placing PCC shoulders during new construction or re
placing deteriorated shoulders on existing highways with 
PCC shoulders can be very beneficial. 

The major design variables for PCC shoulders are 
(a) slab thickness and tapering of thickness, (b) joint 
spacing, (c) foundation support and loss of foundation 
support, (d) tie between the shoulder and the traffic lane 
(including load transfer of the longitudinal joint), (e) 
width of the shoulder slab, and (f) design and condition of 
the adjacent traffic lane. The shoulder must withstand 
both repeated moving loads and static loads from parked 
vehicles. Both of these conditions involve edge loading 
caused by heavy trucks. Because the edge-loading con
dition is the most critical in fatigue damage (3), the 
stresses and deflections that result from thatcondition 
are referred to in this study as critical stresses and de
flections. The actual amount of loading is relatively un
known but probably varies widely within a given project 
and from project to project. The effects of moisture and 
of loss of support caused by pumping and settlement 
should also be considered because of edge-loading con
ditions. 

Several studies have been made of the critical effect 
of edge loadings on the performance of all types of PCC 
pavements. Recent field and analytical studies have con
cluded that edge loading results in transverse cracking 
of jointed concrete slabs and edge punchouts of continu
ously reinforced concrete pavement (CRCP) (!. ~. ~ !). 
studies of traffic encroachment have shown that much 
more edge loading of traffic-lane slabs and shoulder en
croachment occur than was previously believed @., ~). 
structural design procedures that will attempt to consider 
these major design variables are being developed at the 
University of Illinois. 

EFFECT OF DESIGN VARIABLES 
ON PERFORMANCE 

The influence of the major design factors on the struc
tural performance of PCC shoulders is determined by 
using a finite element program that was originally de
veloped by Huang and Wang (7) but has been modified at 
the University of Illinois to handle problems such as PCC 
shoulder design. Stresses computed in the program have 
been found to agree very closely with stresses computed 
from measured strains at the AASHO Road Test (~). 

Shoulder Thickness 

The effect of the thickness of a PCC shoulder on the crit
ical tensile stress caused by an encroaching 80-kN 
(18 000-lb) single-axle wheel load is shown in Figure 1. 
The design configuration is typical and has a traffic lane 
20.3 cm (8 in) thick, 3.6 m (12 ft) wide, and 4.6 m (15 ft) 
long. The PCC shoulder is 3 m (10 ft) wide and ranges 
in uniform thickness from 10.2 to 30.5 cm (4 to12 in). 
Three different load transfer efficiencies are shown for 
the lane-shoulder longitudinal joint. If the load transfer 
efficiency is 0 percent, there is no tie between the shoul
der and the lane and they act independently. If the ef
ficiency is 100 percent, there is complete load transfer 
(i.e., the deflection of the loaded side of the joint is equal 
to the deflection of the unloaded side). Transfer of mo
ment across the joint is zero in both cases because 
joints transfer very little, if ariy, moment. 

As thickness increases from 10 to 31 cm (4 to 12 in), 
tensile stress decreases. The rate of decrease is much 
more rapid for slabs less than 20 cm (8 in) thick when 
load transfer efficiency is low (Oto 50 percent). When 
the shoulder is not tied to the lane (efficiency = 0 per
cent), the stresses approach or exceed the range of flex
ural strength of PCC for slabs less than 20 cm thick. 
Stresses greater than about 3450 kPa (500 lbf/ in2

) will 
result in cracking of the shoulder after only a few heavy 
load applications. 

The effect of load transfer at the joint is significant . 
If there is reasonable load transfer (50 percent) and slab 
thickness (;;,20 cm), the effect of increased thickness on 
stress is reduced at the lane-shoulder joint. Parked 
trucks impose a wheel load at the outside edge of the 
shoulder where the load transfer is of course 0 percent. 
Thus, the thickness design of PCC shoulders should con
sider both loading positions and the number of applica
tions at each position. 

Shoulder Width 

The width of the shoulder affects both critical stress and 
deflections in the shoulder slab. Figures 2 and 3 show 
these effects for a range of design conditions. The load 
efficiency is 0 percent, thickness varies from 15.2 to 
30.5 cm (6 to 12 In), and foundation sup~ort varies Irom 
poor for snturnted clay r k :0 1.38 kr::/ c.m (50 lb/ in3

}] to 
excellent for a thick stabilized subbase [k = 13.84 kg/ crn3 

(500 lb/in3
)] • Deflection increases very rapidly for a 

width of less than about 1.5 m (5 ft). For poor founda
tions, narrow PCC shoulders experience high deflections 
and thickness has only minimal effect. Thickness has 
a more significant effect on deflections in the case of 
wider shoulders (B > 1.5 m). 

The effect of width on critical stress is shown in Fig
ure 3. For example, for a slab that is 20 cm (8 in) 
thick, widening the shoulder from 0.9 to 1.5 m (3 to 5 ft) 
reduces stress by 20 percent, and widening the shoulder 
from 1.5 to 3 m (3 to 10 ft) causes a decrease of only 5 
percent. The effect uI shoulder widlh is about the same 
regardless of slab thickness. Thus, for structural pur-
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Figure 1. Effect of shoulder thickness and lane-shoulder tie on tensile 
stresses at bottom of PCC shoulder. 
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Figure 2. Effect of encroachment of truck wheel loads on deflection of 
PCC shoulder for various conditions of support and thickness. 
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poses, a shoulder wider than 1.5 m has a minimal ef
fect on the critical stresses caused by encroaching truck 
traffic near the longitudinal joint. If a narrow shoulder 
is required, the critical stress can be reduced to allow
able levels by increasing the thickness of the shoulder 
slab and joint efficiency. For example, a 3-m-wide 
shoulder of 20-cm thickness has a tensile stress of 
2550 kPa (370 lbf/in2

) under an encroaching truck wheel 
load (Figure 3). If the shoulder were to be constructed 
only 0.9 m (3 ft) wide, the thickness required for the 
same stress would be 25 cm (10.1 in). 

Tapering of the PCC shoulder has been used on some 
existing projects. The taper would not have much ef
fect on the critical stress near the longitudinal joint if 
the full shoulder thickness were carried about 0.9 to 1.5 
m (3 to 5 ft). The thickness could then be tapered to the 
outside edge of the shoulder. But critical stresses 
caused by trucks that park on the shoulder with their 
wheels at the outer edge limit the taper to some accept
able edge thickness. The outside shoulder edge will 
probably receive far fewer load applications than the 
inside edge near the traffic lane, but these high free
edge stresses must be considered in design. 

Foundation Support and Loss of Support 

The effect of foundation support on deflections and 
stresses in the shoulder is shown in Figures 2, 4, and 
5. Foundation support-measured by the k value, which 
has a significant effect on deflection-is shown in Figure 
2. A poor foundation [ k = 1.38 kg/cm3 (50 lb/in3

)] has 
a very large deflection in compa1•ison with a moderat e 
foundation [ k = 5.5 kg/cm3 (200 lb/ in3 )J. Large shoulder 
deflections may result in settlements and pumping prob
lems. A stiff foundation [ k = 13 .8 kg/ cm3 (500 lb/in3

)] 

Figure 3. Effect of thickness and width of PCC shoulder on tensile 
stresses at bo.ttom of shoulder. 
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Width of Shoulder (B) , ft. Figure 4. Effect of encroachment of truck wheel loads on tensile 
stresses at bottom of PCC shoulder for various conditions of support 
and thickness. or----T-----.-----ir-----T----'1T-o----'T"'----1•,800 
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Figure 5. Effect of loss of support on tensile stresses at bottom of PCC 
shoulder. 
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reduces the deflections to 20 percent of those for a poor 
foundation. 

The influence of foundation support on critical 1:1lress 
for a range of design variables is shown in Figure 4. 
Stresses are not as sensitive to foundation support as 
are deflections but, as foundation support increases, 
critical stresses decrease. The effect is much greater 
for thin shoulder slabs than for thicker slabs. For ex
ample, a shoulder 15 cm (6 in) thick and 3 m (10 ft) wide 
s hows the following cr itical stresses for the three con
ditions of foundat ion support (1 kPa = 0.145 lbf/in2

): 

Support 

Poor 
Moderate 
Stiff 

Critical 
Stress (kPa) 

4137 
3309 
2758 

Ratio to 
Poor 

1.00 
0.80 
0.67 

These data show that foundation support has a significant 
effect on critical stress, especially for the poor condi
tion. 

The effect of 101:1s of supporl l.Jenealh lhe shoulder edge 
near the lane-shoulder joint is shown in Figure 5. A 
loss of support of 30 cm (12 in) could be caused by, for 
example, the settlement of a subsurface drain trench 
beneath the shoulder. In such a case, the increase in 
critical stress is about 25 percent. This can be ad
justed for by increasing shoulder siab thickness by ap
proximately 3.5 cm (1.4 in) for an original 15-cm (6-in) 
shoulder, for example. 

Lane-Shoulder Tie and Load Transfer 

The extent of the tie between the traffic lane and the 
shoulder affects load transfer, separation of the shoul-
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Figure 6. Effect of joint spacing of PCC shoulder on joint spalling. 
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Figure 7. Effect of joint spacing of PCC shoulder on transverse 
cracking. 
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der from the lane, and settlement of the shoulder. The 
effect of the lane-shoulder tie (as indicated by joint load 
transfer or efficiency) on critical stress in the shoulder 
is shown in Figure 1. At the 10- to 20-cm (4- to 8-in) 
range of thickness, the extent of joint efficiency has a 
very large effect on stress. Changing from 0 to 50 per
cent efficiency reduces stress by a factor of 2.1 and to 
100 percent by a factor of 3.3 for a 15-cm (6-in) shoulder 
slab. The r'eduction in critical stress from 0 to 50 per
cent efficiency is most significant. 

Joint Spacing 

The effect of joint spacing on the performance of PCC 
shoulders is shown in Figures 6 and 7. These are based 
on data obtained from a field survey of three sections of 
plain PCC shoulders located in Illinois. The sections, 
which are 9 to 12 years old, are located on 111-116, 
1-74, and 1-80 (~ 10). The traffic lanes were composed 
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of CRCP, jointed reinforced concrete pavement (JRCP), 
and composite (asphalt over JRCP) pavement. Most of 
the sections were tied by rebars to the main-line pave
ment. 

Figure 6 shows the effect of joint spacing on the per
centage of joints spalled. As the shoulder joint spacing 
exceeds 6.1 m (20 ft), the proportion of spalled shoulder 
joints increases rapidly to the point where, at a spacing 
of 30 m (100 ft), all joints are spalled. The relation be
tween shoulder joint spacing and percentage of shoulder 
slabs cracked is shown in Figure 7. Again, as the joint 
spacing exceeds 6 .1 m, a very rapid increase in slab 
cracking occurs. A number of the transverse cracks 
had spalled. In addition, many blowups were found in 
sections that had joint spacings of about 12 to 18 m 
(40 to 60 ft), and one blowup was found for a joint spacing 
of 6.1 m . 

Other field surveys on main-line pavements and ex
perimental field tests have shown the benefits of using 
small joint spacings (~, ~). 

Effect of PCC Shoulder on 
Traffic Lane 

A PCC shoulder may have an influence on the perfor
mance of the adjacent traffic lane. Figure 8 shows the 
influence of a shoulder on critical edge stress in the 
traffic lane. As load transfer efficiency increases from 
0 percent (no effect) to 100 percent, the critical edge 
stress decreases by about 50 percent. The decrease is 
more rapid for up to 50 percent efficiency. The influ
ence of the PCC shoulder on traffic-lane deflections is 
shown in Figure 9. If the joint has 100 percent effi
ciency, the deflection decreases by about 50 percent for 
this example. 

Figure 10 shows the influence of both shoulder width 
and load transfer efficiency on critical stress. The 
width of the shoulder has a large influence in reducing 
stress in the traffic lane for a width of up to 0.9 m (3 ft). 
Beyond that width there is almost no effect. The strong 
influence of joint load transfer is again indicated. These 
analytical results show that PCC shoulders should have 
a beneficial influence on the performance of adjacent 
traffic lanes if load transfer is reasonable. 

Table 1 gives the results of field surveys conducted 
along the entire length of two projects that included PCC 
shoulders. Both projects had been constructed about 10 
years before and contained CRCP in the main traffic 
lanes. All types of distress were recorded in the traf
fic lane adjacent to the shoulders. In general, extensive 
structural distress was found in the portions of both 
projects that did not contain PCC shoulders, and little 
distress was found in the portions that contained the 
shoulders. On the I-74 project, there was evidence of 
extensive pumping in areas that did not include PCC 
shoulders. 

Joint separation and settlement of the shoulders were 
also determined on the three projects. On I-74, it was 
found that sections that had tie bars experienced virtu:. 
ally no joint separation whereas sections that did not 
have tie bars experienced joint separation that ranged 
between 12.7 and 25.4 mm (0.5 and 1 in). On I-80, all 
the sections with PCC shoulders that were surveyed are 
tied to the traffic lane. Joint separation was very small 
[<5 mm (<0.2 in)]. 

The survey on Ill-116 showed that the sections that 
had tie bars had a joint separation of less than 5 mm 
(0.2 in) wh~reas the section that had a longitudinal key
way had a joint separation of up to 12.5 mm (0.5 in). 
The section that had neither tie bars nor keyway had a 
joint separation of up to 25.4 mm (1 in). Thus, tie bars 
are absolutely required to maintain a tight joint so that 
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high load transfer efficiency can be maintained over a 
long time period. 

DESIGN GUIDELINES 

Slab Thickness 

PCC shoulder thickness has a very significant influence 
on critical stress caused by encroaching traffic loads 
(Figure 1). Two load positions must be considered to 
determine required thickness: (a) the inside edge near 
the lane-shoulder longitudinal joint and (b) the outside 
free edge. The inside edge of the longitudinal joint is 

subjected to many more load applications than the out
side edge, but if the shoulder is tied to the lane so that 
there is reasonable load transfer, stress on the inside 
edge will be significantly reduced-from 4000 to 2000 
kPa (580 to 290 lbf/ in2

) for a 15-cm (6-in) shoulder that 
has 50 percent joint efficiency (Figure 1). Because the 
reduction in stress is so large, it is believed that the 
outer free edge may control design thickness when a 
reasonable lane-shoulder tie is provided. Fatigue anal
yses are being conducted to verify this point and to pro
vide a rational design procedure for determining ade
quate thickness. A minimum thickness of 15 cm is 
currently recommended because thinner slabs loaded 

Figure 8. Effect of concrete shoulder on critical edge 
stress for varying joint load transfer efficiency. 
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Figure 10. Effect of lane-shoulder tie and Width of Shoulder (B)' f t. 
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Table 1. Distress in traffic lane for two CRCP 
projects that have PCC shoulders along a portion 
of their length. 

Project 

I-80 
I-74 

Age 
(years) 

9 
10 

Note: 1 km= 0.62 mile. 

by typical heavy trucks develop very high stresses and 
tend to crack after only a few such applications. Whether 
thicker shoulders may be required depends on truck 
traffic, the amount of structural support desired for the 
traffic-lane edge, foundation support, load transfer at 
the joint, and shoulder width. 

The table below gives a summary of performance data 
from the two Illinois highway projects (1 cm = 0,39 in, 
1 m = 3.3 ft, and 1 kN = 225 lb): 

Parameter 1-74 1-80 

Age (years) 10 9 
Thickness of traffic lane 18-cm CRCP 20-cm CRCP 
Thickness of PCC 15cm 20 cm at joint, 
shoulder tapering to 15 

cm at outside 
edge 

Range of joint spacing 3-30.5 m 6.1 m 
Tie Tie bars and no tie Anchor bars 

bars (no. 4 bars 76 
cm long, spaced 76 
cm center to center) 

Mean average daily 950 2140 
traffic in adjacent 
truck lane 

80-kN equivalent single· 2 700 000 7 000 000 
axle loads in adjacent 
lane (over life of pave· 
ment) 

Portion Without PCC Shoulders 

Edge 
Punchouts 

Length per 

Wide 
Cracks 
per 
Kilometer (km) Kilometer 

3.54 
3.11 

3.7 
2 .5 

4.9 
1.0 

Percentage of slabs 
cracked 

3.05-m joint spacing 0 
6.10-m joint spacing 5 
7.60-m joint spacing 60 
12.10-m joint spacing 90 
15.25-m joint spacing 100 
18.30-m joint spacing 100 
24.40-m joint spacing 100 
30.50-m joint spacing 100 

Portion With PCC Shoulders 

Length 
(km) 

1.12 
0.5 

Edge 
Punchouts 
per 
Kilometer 

0.7 
0 

5 

Wide 
Cracks 
per 
Kilometer 

3. I 
0 

Both pavements (especially 1-80) carried heavy truck 
traffic. The 50 percent slabs cracked on 1-74 is cause 
for concern; the long 7 .6-m (25-ft) joint spacing had an 
effect on the cracking becaus e similar, adjacent 3-m 
(10-ft ) long slabs did not show any cracking. The 20-
to 15-cm (8- to 6-in) tapered shoulders on 1-80 per-
formed very well under heavy traffic: Only 5 percent 
of the slabs cracked. 

Although tapering the shoulder thickness between the 
two edges has been thought to save on concrete, it may 
not be the best design for the following reasons: 

1. The critical stress load position is probably the 
outside free edge because of parked trucks or moving 
traffic that uses the shoulder as a detour around a closed 
lane. 

2. Tapering tends to put the entire pavement section 
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.----.-----.-----.- ---...-----r---.1400 Figure 11. Effect of joint efficiency (tie between 
traffic lane and shoulder) on tensile stresses in 
bottom of PCC shoulders. 9000 k • 1.38 k9/Cm' (50 pci) 
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Table 2. Field data on 1-74 and 1-80 PCC 
shoulders to determine efficiency of longitudinal 
lane-shoulder joint. 

Mean Edge 
Deflection (mm) 

Project Shoulder Design 
Traffic 
Lane Shoulder 

Load Transfer 
Efficiency (") 

I-74" Tie bars, keyway, and granular subbase 
Tie bars, keyway, and no subbase 

0.1143 
0.1448 
0.2108 
0.2311 
0.2464 
0 .2159 

0.1118 
0.1016 
0.0330 
0.0889 
0.0762 
0.1016 

97.8 
70.2 
16.0 
38.5 
31.0 
47.0 

I-BO' 
Keyway and granular subbase but no tie bars 
Tie bars and intermediate granular subbase 
Tie bars and coarse granular subbase 
Tie bars and no subbase 

Note: 1 mm ::::: 0.039 in. 

"Ten-year-old PCC shoulders. 

in a "bathtub" so that water is trapped in the structural 
section. 

3. It is doubtful whether the additional grading re
quired for tapering results in any construction-::.related 
cost saving. 

Shoulder Width 

Required shoulder width is generally dictated by geomet
ric and safety considerations. However, the width in
fluences stresses and deflections in the shoulder and the 
adjacent traffic lane if they are tied together. The width 
of a tied shoulder should be at least 91 to 152 cm (3 to 5 
ft) to provide maximum structural benefits (stress and 
deflection) to the traffic lane and shoulder. A narrower 
shoulder could be used (with load transfer) to help re
duce edge stresses in the traffic lane, but a thicker PCC 
shoulder slab is required. 

Lane-Shoulder Tie 

The lane-shoulder tie is an effective way of reducing 
critical stress and deflection and preventing separation 
at the joint. The effect of joint efficiency (or the extent 
of load transfer) on the critical shoulder stress is shown 

bNine-year-old PCC shoulders. 

in Figure 11 for a typical design situation. A tie system 
that provided at least 50 percent load transfer would re
duce critical stress to acceptable levels. The shape of 
the curves in the figure shows that there is really only 
a small advantage in providing more than 50 percent load 
transfer. 

There are essentially three methods of obtaining this 
level of load transfer along the longitudinal joint: 

1. Use of a keyed joint and tie bars that hold the joint 
very tight, 

2. Use of tie bars Lhal hold the joint very tight, and 
3. Use of steel dowels. 

Tie bars or anchor bolts have been used on most PCC 
shoulders constructed up to this time. 

Field studies were conducted to determine load trans
fer efficiency in the 1-74 and 1-80 experimental shoulders 
(Table 2). On both projects, the procedure used was 
similar to that used at the AASHO Road Test (13) where 
the outside of dual tires was 7. 5 to 15 cm (3 to6 in) from 
the edge of the traffic-lane slab and the beam probe was 
at the edge of the traffic lane and the edge of the shoulder 
(creep speed deflection). 

Un 1-74, deflections were measured by using the 



) 
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Benkelman beam and a single-axle load of 84.4 kN 
(19 000 lb). After 10 years in service [2.7 million 80-
kN (18 000-lb) equivalent single-axle loads (ESAL)], the 
load transfer efficiency for tied shoulders with a keyway 
ranged from 70 to 98 percent. Those without tie bars 
had very low efficiency (16 percent) because of lane
shoulder separation. 

After 9 years of service (7 million 80-kN ESAL), load 
transfer efficiency on 1-80 for tied shoulders without a 
keyway (butt joint) ranged from 31 to 47 percent (Table 
2). The 1-80 joint had opened an average of about 10 mm 
(0.4 in), and some of the bars had ruptured. Thus, joint 
design on 1-80 did not provide a long-term joint effi
ciency of 50 percent or greater. 

Laboratory tests by the Portland Cement Association 
showed that steel tie bars are effective in extending the 
endurance of aggregate interlock and keyed joints under 
repeated loading. Load transfer efficiency after about 5 
million load applications was greater than 70 percent for 
aggregate interlock, keyway, and smooth joints, all of 
which had steel ties (12 ). Dowels have been shown to 
provide very high loadtransfer efficiency (>80 percent) 
even if the joint separates somewhat (11). Thus, as Fig
ures 10 and 11 show, if a tied shoulder-ls used and at 
least 50 to 70 percent load transfer efficiency is attained, 
stresses in both the traffic lane and the shoulder are sig
nificantly reduced (by 30 and 55 percent respectively). 
One problem that has been noticed is that when PCC 
shoulders are on high fills the outer edge tends to settle; 
as a result, some joints have separated because the tie 
bars pulled out from the PCC or the steel ruptured. 
Consideration should therefore be given to increasing the 
number of tie bars for greater load transfer and to pre
vent separation. 

Foundation Support 

The PCC shoulder can be placed directly on the subgrade 
soil, a granular subbase, or a stabilized subbase. These 
foundation conditions can generally be considered 
poor, moderate, and stiff respectively. Analysis shows 
that PCC shoulders that have poor support [k"" 1.38 
kg/ cm3 (50 lb/ iu3

)] show large deflections and stresses. 
Providing a moderate level of support [ k ~ 5. 5 kg/cm3 

(200 lb/in3 )J appears to be justified. Using a stiffer 
foundation support is not very effective in further re
ducing deflections or stresses. Field results in Illinois 
have shown little difference in the performance of sec
tions that have granular subbases and those that have 
fine-grain soil subbases. However, continuous drain
age should be considered when subbases are selected to 
avoid a bathtub cross section. 

Slab Length 

Based on results from the field survey, a maximum slab 
length of 3.6 m (15 ft) is recommended. The reason for 
this choice can be seen in Figures 6 and 7, which clearly 
show that using a slab longer than 3.6 to 6.1 m (15 to 
20 ft) will result in joint spalling and increased trans·
verse cracking. Short slab lengths eliminate the need 
for steel reinforcement and reduce joint movement to an 
amount small enough that it does not force cracks to open 
up on the adjacent traffic lane in either CRCP or JRCP. 

Effect of Shoulder on Traffic Lane 

The shoulder affects stress and deflection of the traffic 
lane (a) through the load transfer of the longitudinal 
joints and (b) by minimizing the potential for edge pump
ing. Figures 8, 9, and 10 show that the efficiency of 
load transfer between the traffic lane and the shoulder is 
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of significant importance to the traffic lane. Figures 8 
and 10 show that critical edge stresses for the traffic 
lane could be reduced by more than 30 percent if a 50 
percent joint efficiency were used. Figure 9 shows that 
edge deflection for the u·affic lane could be reduced by 
about a third if there were 50 percent joint efficiency. 
Reduction of stresses and deflections would therefore 
improve the performance of the traffic lane (Table 1). 
Figures 8, 9, and 10 indicate that, to improve the perfor
mance of the traffic lane, optimum design of a shoulder 
would require providing maximum load transfer across the 
longitudinal joint (::i:50 percent) and adequate shoulder 
thickness [::i:l5 cm (::i:6 in)], width [>0.9 m (>3 ft)], 
and foundation support c~ 5.5 kg/ cm3 ~ 200 lb/ in3

)]. 

Provision of a PCC shoulder either on new construction 
or for rehabilitation of an existing shoulder is expected 
to have a beneficial effect if these design requirements 
are met. 

The condition and the design of the existing traffic lane 
should be determined. If distress associated with edge 
traffic loadings is occurring, special consideration 
should be given to providing high load transfer and ade
quate shoulder thickness to reduce critical stresses 
and deflections in the traffic lane. 

CONCLUSIONS 

Analytical and field studies have shown that PCC shoulders 
can be designed to (a) provide long-term, low-maintenance 
performance and (b) help to reduce the amount of 
distress in the adjacent traffic lane. The influence of 
major design variables on shoulder behavior under load 
was determined by using a finite element analysis pro
gram and data from field surveys of several PCC shoul
ders. Improvements in design practice are recom
mended. Additional work is under way at the University 
of Illinois to develop structural design procedures that 
consider the effect of repeated loadings on the shoulder 
so that slab thickness can be determined more adequately. 
Work is also under way to determine the amount of load 
transfer across various longitudinal joint designs. 

ACKNOWLEDGMENTS 

This investigation was conducted at the University of 
Illinois at Urbana-Champaign. We wish to thank the 
sponsor-·the Federal Highway Administration, U.S. De
partment of Transportation. 

REFERENCES 

1. S. A. LaCoursiere, M. I. Darter, and S. A. Smiley. 
Evaluation of Performance and Maintenance of CRCP 
in Illinois. Univ. of Illinois, Project 901, interim 
rept., 1977, in preparation. 

2. M. I. Darter and E. J. Barenberg. Zero
Maintenance Pavement: Results of Field studies 
on the Performance Requirements and Capabilities 
of Conventional Pavement Systems. Federal High
way Administration, Technical Rept. FHWA-RD-76-
105, 1976. 

3. M. I. Darter. Design of Zero-Maintenance Plain 
Jointed Concrete Pavement: Vol. 1-Development 
of Design Procedures. Federal Highway Adminis
tration, Technical Rept. FHWA-RD-77-111, 1977. 

4. M. I. Darter. Design of Zero-Maintenance Plain 
Jointed Concrete Pavement: Vol. 2-Design Manual. 
Federal Highway Administration, Technical Rept. 
FHWA-RD-77-112, 1977. 

5. D. K. Emery, Jr. Transverse Lane Placement for 
Design Tracks on Rural Freeways. Office of Road 



60 

Design, Georgia Department of Transportation, 
pl'eliminary rept ., 1974. 

6. R. G. Hicks, R. D. Barksdale, and D. K . E mery. 
Design Practices for Paved Shoulders. TRB, 
Transportation Reseai·ch Record 594, 1976, pp. 48-
56. 

7. Y. H. Ruang and S. T. Wang. Finite-Element 
Analys is of Concrete Slabs and Its Implications for 
Rigid Pavement Design. HRB, Highway Research 
Record 466, 1973, pp. 55-69 . 

8. E . C. Lokken. What We Have Learned to Date 
From Experimental Concrete Shoulder Projects . 
HRB, Hi ghway Research Record 434, 1973, 
pp. 43-53. 

9. P01.·tland Cement Concrete Shoulders. Illinois 
Division of Highways, Project IHR-404, interim 
rept ., July 1970. 

10. L. J. McKenzie. Experimental Paved Shoulders 
on Frost Susceptible Soils. Illinois Department of 
Transportation, Project IHR-404, final rept., 
March 1972. 

11. W. B. Stelzenmulter, L. L. Smith, and T. J . 
Larson. Load Transfer at Contraction Joint in 
Plain Portland Cement Concrete Pavements. Florida 
Department of Transportation, Research Rept. 
90-D, April 1973. 

12. C. G. Ball and L. n. Childs. Tests of Joints for 
Concrete Pavements. Portland Cement Associa
tion, 1975. 

13. The AASHO Road Test: Report 5-Pavement Re
search. HRB, Special Rept. 61E, 1962. 

Publication of this paper sponsored by Committee on Shoulder Design. 


