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Design Friction Factors of Different 
Countries Versus Actual Pavement 
Friction Inventories 

RUEDIGER LAMM, ELIAS M. CHOUEIRI, PREM B. GOYAL, AND 

THEODOR MAILAENDER 

A fundamental scale is presented for evaluating appropriate levels 
of tangential and side friction factors with respect to design speed 
for new designs, redesigns, and rehabilitation strategies. The fric
tion data used were obtained from the geometric highway design 
guidelines of the United States and several Western European 
countries, and from actual pavement friction inventories in New 
York State and in the Federal Republic of Germany (FRG). From 
the friction data of the countries in this study, relationships were 
developed between tangential or side friction factors and speed. 
The curves resulting from these relationships were then compared 
with percentile level distribution curves obtained from the actual 
pavement friction inventories. Analyses indicated that (a) the 
friction factors produced by the overall regression curves coin
cided with those obtained from the 90th-percentile level distribu
tion curve of New York State, and with those derived from the 
30th-percentile level distribution curve of the FRG; and (b) the 
friction factors derived from the 95th-percentile level distribution 
curve of New York State coincided with the friction factors derived 
from the 95th-percentile level distribution curve of the FRG. On 
the basis of these results, recommendations are provided for high
way design for minimum stopping sight distances and minimum 
radii of curve. It is estimated that in applying the proposed friction 
factors for design, redesign, and rehabilitation strategies 95 per
cent of wet pavements will be covered in the United States and 
Europe. The recommendations provided should not be regarded 
as a final solution, but perhaps an international discussion of a 
larger dynamic safety supply for driving may be useful in reducing 
accidents on 2-lane rural highways. Because there are often inad
equate safety factors in tire-road friction, friction demand often 
exceeds friction supply, causing more accidents than necessary. 

An international review of existing design guidelines (1-7) 
has shown that European countries directly or indirectly address 
three design issues in their guidelines much more explicitly 
than United States agencies to gain safety advantages. For 
example, German, Swedish, and Swiss designers are provided 
with geometric design criteria that direct them toward 

l. Achieving consistency in horizontal alignment, 
2. Harmonizing design speed and operating speed on wet 

pavements, and 
3. Providing adequate dynamic safety of driving. 
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Criteria 1 and 2 were the subject of several reports, pub
lications, and presentations by the authors. For example, for 
the National Science Foundation (8), for the New York State 
Governor's Traffic Safety Committee (9, 10), for the Trans
portation Research Board (11-14), for the Ohio Transpor
tation Engineering Conference (15-18), for the International 
Road Federation (1, 19), for the Swedish Road and Traffic 
Research Institute (20), for the International Road and Traffic 
Conference in Berlin (21), and for the German research com
munity (22) . These investigations included (a) processes for 
evaluating horizontal design consistency and inconsistency; 
(b) processes for evaluating design speed and operating speed 
differences; (c) relationships between geometric design 
parameters , operating speeds, and accident rates; ( d) rec
ommendations for achieving good and fair design practices, 
as well as recommendations for detecting poor designs, pro
vided (9-11, 19) on the basis of changes in degrees of curve 
and operating speeds between successive design elements. 

For example, Figure 1 shows the relationships between degree 
of curve and operating speeds and accident rates for individual 
lane widths, derived from the analysis of data of 322 two-lane 
rural highway sections in New York State. The research has 
demonstrated that (a) the most successful parameter in 
explaining much of the variability in operating speeds and 
accident rates was degree of curve, and (b) the relationship 
between degree of curve and operating speed is valid for both 
dry and wet pavements so long as visibility is not appreciably 
affected by heavy rain (23). 

This paper is primarily concerned with the geometric design 
Criterion 3, providing adequate dynamic safety of driving. 

Recent skid research investigations by Mason and Peterson 
(24) have indicated that sufficient friction supply is to be 
regarded as an important safety issue. Brinkman (25) found 
that resurfacing alone did not have a significant effect on the 
mean skid number. He indicated that skid resistance should 
be regarded as a main safety issue when resurfacing roadways . 
Glennon et al. (26) indicated that the probability that a high
way curve may become a frequent accident site increases with 
decreasing pavement skid resistance. 

The primary objective of this study is to develop an objec
tive scale for relating skid resistance-described by coeffi
cient of friction, skid number , or friction number-to speed. 
In order to achieve this goal, a comparative analysis of tan
gential and side friction factors in the highway design guide
lines of the United States and four Western European 
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FIGURE 1 Nomogram for evaluating operating speeds and accident rates as related to 
degree of curve for individual lane widths (W, 12). 

countries was carried out to determine the type of relation
ships that exist between friction factors and design speed, and 
consequently the development of overall relationships between 
friction and design speed. These overall relationships will then 
be compared to actual pavement friction inventories in the 
United States and in the Federal Republic of Germany (FRG), 
to determine the percentage of wet pavements that could be 
covered by such relationships. 

COMPARATIVE ANALYSES OF FRICTION 
FACTORS IN DIFFERENT COUNTRIES 

How the issue of friction, and equally important the issue of 
speed in relation to geometric design, are being applied in 
the United States and several European countries will be 
subject for discussion later in this section. 

Because of the lower coefficients of friction on wet pave
ments as compared with dry, the wet condition governs in 
determining stopping sight distances and radii of curve, as 
revealed in the studied design guidelines. Furthermore, the 
countries in this study assume that the coefficients of friction 
used for design criteria should represent not only wet pave
ments in good condition but also surfaces approaching the 
end of their useful lives. The values should encompass nearly 
all significant pavement surface types and the likely field con
ditions, as it is expressed, for example, in AASHTO 1984 (7). 

Contacts with responsible transportation agencies in the 
countries under study revealed that friction data measure
ments are conducted using an apparatus similar to that of 
ASTM E 274 (27) . The apparatus normally consists of the 
following: 

1. An automotive vehicle with one or more test wheels 
incorporated into it or forming part of a suitable trailer towed 
by a vehicle. 
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2. A transducer, instrumentation, water supply, and a proper 
dispensing system and actuation controls for the brake of the 
test wheel. The test wheel is equipped with a standard test 
tire, which is different in different countries. 

3. The test apparatus is brought to a desired test speed. 
The test speeds are different in different countries as they are 
different in different states of the United States. For example, 
in the FRG a road section is tested at speeds of 25, 37.5, and 
50 mph ( 40, 60, and 80 km/hr). For evaluating skid resistance, 
the standard procedure is to compare the measured values 
with recommended values (28): 0.42 for V = 25 mph, 0.33 
for V = 37.5 mph , and 0.26 for V = 50 mph. These rec
ommended values represent the skid resistance values that 
can be reached on 90 percent of road surfaces in the FRG. 
Similar recommendations exist in several other European 
countries. 

4. Water is delivered ahead of the test tire and the braking 
system is actuated to lock the test tire. For the test, a water
film thickness of 1 mm is widely used (29). 

5. The resulting friction force acting between the test tire 
and the pavement surface, and the speed of the test vehicle 
are recorded with the proper instrumentation . The skid resis
tance of the paved surface is determined from the resulting 
force torque record and reported as the coefficient of friction, 
the skid number , or the friction number. These values are 
determined from the force required to slide the locked tire 
at a stated speed, divided by the effective wheel load . The 
wheel load depends on the weight of the test trailers used in 
the different countries. 

Because of some variations in testing procedures, the friction 
data used in this study may be biased. But, the fact remains 
that the basic method used to measure skid resistance is , to 
a certain extent , comparable between the countries. 

With the exception of the FRG (2) and Switzerland (3, 30, 
31), the rest of the countries in this study do not clearly show 
how the design friction factors used in their guidelines are 
obtained from the measured skid resistance values. Despite 
this lack, the authors still attempted to determine how the 
friction data used in the guidelines of the subject countries 
would compare to percentile level distribution curves devel
oped from actual pavement friction inventories in the United 
States and in the FRG. 

Such a comparison should be allowed from a research stand
point because in reality there exist differences in every research 
field, e.g., medicine and engineering, in testing , as well as in 
reporting procedures. In performing comparative analyses of 
data in different countries, there always exists the possibility 
that the data may be biased. 

TANGENTIAL FRICTION FACTOR 

The data in Table 1 represent the maximum allowable tan
gential friction factors for wet pavement with respect to the 
design peed applied in lhe highway design guidelines of th 
United tates (USA), Federal Republic of Germany (FRG) . 
France (F), Sweden (S), and Switzerland (CH) . 

Figure 2 shows an overview of the maximum allowable 
tangential friction factors of the studied European guidelines 
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TABLE 1 MAXIMUM ALLOWABLE TANGENTIAL 
FRICTION FACTORS FOR DIFFERENT DESIGN SPEEDS IN 
DIFFERENT COUNTRIES (34) 

Design 
Tangential Friction Factor (frl - rounded 

Speed 
(mph) USA FRG F s CH 

19 .46 

20 .40 ,43 . 54 

25 .38 .39 .37 .44 .50 

30 , 35 .36 .45 

31 .41 

35 .34 .32 .40 

38 . 37 .39 

40 .32 .29 .37 

44 .36 

45 .31 .27 .35 

50 .30 .24 . 33 .34 .32 

55 .30 .22 .30 

60 .29 .20 .29 

63 . 30 

65 .29 .18 .27 

70 .28 .17 .26 

75 .16 . 27 .25 

and for highway design in the United States with respect to 
design speed. Note that, with the exception of France, all 
relationships in Figure 2 are quadratic. The European coun
tries in this study were considered typical European countries 
by Hayward et al. (1) . In Figure 2, all speeds have been 
converted to miles per hour for comparison purposes. 

Figure 2 shows that (a) as design speeds increase, friction 
factors decrease; (b) the friction-speed curves for Switzerland 
and FRG are nearly parallel, with the friction values of Swit
zerland higher by about 0.1; (c) the tangential friction values 
of Sweden are limited because of a maximum design speed 
of 50 mph on 2-lane rural roads in this country; ( d) the Amer
ican values intersect the German curve at a design speed of 
about 30 mph and the Swiss curve at a design speed of about 
60 mph. 

In comparison to the other countries, the United States 
has the lowest differences in friction values (see Table 1) . 
For example, between design speeds of 30 and 70 mph the 
difference in the American tangential friction values is 0.07 
(0.35 to 0.28), whereas for Germany and Switzerland the 
difference is 0.19. In the higher, more critical design speed 
ranges, for example, between 55 and 70 mph, the difference 
in the American values is only 0.02, whereas for Germany 
the difference is 0.05, and for Switzerland, 0.04. These small 
differences in the American friction values, or these low 
speed gradients of tangential friction, clearly contradict the 
worldwide research experience that shows that friction val
ues should substantially decrease with increasing speeds (see 
Figure 2). If this experience is not met , critical driving 
maneuvers may occur, specially when operating speed 
exceeds design speed by considerable amounts under wet 
pavement conditions (9-11 , 19) . 
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factor and design speed for different countries, along with the overall 
regression curve. 

On the basis of the data of the five studied countries, the 
fol!o,ving overall regression equation \.Vas developed relating 
tangential friction factor f T and design speed Vd: 

fT = 0.591 - 7.8l*I0- 3Vd + 3.9•I0 - 5(Vd)2 

R2 = 0.731 

SEE= 0.044 

where 

fT = tangential friction factor, 
vd = design speed (mph), 
R2 = coefficient of determination, and 

SEE = standard error of estimate . 

(1) 

The high value of R2 and low value of SEE of Equation 1 
indicate that the relationship between tangential friction and 
design speed is a strong one. 

Figure 2 shows the calculated values of the tangential fric
tion factor (Equation 1) as a solid line superimposed on the 
curves of the countries in this study. This figure indicates that 
(a) the Swiss and Swedish tangential friction values are higher 

than the tangential friction values of the overall regression 
curve; (b) for design speeds gn;aler than 35 mph, the French 
values are higher; (c) the FRG values are lower; and (d) the 
U.S. tangential friction values intersect the overall regression 
curve at a design speed of about 50 mph. For design speeds 
greater than 60 mph, the French and U .S. tangential friction 
values are higher than the tangential friction values of the 
other countries. 

SIDE FRICTION FACTOR 

The data presented in Table 2 give the maximum allowable 
side friction factors for wet pavements with respect to the 
design speed applied in the highway design guidelines of the 
same five countries. 

Figure 3 shows an overview of the maximum allowable side 
friction factors of the European guidelines and for highway 
design in the United States with respect to design speed. Note 
that, with the exception of the United States, all relationships 
in Figure 3 are quadratic. In Figure 3, all speeds have been 
converted to miles per hour for comparison purposes. 
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On the basis of the data of the five countries in Table 2, 
the following overall regression equation was developed relat
ing side friction factor fR and design speed Vd: 

where 

f R = side friction factor, and 
vd = design speed (mph). 

fR = 0.269 - 3.53*10 - 3 Vd + l.5*10 - 5 (Vd)2 (2) The high value of R2 and the low value of SEE for Equation 
2 indicate that the relationship b tween side friction and design 
speed is a . trong on . 

R2 = 0.799 

SEE= 0.018 

TABLE 2 MAXIMUM ALLOWABLE SIDE FRICTION 
FACTORS FOR DIFFERENT DESIGN SPEEDS IN 
DIFFERENT COUNTRIES (34) 

Figure 3 show the calculated values of the side friction 
factor fr m Equali.on 2 as a solid line superimposed on the 
curves for the countries in this study. For speeds greater than 
40 mph, this figure indicates that the U . . side friction values 
are lightly higher than the values of th overall regres ion 
curve and the friction values of the European c untric in lhi · 
study, with the exception of Switzerland. 

Design 
Speed 
(mph) USA 

19 

20 .170 

25 .165 

30 .160 

31 

35 . 155 

38 
40 .150 

44 

45 .145 

50 .140 

55 .130 

60 .120 

63 

65 .110 

70 .100 

75 

Side Friction Factor 

FRG F 

.200 

.180 .250 

.170 

.150 
, 160 

.130 

. 120 

. 110 .130 

.100 

.090 
.llO 

.080 

.075 

.070 .100 

-lQ 

(fR) - rounded 

s CH 

.210 

.190 .220 

.200 

.170 
.180 

. 160 
.160 

.150 
.150 

.140 .140 

.130 

.130 

.120 

.110 

.110 

-so. - 65 

ADDITIONAL INFORMATION FOR DESIGN 
PURPOSES 

In the guidelines of the United States and Europe, maximum 
allowable tangential friction factors are used to calculate min
imum stopping sight distances, whereas side friction factors 
are used to calculate minimum radii of curve (J-7) . 

For calculating minimum stopping sight distances, the United 
States uses a perception-reaction time of 2.5 sec, whereas the 
European countries use 2.0 sec. Both values were found to 
be adequate in recent papers presented at the 68th Annual 
Meeting of the TRB, January 1989. Taoka (32), for instance, 
concluded the following: "It appears that the AASHTO design 
value of 2.5 seconds may correspond to the response time of 
the 95th-percentile driver. The stopping sight distance design 
driver assumption is satisfactory at the present time." In con
trast, Wilson et al. (33) came to the following conclusion: 
"The current design standard for perception and reaction 
time is 2.5 seconds. This value compares with the study 
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FIGURE 3 Relationships between maximum allowable side friction factor and design 
speed for different countries, along with the overall regression curve. 
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findings at the 99th-percentile of 1.60 seconds indicating that 
the current design standards are conservative." 

The maximum superelevation. rates used m the different 
countries for calculating minimum radii of curve can be seen 
in the fo llowing table. The applied supe rc leva tion ra tes ran e 
fro m 5.5 percent in Sw de n to 8 per nt ii tile Unit1;d Stale~ . 

Perception-
Reaction Superelevation Superelevalion 
Time Rate Rate 

Country (sec) (%) Qualifica tion 

United States 2.5 8 Maximum under 
snow an d 
conditions 

Federal 2.0 7 Desirable 
Republic of 8 Exception 
Germany 

Switzerland 2.0 7 Unqualified 
Great Britain NIA 5 Desirable 

7 Absolute 
France 2.0 s Desirable 

7 Absolute 
Sweden 2.0 5.5 Maximum 

COMPARATIVE ANALYSES OF THE OVERALL 
REGRESSION CURVE VERSUS ACTUAL 
PAVEMENT FRICTION INVENTORIES 

ice 

In addition to the data in this paper , other studies (34-38) 
were used to dete rmine how the ove rall regressio.n curve 
(E quation 1) developed from the data of the coun trie · in this 
study compares to actual pavement friction inventories. The 
investigations were based on one friction inventory from New 
York State (NYS), deve loped by Goyal (34) (see Figure 4), 
and one inventory from the F'RG developed by Wehne r and 
Schulze (e .g. , 37, 38) (see Figure 5). Equations that corre
spond to the curves in Figures 4 and 5 are given in Table 3, 
in which V is given in units of miles per hour . The friction 
values produced by the percentile level distribution curves in 
Figures 4 and 5 are representative of 60 to 95 percent of wet 
pavements in the investigated state or country. 

The relationships in Pigure 4 indicate that the overaii 
regression curve (Equation 1) clearly coincides with the 90th
percentile level distribution curve of NYS. That means that 
90 percent of wet pavements could be covered by using the 
overall regression curve as a driving dynamic basis for design 
purposes . Figure 5 shows that the overall regression curve 
could cover about 80 percent or more of wet pavements in 
the FRG. 

Figure 6 shows the results more clearly. This figure shows 
that the 95th-percentile level distributi n curve for NYS nearly 
c incides with the 95th-percenti le level distribution curve for 
FRG. Furthermore, this figure suggests that AASHTO max
imum allowable tangential friction factors (7) represent (a) 
up to a design speed of about 50 mph, 90 percent or more of 
wet pavements in NYS; (b) up to a design speed of about 60 
mph, 80 percent of wet pavements in NYS; and (c) up to a 
design speed of about 70 mph , only about 65 percent of wet 
pavements in NYS. 

For design speeds greater than 50 mph , AASHTO allows 
higher tangential friction factors , as compared to the tangen-
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tial friction factors of the overall regression curve of Equation 
1 developed from the data of the countries in this study. 

Related to the 95th-percentile level distribution curve for 
NYS and FRG, these statements would already be true for 
design speeds greater than 30 mph . The tangential friction 
faciors applied in the German geometric design standards are 
based on the 95th-percentile level distribution curve for wet 
pavements , aml haw been in use in the FRG since 1973 (39) . 

RECOMMENDATIONS FOR HIGHWAY DESIGN 

In order not to be too conservative, it is recommended that 
at least the tangential friction factors produced by the overall 
regression curve (Equation 1) shall be used for highway design. 
However, in order to secure the condition that friction supply 
should most of the time exceed friction demand (2,35,40), it 
may be more appropriate for new design, redesign , and reha
bilitation strategies to apply tangential friction factors that 
correspond to the 95th-percentile level distribution curves 
developed from actual pavement friction inventories in NYS 
:rnd FRG. 

TANGENTIAL FRICTION FACTOR AND 
STOPPING SIGHT DISTANCE 

The minimum stopping sight distance is defined in most of 
the geometric design standards studied as follows: 

The minimum stopping sight distance (SSD) is the sum of two 
distances: (a) Lhc di ta nee travc r. c tl l>y a chicle from lbe 
in tant the driver ight. an ohjcot for which n Lop i ncce.~sa ry 
I<) the in~t;ull the brakes urc applied (perception-reaction time). 
and (u) the distance r equired to stop the vchicl 'after the l>rnkc 
applicati n begins (braking distance). TI1c former is primarily 
a fun ction of speed and perception-reaction time, the latte r a 
function of speed and frictional resistance be tween the pave· 
ment surface and tires. 

SSD on level roadway, therefore , may be computed by the 
formula 

where 

t = 

minimum stopping sight distance (ft); 
design speed (mph); 

(3) 

maximum allowable tangential friction factor; and 

perception-reaction time (sec). 

In using a 2.0-sec perception-reaction time as generally rec
ommended in Europe , or 2.5 sec currently in use in the United 
States, Equation 3 then becomes 

(4a) 

or 

(4b) 
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FIGURE 4 Percentile distribution curves for the relationship between tangential 
friction factor and speed for 93 wet pavements in NYS (34). 

The data in Table 4 present the computed SSD values from 
Equations 4a and 4b by using the tangential friction factors 
produced by the overall regression curve (Equation 1), by the 
95th-percentile level distribution curves of NYS and FRG, 
and by perception-reaction times of 2.0 and 2.5 sec, respec
tively. For comparative reasons, AASHTO maximum allow
able tangential friction factors and ranges of stopping sight 
distances (7) are also presented in Table 4. 

Data in Table 4 indicate that (a) for design speeds greater 
than 55 mph, AASHTO tangential friction factors are higher 
than the tangential friction factors produced by the overall 
regression curve (0 .30 > 0.28); (b) for design speeds greater 
than 35 mph, AASHTO tangential friction factors are higher 
than the tangential friction factors produced by the 95th
percentile level distribution curves (0 .34 > 0.32) ; and (c) 
between design speeds of 50 and 70 mph, the difference in 
the recommended tangential friction factors is between 0.06 
(0.30 to 0.24) and 0.08 (0 .25 to 0.17), whereas the differ
ence in AASHTO tangential friction factors is only 0.02 (0 .30 
to 0.28) . 

For the perception-reaction time of 2.5 sec currently in use 
by AASHTO, note that (a) the computed stopping sight dis
tances, based on the overall regression curve (Equation 1) , 

exceed the upper limit ranges of AASHTO at speeds of 55 
mph (560 ft > 550 ft); whereas (b) the computed stopping 
sight distances, based on the 95th-percentile level distribution 
curves , exceed the upper limit ranges of AASHTO values 
already at speeds of 45 mph (410 ft > 400 ft) . 

Table 4 was developed only to present, in comparison to 
AASHTO, the significant differences that exist between the 
computed stopping sight distances from Equation 3 by using 
different perception-reaction times and by including different 
tangential friction factors according to the overall regression 
curve and the 95th-percentile level distribution curves of NYS 
and FRG. The computed stopping sight distances in Columns 
3, 4, 6, and 7 of Table 4 will have to be modified additionally 
when taking into consideration the effect of air resistance, as 
has been done , for example, in the FRG (2, 35, 40) , and in 
the Swedish Standard Specifications for Geometric Design ( 4). 
Consequently, different minimum stopping sight distances could 
result from the application of different models, different 
perception-reaction times, and different tangential friction 
factors. 

These findings clearly indicate that AASHTO officials, in 
collaboration with the TRB Committee on Geometric Design 
(A2A02), should consider the following steps, for example, 
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FIGURE 5 Percentile distribution curves for the relationship between tangential 
friction factor and speed for 600 wet pavements in FRG. 

TABLE 3 REGRESSION EQUATIONS FOR TANGENTIAL 
FRICTION FACTOR VERSUS SPEED FOR PERCENTILE 
DISTRIBUTION CUR\lES CORRESPOi~Dii~G TO FIGURES 
4 AND 5 (34) 

Percentile New York State 
Level 

60 % fr = o.6411-6.4143·10-3 v+2.00·10-5v2 

70 % fr = 0.6231 -6.4143· 10-J V+2 .00·10-SV2 
80 % fr = 0.6040-6 .4143·10-J V+2.00•l0-SV2 
90 % fr = 0.5684-6.4143•10-3 V+2.00·l0-SVZ 
95 % fr = 0.5244-6.4143•10-3 V+2.00•lO- Sv 2 

Percentile Federal Republic 
Level of Germany 

60 % fT = 0.7063-9.7043•10-3 V+5.1006•10-5VZ 
70 % fr = 0.6813-9.7043•10-J V+5.1006•10-5v2 

80 % fr = o.6563-9.7043·10-3 v+s.1006·10-5v2 

90 % fr = 0.6263-9.7043·10-3 V+5 .1006•10-5v2 

95 % fr= 0.6013-9.7043•10-J V+5.1006·10-SV2 

in any future plans for achieving well-founded and reliable 
stopping sight distances: 

1. Selection of a model including or not including air resis
tance. (A model that includes air resistance is recommended.) 

2. Selection of perception-reaction time. (A perception
reaction time of 2.0 sec is sufficient.) 

3. Selection of reliable maximum allowable tangential fric
tion factors. [At least the values computed from Equation 1 
(see Column 2 of Table 4), but preferably the values produced 
by the 95th-percentile level distribution curves (see Column 
5 of Table 4), are recommended.] 

SIDE FRICTION FACTOR AND MINIMUM 
RADIUS OF CURVE 

In the German Design Guidelines (2), the maximum allowable 
side friction factors are defined as 46 percent of the maximum 
allowable tangential friction factors for rural highways. In the 
Swiss Design Norms (3, 30, 31) and in the Swedish Specifi
cations ( 4), the maximum allowable side friction factors are 
defined as 44 percent of the maximum allowable tangential 
friction vaiues for rurai highways. AH three guideiines indicme 
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overall regression curve. 

TABLE 4 RECOMMENDED MAXIMUM ALLOWABLE TANGENTIAL FRICTION 
FACTORS AND COMPUTED STOPPING SIGHT DISTANCES VERSUS DESIGN SPEEDS 

Stopping Sigl t Distances Stopping Sight Distances 
Design based on the based on the Stopping Sight 
Speed Overall Regression Curve· 95th-Percentile Level Distances 
(mph) (equation (1)) Curves of AASHTO 1984 

New York State and FRG 

vd fr max* SSD (ft) SSD (ft) fr max* SSD (ft) SSD (ft) fTmax SSD (ft) 
t = 2,0 s t= 2,5 5 t = 2 ,0 s t = 2,5 s t = 2,5 5 

1 2 3 4 5 6 7 8 9 

30 .39 165 185 .35 175 195 .35 200-200 
35 .37 215 240 .32 230 255 .34 225-250 
40 .34 275 305 .30 295 325 .32 275-325 
45 .32 345 375 .28 375 410 .31 325-400 
50 .30 425 465 .25 475 510 .30 400-475 
55 .28 520 560 .23 595 635 .30 450-550 
60 .26 635 675 .21 745 785 .29 525-650 
65 .25 760 805 .19 925 970 .29 550-725 
70 ,24 900 950 .17 1145 1200 .28 625-850 

*Rounded Values 
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that by using these percentages of side friction there is still 
between 80 and 90 percent available for friction in the tan
gential direction when driving through curves (35,40). By this 
procedure, considerable dynamic safety reserves are still 
available in the tangential direction in spite of using the max
imum allowable side friction factors. 

In this study, the maximum allowable side friction factor is 
defined as 45 percent of the maximum allowable tangential 
friction factor. This should guarantee that there will be about 
90 percent of friction available in the tangential direction for 
acceleration, deceleration, braking, or evasive maneuvers when 
driving through curves (34,35). 

Thus, the equation for the maximum allowable side friction 
factor for rural highways is 

(5) 

Consequently, the equation for the maximum allowable side 
friction factor for NYS at the 90th-percentile level is (see 
Table 3): 

(6) 

and the equation for the maximum allowable side friction 
factor for NYS at the 95th-percentile level is (see Table 3): 

(7) 

Equations 6 and 7 are schematically shown in Figure 7. In 
addition, this figure includes the overall regression curve 
(Equation 2) between side friction and design speed, based 
on the data of the five countries in this study, as well as the 
maximum allowable side friction factors of AASHTO 1984 (7). 

Figure 7 indicates that (a) the side friction factors produced 
by the 90th-percentile level distribution curve of NYS clearly 

-30 
0.22 

- so - GS 
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coincide with the friction factors produced by the overall 
regression curve (Equation 2); (b) the side friction factors 
produced by the 95th-percentile level distribution curve of 
NYS clearly coincide again with the side friction factors pro
duced by the 95th-percentile level distribution curve of the 
FRG; and (c) AASHTO side friction factors intersect the 
overall regression curve at a design speed of about 40 mph. 

A reliable estimate of curve radius may be obtained from 
the standard centripetal force equation (7): 

where 

D 
"-"min minimum radius of curve (ft); 

vd = design speed (mph); 
!Rm,, = maximum allowable side friction factor; and 

e = maximum superelevation rate (ft/ft). 

(8) 

Because Equation 8 is commonly applied in the geometric 
design guidelines of the countries in this study, recommenda
tions for minimum radii of curve will be easier to make here. 
The difficulties encountered with the assumptions used to cal
culate minimum stopping sight distances do not apply here. 

To conform with the findings of the countries in this study, 
typical superelevation rates of 0.05 and 0.07 were selected. 
Maximum allowable side friction factors and computed min
imum radii of curve with respect to design speed are presented 
in Table 5. The values in this table are again based on the 
side friction factors produced by the overall regression curve 
(Equation 2) and by the 95th-percentile level distribution curves 
of NYS and FRG. For comparative reasons, AASHTO min
imum radii of curve are also shown with respect to design 
speed in the table. 

Table 5 indicates that, for design speeds between 50 and 
70 mph and superelevation rates of 0.05 and 0.07, AASHTO 
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FIGURE 7 Relationships between maximum allowable side friction factors and 
design speed for AASHTO 1984, l<'K(; (IJSth percentile), and NYS (90th and 95th 
percentile), along with the overall regression curve. 
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TABLE 5 RECOMMENDED MAXIMUM ALLOWABLE SIDE FRICTION FACTORS 
AND RECOMMENDED MINIMUM RADII OF CURVE VERSUS DESIGN SPEEDS 

The least 
Reconmended Minimum 

Design Superelevation Radii of Curve 
Speed Rate Overall Regression 

Curve 
(equation (2)) 

vd e fRmax* Rmin (ft) 
(mph) 

1 2 3 4 

30 .05 .18 265 
40 .05 .15 530 

50 .05 . 13 925 

60 .05 .11 1490 

65 .05 . 105 1840 

70 .05 .10 2245 

30 .07 .18 245 
40 .07 .15 480 
50 .07 . 13 835 
60 . 07 .11 1325 

65 . 07 . 105 1630 

70 . 07 .10 1975 

* Rounded Values 

minimum radii of curve are 2 to 6 percent lower than those 
corresponding to the side friction factors produced by the 
overall regression curve (Equation 2), and about 13 percent 
lower than those corresponding to the side friction values 
produced by the 95th-percentile level distribution curves. 

It is recommended that at least the side friction factors 
produced by the overall regression curve (Equation 2) should 
be regarded in highway design. However, for safety reasons 
it may be more appropriate to relate minimum radii of curve 
to the side friction factors produced by the 95th-percentile 
level distribution curves of NYS and FRG to cover 95 percent 
of wet pavements, as has been already done in several West
ern European countries. 

CONCLUSIONS 

It is difficult to decide where the critical margins for tangential 
and side friction factors and, derived from them, for minimum 
stopping sight distances and radii of curve shall be assigned. 
This is a crucial consideration for engineers concerned with 
both cost and safety. But using lower maximum allowable 
friction factors will certainly lead to a higher driving dynamic 
safety supply, and could reduce the number and severity of 
accidents. It will also support maintenance personnel by eas
ing the problems of maintaining high tangential and side fric
tion factors for higher design speed classes. Therefore, it is 
recommended for new designs, redesigns, and rehabilitation 
strategies to relate minimum stopping sight distances and min
imum radii of curve to the proposed tangential and side fric
tion factors that cover 95 percent of wet pavements in this 
study. 

Reconmended Minimum 
Radii of Curve Minimum Radii 
95th-Percentile AASHTO 1984 
Level Curve of 
New York State 
and FRG 

fRmax* Rm1n (ft) fRmax Rmin (ft) 

5 6 7 8 

.16 290 . 16 286 

.13 575 . 15 533 

.11 1015 . 14 877 

.10 1650 .12 1412 

.09 2065 .11 1760 

.08 2550 . 10 2178 

. 16 265 .16 261 
. 13 520 .15 485 
. 11 905 .14 794 
. 10 1450 .12 1263 
. 09 1800 .11 1564 
. OB 2205 .10 1922 

The recommendations provided in this paper should not be 
regarded as a final solution, but perhaps an international dis
cussion of a larger dynamic safety supply for driving may be 
useful in reducing accidents on two-lane rural highways. Because 
there are often inadequate safety factors in tire-road friction, 
friction demand often exceeds friction supply, causing more 
accidents than necessary. 

One of the most important tasks in modern highway design 
requires that responsible national and international agencies 
develop reliable inventories of friction data. If the recom
mendations about the design criteria mentioned in the intro
duction are regarded-( a) achieving consistency in horizontal 
alignment, (b) harmonizing design speed and operating speed 
on wet pavements, and (c) providing adequate dynamic safety 
of driving-decisive safety advantages may be expected in 
future geometric highway design of two-lane rural roads. 
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