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ABSTRACT

A large number of vehicle crashes occur every year on the horizontal curves

found on many of America's rural two-lane highways. Of these, a significant number can

be attributed to the encroachment of a vehicle into the opposing lane of traffic. While

multiple factors may contribute in forming these hazardous road segments, most are not

corrected due to economic considerations. The purpose of this study is to note the driver

response to the application of raised pavement markers by measuring the changes in

speed and encroachment distance after varying the spacing intervals of these markers. All

data was collected in dry, daylight conditions and thereby testing the "rumble effect" of

the markers rather than their reflective delineation qualities. It is found here that daytime

encroachment levels can be significantly reduced by an optimal marker spacing (40 feet)

though operating speeds are generally not affected.
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Chapter I. Introduction

Background

High speeds and rapidly increasing vehicle volumes characterize America's rural

two-lane arterial highways. These features, combined with mid- to short-radius horizontal

curves and limited sight distances, can create hazardous road conditions for the motoring

public. These highways may or may not exhibit high accident numbers or rates but are

usually described by the road users as dangerous due to near misses or other experiences.

Problems often occur on stretches characterized by yellow solid double-line striping on

which no passing is allowed in either direction. In negotiating sudden and/or sharp

horizontal curves, vehicles on the outside of the curve tend to encroach upon the

opposing travel lane. If performed at an inopportune time, this action may prove to be the

cause of crashes causing property damage, injury, or death. Roadway features or

conditions such as poor striping visibility, narrow lanes, limited shoulder width, roadside

hazards, and wet or polished pavement all tend to compound the likelihood and severity

of these crashes. However, the implementation of a simple control measure on the curve

to encourage speed reduction and less lane encroachment is a much needed safety

improvement on many rural 2-lane, 2-way minor arterials.

Objective

This study attempts to characterize and modify motorist behavior upon

encountering mid- to short-radius curves where sight distance is limited. More

1



specifically, this research will note driver reaction to two variations on a single control

measure (the use of raised pavement markers) and will be evaluated by changes, if any, in

vehicle speed and encroachment distance on the curve. Two locations in rural Knox

County, Tennessee will be used for the study.

Limitations

While the results and conclusions of this study may be generalized to many

similar road locations, good judgement should be exercised in doing so due to the

following research limitations:

•  This study is limited to two sites on rural minor arterials. These sites

display several differences, most notably different curve radii.

• Measured speeds may contain some relative error due to restrictions

inherent to the sites.

• While some adjustment period was provided for the control measures,

thereby eliminating the novelty effect of the changes, time constraints

prohibit long-range evaluation of the sites.

•  Sight distance inconsistencies due to seasonal vegetation may affect

encroachment measurements.



Chapter II. A Review of the Pertinent Literature

History

In the past, many rural roadways were used primarily as farm-to-market routes

with some inter-city travel occurring on larger highways. Though traffic volumes

utilizing these roads continued to grow dramatically, the infrastructure did so sparingly or

not at all. Today, these highways commonly are classified as major and minor rural

arterials; nevertheless, their characteristics often do not reflect the advances made in the

vehicles traveling them.

Accidents

In 1994 it was estimated that approximately 75 percent of all non-collision

crashes occurred in rural areas, making up 88 percent of the non-collision fatalities that

year (Martz, 1994). Ten years earlier, USDOT had published the following safety figures

pertaining to two-lane rural highways in the United States (Brinkman et al, 1984).

•  Two-lane rural highways represent 97 percent of rural mileage and 80 percent of all

highway miles.

•  66 percent of all rural highway travel and 30 percent of all highway travel occurs on

rural two-lane roads.

An estimated 38 percent of rural two-lane roads have ADT volumes of less than 50
vpd, and some 80 percent have ADTs less than 400 vpd.



•  These roads have higher percentages of head-on collisions and single-vehicle crashes

than my other type of rural road.

•  The likelihood of an accident is highest at intersections, horizontal curves, and

bridges. However, compared to other rural roads, two-lane highways have a lower

percentage of conflicts at intersections and a higher percentage on curves.

The FHWA's current highway statistics (1997) show that of the nation's 3.9 million miles,

137,500 (28%) are rural minor arteiials (RMAs) (see Figure 1). The state of Tennessee

classifies 3,400 of its 86,000 miles (25%) as RMAs (see Figure 2). Nationwide, these

roads carry 157 billion (16%) of the total 2.5 trillion annual vehicle miles (see Figure 3).

Tennessee estimates that 5.4 billion out of 58 billion (11%) annual vehicle-miles are

traveled on minor arterials in rural areas (see Figure 4). Aside from high volumes, vehicle

types negotiating these roadways also play an important role in accident occurrence. On

Tennessee's RMAs, 92.6 percent of traffic consists of passenger cars and other 2-axle, 4

tired vehicles. Trucks with 6 or more tires make up 6.6 percent of the road users. While

passenger vehicles are smaller, requiring less width in a traveled lane, their speeds tend to

be higher, sometimes resulting in more severe opposing lane encroachment at horizontal

curves.

Certainly, RMAs are some of the most accident-prone roads with many factors

leading to these statistics. While a significant number of these crashes are collisions with

fixed objects or other roadside features, improvements to the roadway itself may assist in
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lowering the accident numbers at hazardous road locations. In order to fiilly understand

the performance of the driver-vehicle system in negotiating a curve, it is important to first

understand the design criteria and current theory of operation at these locations.

Horizontal Curves

AASHTO's "A Policy on Geometric Design of Highways and Streets" (1990)

states, "A smooth, flowing alinement is desirable on a rural arterial. Changes, in

alinement, both horizontal and vertical, should be so gradual that the driver will not be

surprised by any of the changes." The circular path of the vehicle around the curve is

governed by the rate of roadway superelevation, the side friction factor, the speed of the

vehicle, and the radius of curvature. Generally, however, the use of design speed on a

given roadway is the primary vehicle control in the negotiation of horizontal curves

(AASHTO, 1990). While alinement corrections to under-designed rural roadways would

prove most beneficial, constraction costs are often prohibitive.

The alinements of most RMAs have never been modified even though average

operating speeds on the these roads have increased by as much as 5 miles per hour over

the past fifteen years (Islam et al, 1994). These design inconsistencies have iniHatpH

many studies concerning speed-curvature relationships. While parameters such as those

mentioned by AASHTO are major functions of the speed-curve relationship, research

shows that speed differentials between tangent and curved sections play a crucial role in

determining the relative safety and consistency of the roadway (Islam et al, 1994).



Road Markings

Several studies have been performed to evaluate the effectiveness of traditional

pavement markings such as reflective paint while others involve the motorists' perception

of and reaction to certain types of roadway delineation. Al-Masaeid and Sinha (1994)

estimated that the application of painted markings at hazardous sites resulted in an

accident reduction factor of 13.5%. The 1986 evaluation by Good and Baxter concluded

that motorists favored continuous treatments such as a painted centerline over discrete

ones such as chevrons. Relating to the current study, raised pavement markers guiding

the motorists around a curve may prove more beneficial than painted lines, advance

warning signs, speed advisories, or any combination of these.

Widespread use of raised pavement markings (RPMs) began in the 1950's and,

though often modified, have been consistently used up to the present. While no

guidelines currently mandate the use of RPMs, they have been utilized predominately on

Interstate highways and have been shown to increase safety through added delineation

where applied. Research on the subject has shown that markings on the roadway receive

much more attention from the driver than do lateral signs (OECD, 1975) and provide

more guidance than typical roadway markings.

Visual cues about the roadway are delivered by highly visible colored plastic

casing and the retro-reflective lens of the reflective RPM. The color of these components

depends on their placement and conforms to normal usage as defined by the MUTCD.

Also, the rumble effect of the markers alerts the motorist that the vehicle has traveled

outside of the assigned traffic lane.

10



Research involving the use of RPMs at high accident locations has been

performed to evaluate both the additional delineation of the roadway provided by these

markings and the effect of the markers on encroachment. Pigman and Agent in 1979

found that the RPM application resulted in a small decrease in mean operating speeds,

while the 85th percentile speed remained constant. However, they also found that

moderate and severe levels of daj'time opposing-lane encroachment dropped

significantly. Earlier research performed by Stimpson (1977) in evaluating various

continuous delineation systems suggested that the application of RPMs decreased

nighttime speeds by up to 35%.

11



Chapter in. Plan and Procedures of the Study

Research Hypotheses

A review of the pertinent literature has shown that hazardous horizontal curves

may be improved by the application of additional delineation. Traditionally, these

marking systems have been used either in advance of the curve to provide ample warning

to the motorist who may not be aware of the changing alinement, or at the curve location

with retro-reflective RPMs to increase the nighttime visibility of the changing alinement.

It has also been stated that many characteristics of the driver-vehicle system combine to

create a hazardous location, though possibly none more than the changes in operating

speeds and travel paths that occur as the vehicle navigates the curve. Therefore, based on

the proceeding research and on anticipated driver behavior, the following research

hypotheses were generated:

General Research Hj^othesis. There exists a strong relationship between roadway

delineation and motorist behavior in negotiating horizontal curves on rural two-lane

highways.

Specific Research Hypothesis I. By installing raised pavement markers at 40 ft. intervals,

daytime encroachment into the opposing travel lane can be partially corrected by means

of the "rumble effect" of the raised markers.

12



Specific Research Hypothesis EL. By shortening the traditional 40-ft. RPM spacing

interval to 20 ft., vehicle encroachment will be reduced further.

Specific Research Hypothesis HI. The application of RPMs at horizontal curves will

lower average operating speeds throughout the entire length of the curve.

Site Selection

For this study, two sites were selected based primarily upon their functional

classification as minor arterials, average operating speeds, and observed encroachment

occurring at specific spots. Both may be classified as rural as they are at least 10 miles

outside of the city limits of Knoxville, TN, and both predominately serve residential

traffic to and from rural collectors and local roads.

Site No. 1 ~ Hardin Valley Rd. (Figures 5, 6,7, and 8)

Resident complaints here suggested that high speeds and travel outside of the prescribed

lane were causing abnormally high accident numbers (9 in 8 months), most collisions

causing only property damage, but some with minor injury. It was a concem that wet

pavement was the chief cause of the crashes, however, in March of 1999 15-tons of skid-

resistant surface mix was placed at the site then re-striped to ensure visibility.

13
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Figure 8. Study Area Configuration for the Hardin Valley Rd. Site.
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Site No. 2 ~ East Emory Rd. (Figures 9,10,11, and 12)

An intersecting collector road in close proximity to the curve location makes vehicle

conflicts here more likely. While the accident experience at this spot is not extremely

high, resident concerns have been well voiced. The added vertical curvature here also

makes this spot difficult to safely navigate at speeds over 30 mph.

Other features of each site are given in Table 1.

Data Collection Procedures

In evaluating the effect of the RPMs on motorist behavior, four data points were

collected for each vehicle traveling through the test site. As the vehicle navigated the

horizontal curve, its average speeds were calculated over three adjoining 100-ft. segments

(Zones 1, 2, and 3); Zone 1 being the first segment traveled by the vehicle (see Figures 8

and 12). Upon entering and travelling at least 50 ft. into Zone 2, the distance of opposing-

lane encroachment, if any, was measured. The results of these measurements are given in

Chapter IV.

In order to obtain the speeds of the vehicles, four standard speed marks were

placed at 100-ft. intervals aroimd the curve. As the front wheel of the vehicle maHft

contact with the mark, the computer program was activated to record the current time to

the nearest 0.10 seconds. At the second mark, the time was again recorded; likewise for

the other marks. With the distance and travel time being known, the average speed

through the segments could be calculated and recorded.

18
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While speeds were being recorded, encroachment data was simultaneously

captured for every vehicle. This was accomplished by a continuously running video

camera focused on 3-ft. x 4-in. longitudinal marks spaced at 4-in. intervals from the

painted centerline (see Fig. 13). A frame-by-frame analysis of this video clearly revealed

the level of encroachment for each vehicle. By noting the exact point of contact with the

front tire and the road (with respect to the longitudinal marks), errors due to parallax were

non-existent.

Sampling Procedures

Data at the sites was not collected on weekends, holidays, or during peak hours of

travel. All data collection and observations were made in dry conditions during daylight

hours. Vehicles with headways less than three seconds were omitted as the follower

speed may have been affected by the lead vehicle's speed; neither was data for vehicles

slowing for turning movements onto adjacent roads or driveways recorded. Also, all data

collection devices were placed in a discrete manner such that they did not influence the

operation of the vehicle. The sample population per site per RPM application was no less

than 100 vehicles, yielding a total of 600 analyzed data points.

Instruments

Two instruments were used at each site to accurately capture both the speeds of

the vehicle and its wheelpath without inadvertently affecting the motorists' behavior. A

speed calculation program was developed for an on-site laptop computer and used in

24



»">%JX--t

^r^s

^11

20

20 24y-^

28

(•fv

Figure 13. Arrangement of encroachment marks. These marks were used to measure the
distance of travel into the opposing lane.



conjunction with standard speed markings to allow the researcher to capture average

speeds over the three 100-ft. segments of the curve without using radar or road tubes that

may be distracting to the driver. Also, the vehicle encroachment was measured by an

analysis of film taken by a roadside video camera. Both the on-site laptop computer and

camera were powered by constant supply sources.

The marker utilized in this study was a traditional non-plowable raised marker

(Stimsonite UfeLite 88A). Its dimensions are 4 in. x 4 in. x 0.70 in. and is the standard

amber color as prescribed by the MUTCD for centerline delineation. All markers were

placed immediately outside of the painted centerline in accordance with current standard

practice (see Fig. 14).

Variable

Following is the manner in which encroachment data was coded in the present

study (see Figure 13 for the marking configuration). These measurements refer to

distances outside of the proper travel lane:

No encroachment 0

0 in. - 4 in. 1

4 in. - 8 in. 2

8 in. - 12 in. 3

12 in. - 16 in. 4

16 in. - 20 in. 5

20 in. - 24 in. 6

26
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24 in. - 28 in. 7

> 28 in. 8

The speed data calculated from measured time and known distance is presented in

miles per hour. These speeds are accurate to approximately 1.0 mph as the precision of

the timing device was limited to 0.10 seconds. Likewise, in test runs using a vehicle with

known speed, data was generally accurate to 1 mph. The results of this study follow in

Chapter IV.
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Chapter FV. Results of the Study

In order to fully understand and quantify the effects of the RPM placements, the

pertinent data has been analyzed using three distinct and well-recognized statistical

procedures. By combining the results of both study sites, a response to the research

hypotheses can be formed (see Tables 2 and 3). However, in order to more completely

evaluate the driver response, the site results must be separated, thereby making

differences inherent to each road segment of no effect.

Significance of the Data

In order to confirm the validity of the data, a standard variance ratio distribution

(F-distribution) was performed across the four separate dependent variables (speed in

Zones 1, 2, and 3 and vehicle encroachments), taking into account all 600 data points.

The results of these analyses are given as Tables 4 through 7. While these tables are

further explained later in this chapter, the small probability (P<0.0001) for all conditions

should be noted here. This indicates that the probability that the speed variations

experienced between sites are random occurrences is practically zero (less than a 0.01%

chance). However, the F-test does not show a statistically significant difference in the

speed variances with relation to the RPM applications. All vehicle encroachment

presented has been shown to be statistically important (Table 7).
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Table 4. Variance Ratio Distribution (F-distribution) for Zone 1 Speeds.

Dependent Variable: Zone 1 Speed (mph)

F-value 55.67

Probability <0.0001

Model Degrees of Freedom 5

Error Degrees of Freedom 594

Mean speed, Zone 1 (mph) 41.4

Population Variance F-value Probability Degrees of Freedom
Between sites 269.42 <0.0001 1

Between conditions .1.77 0.1717 2
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Table 5. Variance Ratio Distribution (F-distrlbution) for Zone 2 Speeds.

Dependent Variable: Zone 2 Speed (mph)

F-value 75.01

Probability <0.0001

Model Degrees of Freedom 5

Error Degrees of Freedom 594

Mean speed, Zone 2 (mph) 38

Population Variance F-value Probability Degrees of Freedom
Between sites 373.77 <0.0001 1

Between conditions 0.42 0.6555 2

33



Table 7. Variance Ratio Distribution (F-distribution) for Vehicle Encroachment.

Dependent Variable: Encroachment Level (0 - 8)

F-value 10.8
Probability <0.0001

Model Degrees of Freedom 5
Error Degrees of Freedom 594

Mean Level of Encroachment 2.62

Population Variance F-value Probability Degrees of Freedom
Between sites 31.98 <0.0001 1

Between conditions 10.81 <0.0001 2
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Tukev Test Results

This test was likewise performed across the four dependant variables and includes

all data points. The procedure defines the significant differences in the variable means in

a side-by-side comparison. It may be obvious that characteristics inherent to each site will

cause different driver reactions and for this reason the site comparison results are given

only in the Appendix. However, it is interesting to note the mean comparisons between

the control group and the different RPM spacings (Tables 8 and 9). These results will also

be elaborated on further.

Analvsis of Encroachment Data

By utilizing the chi-square statistic, which involves the difference between

expected and observed value frequencies, an accurate evaluation of the effect of RPMs on

opposing-lane encroachment can be attained. A complete analysis of the chi-square test is

best undertaken by individual inspections of the various tests run; these are presented as

Tables 10 through 15. These tables present total encroachment frequencies in two

different forms. First, all levels of encroachment (LE) are displayed, 0 - 8, for combined

sites (Table 10), Hardin Valley (Table 11), and E. Emory (Table 12). Secondly, these T.F.r

are categorized into a "high" condition (LE 6 - 8), a "moderate" condition (LE 3 - 5),

and a "low" condition (LE 0 - 2). Again, these results are given for combined sites (Table

13), Hardin Valley (Table 14), and E. Emory (Table 15). It should be noted that for the

measurements taken at the E. Emory site, a relatively high probability indicates that there
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Table 9. Tukey Range Test for Vehicle Encroachment Levels (0 - 8).

Condition Tukey Group' Mean

Contol Data (existing road)' A 3.34

40 ft. RPM spacing B 2.46

20 ft. RPM spacing B 2.05

Alpha, a 0.05

Degrees of Freedom 594

Min. Significant Difference 0.6666

'Note: Means in the same zone with the same group letter
are not significantly different.

38



Ta
bl
e 
10
. C

hi
-S

qu
ar

e E
nc

ro
ac

hm
en

t F
re
qu
en
ci
es
 fo

r c
om
bi
ne
d 
si

te
s.

u
>

V
O

l
o
w
e
s
t

L
e
v
e
l
 o
f
 E
n
c
r
o
a
c
i
m
e
n
t

hi
gh

es
t

C
o
n
d
i
t
i
o
n

V
a
l
u
e

C
o
n
t
r
o
l

5
5

2
2

2
0

1
6

1
7

1
3

1
0

1
1

Fr
eq
ue
nc
y

8
0

2
1
.
3
3
3

1
8
.
6
6
7

1
6

1
1
.
6
6
7

7
.
6
6
7

9
.
6
6
7

6
.
6
6
7

2
8
.
3
3
3

Ex
pe
ct
ed

9
.
1
7

3
.
6
7

3
.
3
3

2
.
6
7

2
.
8
3

2
.
1
7

1
.
6
7

1
.
8
3

P
e
r
c
e
n
t

2
7
.
5

1
1

1
0

8
.
5

6
.
5

5
.
5

8
R
o
w
 P
e
r
c
e
n
t

2
2
.
9
2

3
4
.
3
8

3
5
.
7
1

3
3
.
3
3

4
8
.
5
7

5
6
.
5
2

3
4
.
4
8

4
2
.
3
5

C
o
l
u
m
n
 P
e
r
c
e
n
t

4
0
 ft

. 
sp
ac
in
g

8
3

1
7

2
6

1
6

1
1

1
3

2
4

Fr
eq
ue
nc
y

8
0

2
1
.
3
3
3

1
8
.
6
6
7

1
6

1
1
.
6
6
7

7
.
6
6
7

9
.
6
6
7

6
.
6
6
7

2
8
.
3
3
3

Ex
pe

ct
ed

1
3
.
8
3

2
.
8
3

4
.
3
3

2
.
6
7

1
.
8
3

0
.
8
3

2
.
1
7

0
.
8
3

P
e
r
c
e
n
t

4
1
.
5

8
.
5

1
3

R
o
w
 P
e
r
c
e
n
t

3
4
.
5
8

2
6
.
5
6

4
6
.
4
3

3
3
.
3
3

3
1
.
4
3

2
1
.
7
4

4
4
.
8
3

2
8
.
2
4

C
o
l
u
m
n
 P
e
r
c
e
n
t

2
0
 ft

. s
pa

ci
ng

1
0
2

2
5

1
0

1
6

F
r
e
q
u
e
n
c
y

2
1
.
3
3
3

1
8
.
6
6
7

1
6

1
1
.
6
6
7

7
.
6
6
7

9
.
6
6
7

6
.
6
6
7

2
8
.
3
3
3

E
x
p
e
c
t
e
d

1
7

4
.
1
7

1
.
6
7

2
.
6
7

1
.
1
7

0
.
8
3

0
.
6
7

4
.
1
7

P
e
r
c
e
n
t

5
1

1
2
.
5

1
2
.
5

R
o
w
 P
e
r
c
e
n
t

4
2
.
5

3
9
.
0
6

1
7
.
8
6

3
3
.
3
3

2
1
.
7
4

2
0
.
6
9

2
9
.
4
1

C
o
l
u
m
n
 P
e
r
c
e
n
t

D
F

V
a
l
u
e

Pr
ob
ab
il
it
y

Cb
i-

Sq
ua

re

Sa
mp

le
 S
iz

e;

1
6

4
2
.
3
9
5
5

0
.
0
0
0
3

6
0
0

'F
re

qu
en

cy
: n

um
be

r o
f t

im
es
 th

is 
lev

el 
of

 en
cr

oa
ch

me
nt

 (L
E)

 wa
s o

bs
er

ve
d

Ex
pe

ct
ed

: n
um

be
r o

f e
xp
ec
te
d o

cc
ur
re
nc
es
 fo

r a
n e

ve
n d

ist
rib

uti
on 

ac
ro

ss
 co

nd
it
io
ns
 (Z
 LE

 fre
q/

3)
Pe

rc
en

t,
 fr
eq

ue
nc

y c
om
pa
ri
so
n t

o e
nt
ir
e t

ab
le
 (L
E 
co

nd
 fr
eq
/s
am
pl
e s

iz
e x

 1
00
)

Ro
w.

 Pe
rc

en
t:

 pe
rc
en
ta
ge
 o
f o

cc
ur

re
nc

es
 fo

r o
ne

 co
nd

it
io

n 
ac

ro
ss

 al
l L
Es

Co
lu
mn
 P
er

ce
nt

: p
er
ce
nt
ag
e o

f o
cc

ur
re

nc
es

 fo
r o

ne
 L
E
 ac

ro
ss

 al
l c

on
di
ti
on
s



Ta
bl

e 
11
. C

hi
-S

qu
ar

e E
nc

ro
ac

hm
en

t F
re
qu
en
ci
es
 fo

r t
he

 Ha
rd
in
 V
al
le
y R

d.
 si

te
.

l
o
w
e
s
t

L
e
v
e
l
 o
f
 E
n
c
r
o
a
c [
im

en
t 

hi
gh
es
t

C
o
n
d
i
t
i
o
n

0
1

2
3

4
5

6
7

8
Va

lu
e'

C
o
n
t
r
o
l

2
4

1
1

6
4

7
1
0

4
7

2
7

F
r
e
q
u
e
n
c
y

3
2
.
3
3
3

1
0
.
3
3
3

7
.
3
3
3

8
.
3
3
3

6
5
.
6
6
7

5
.
6
6
7

4
2
0
.
3
3
3

E
x
p
e
c
t
e
d

8
3
.
6
7

2
1
.
3
3

2
.
3
3

3
.
3
3

1
.
3
3

2
.
3
3

9
P
e
r
c
e
n
t

2
4

1
1

6
4

7
1
0

4
7

2
7

R
o
w
 P
e
r
c
e
n
t

2
4
.
7
4

3
5
.
4
8

2
7
.
2
7

1
6

3
8
.
8
9

5
8
.
8
2

2
3
.
5
3

5
8
.
3
3

4
4
.
2
6

C
o
l
u
m
n
 P
e
r
c
e
n
t

4
0
 ft

. s
pa
ci
ng

3
5

6
1
2

9
6

4
1
1

2
1
5

F
r
e
q
u
e
n
c
y

3
2
.
3
3
3

1
0
.
3
3
3

7
.
3
3
3

8
.
3
3
3

6
5
.
6
6
7

5
.
6
6
7

4
2
0
.
3
3
3

^
 j

E
x
p
e
c
t
e
d

1
1
.
6
7

2
4

3
2

1
.
3
3

3
.
6
7

0
.
6
6
7

5
P
e
r
c
e
n
t

3
5

6
1
2

9
6

4
1
1

2
1
5

R
o
w
 P
e
r
c
e
n
t

3
6
.
0
8

1
9
.
3
5

5
4
.
5
5

3
6

3
3
.
3
3

2
3
.
5
3

6
4
.
7
1

1
6
.
6
7

2
4
.
5
9

C
o
l
u
m
n
 P
e
r
c
e
n
t

2
0
 ft

. 
sp

ac
in

g
3
8

1
4

4
1
2

5
3

2
3

1
9

F
r
e
q
u
e
n
c
y

3
2
.
3
3
3

1
0
.
3
3
3

7
.
3
3
3

8
.
3
3
3

6
5
.
6
6
7

5
.
6
6
7

4
2
0
.
3
3
3

E
x
p
e
c
t
e
d

1
2
.
6
7

4
.
6
7

1
.
3
3

4
1
.
6
7

1
0
.
6
7

1
6
.
3
3

P
e
r
c
e
n
t

3
8

1
4

4
1
2

5
3

2
3

1
9

R
o
w
 P
e
r
c
e
n
t

3
9
.
1
8

4
5
.
1
6

1
8
.
1
8

4
8

2
7
.
7
8

1
7
.
6
5

1
1
.
7
6

2
5

3
1
.
1
5

C
o
l
u
m
n
 P
e
r
c
e
n
t

D
F
 

Va
lu
e 

Pr
ob
ab
il
it
y

Ch
i-
Sq
ua
re
 

16
 

35
.6

16
0 

0.
00

33

Sa
mp
le
 S
iz

e:
 

3
0
0

'F
re

qu
en

cy
; n

um
be

r o
f t

im
es
 th

is 
le
ve
l o

f e
nc

ro
ac

hm
en

t (
LE
) w

as
 ob

se
rv

ed
Ex
pe
ct
ed
: n

um
be
r o

f e
xp
ec
te
d o

cc
ur
re
nc
es
 fo

r a
n e

ve
n d

is
tr

ib
ut

io
n a

cr
os

s c
on
di
ti
on
s (
2
 LE
 fr
eq
/3
)

Pe
rc
en
t:
 fr

eq
ue

nc
y c

om
pa
ri
so
n t

o e
nt

ir
e t

ab
le
 (L
E 
co

nd
 fr
eq

/s
am

pl
e s

iz
e x

 1
00

)
R
o
w
 P
er

ce
nt

: 
pe

rc
en

ta
ge

 o
f 
oc

cu
rr

en
ce

s 
fo

r 
on

e 
co

nd
it

io
n 
ac
ro
ss
 a
ll
 T 
P
s

Co
lu

mn
 P
er
ce
nt
: p

er
ce
nt
ag
e 
of
 oc

cu
rr

en
ce

s 
fo

r 
on

e 
L
E
 a
cr

os
s 
al
l c

on
di
ti
on
s

45
^
o



Ta
bl

e 
12
. 
Ch

i-
Sq

ua
re

 E
nc

ro
ac

hm
en

t 
Fr

eq
ue

nc
ie

s 
fo
r 
th
e 
E
.
 E
m
o
r
y
 R
d
.
 si

te
.

lo
we

st
 

Le
ve
l 
o
f
 E
nc
ro
ac
hm
en
t 

hi
gh

es
t

C
o
n
d
i
t
i
o
n

0
1

2
3

4
5

6
7

8
Va
lu
e'

C
o
n
t
r
o
l

3
1

1
1

1
4

1
2

1
0

3
6

4
9

F
r
e
q
u
e
n
c
y

4
7
.
6
6
7

1
1

1
1
.
3
3
3

7
.
6
6
7

5
.
6
6
7

2
4

2
.
6
6
7

8
Ex

pe
ct

ed

1
0
.
3
3

3
.
6
7

4
.
6
7

4
3
.
3
3

1
2

1
.
3
3

3
P
e
r
c
e
n
t

3
1

1
1

1
4

1
2

1
0

3
6

4
9

R
o
w
 P
e
r
c
e
n
t

2
1
.
6
8

3
3
.
3
3
3

4
1
.
1
8

5
2
.
1
7

5
8
.
8
2

5
0

5
0

5
0

3
7
.
5

C
o
l
u
m
n
 P
e
r
c
e
n
t

4
0
 ft

. s
pa
ci
ng

4
8
-

1
1

1
4

7
5

1
2

3
9

F
r
e
q
u
e
n
c
y

4
7
.
6
6
7

1
1

1
1
.
3
3
3

7
.
6
6
7

5
.
6
6
7

2
4

2
.
6
6
7

8
Ex

pe
ct

ed
1
6

3
.
6
7

4
.
6
7

2
.
3
3

1
.
6
7

0
.
3
3

0
.
6
7

1
3

P
e
r
c
e
n
t

4
8

1
1

1
4

7
5

1
2

3
9

R
o
w
 P
e
r
c
e
n
t

3
3
.
5
7

3
3
.
3
3
3

4
1
.
1
8

3
0
.
4
3

2
9
.
4
1

1
6
.
6
6
7

1
6
.
6
6
7

3
7
.
5

3
7
.
5

C
o
l
u
m
n
 P
e
r
c
e
n
t

2
0
 ft

. s
pa

ci
ng

6
4

1
1

6
4

2
2

4
1

6
F
r
e
q
u
e
n
c
y

4
7
.
6
6
7

1
1

1
1
.
3
3
3

7
.
6
6
7

5
.
6
6
7

2
4

2
.
6
6
7

8
E
x
p
e
c
t
e
d

2
1
.
3
3

3
.
6
7

2
1
.
3
3

0
.
6
7

0
.
6
7

1
.
3
3

0
.
3
3

2
P
e
r
c
e
n
t

6
4

1
1

6
4

2
2

4
1

6
R
o
w
 P
e
r
c
e
n
t

4
4
.
7
6

3
3
.
3
3

1
7
.
6
5

1
7
.
3
9

1
1
.
7
6

3
3
.
3
3

3
3
.
3
3

1
2
.
5

2
5

C
o
l
u
m
n
 P
e
r
c
e
n
t

D
F

Ch
i-

Sq
ua

re

Sa
mp
le
 S
iz
e:

1
6

Va
lu
e 

Pr
ob

ab
il

it
y

3
0
.
7
1
6
9
 

0
.
0
1
4
6

3
0
0

'F
re

qu
en

cy
: n

um
be

r 
of
 ti

me
s t

hi
s l

ev
el

 o
f e

nc
ro

ac
hm

en
t (
LE
) w

as
 ob

se
rv
ed

Ex
pe

ct
ed

: 
nu
mb
er
 o
f 
ex

pe
ct

ed
 o
cc
ur
re
nc
es
 f
or
 a
n 
ev

en
 d
is
tr
ib
ut
io
n 
ac
ro
ss
 c
on
di
ti
on
s (
E
 L
E
 l
Te
q/

3)
Pe

rc
en

t:
 f
re
qu
en
cy
 c
om

pa
ri

so
n 
to
 e
nt
ir
e 
ta
bl
e (
L
E
 c
on

d 
fr

eq
/s

am
pl

e 
is
iz
e 
x 
10
0)

R
o
w
 P
er

ce
nt

: 
pe
rc
en
ta
ge
 o
f 
oc

cu
rr

en
ce

s 
fo

r 
on

e 
co
nd
it
io
n 
ac
ro
ss
 a
ll
 L
E
s

C
o
l
u
m
n
 P
er

ce
nt

: 
pe

rc
en

ta
ge

 o
f 
oc
cu
rr
en
ce
s 
fo

r 
on

e 
L
E
 a
cr

os
s 
al
l 
co
nd
it
io
ns



Table 13. Categorized Chi-Square Encroachment Frequencies
for combined sites.

'Note;

Leve of Encroachment'

Condition • High Med. Low Value^

Control 57 46 97 Frequency

44.667 ,35.333 120 Expected
9.5 7.67 16.17 Percent

28.5 23 .  48.5 Row Percent

42.54 43.4 26.94 Column Percent

40 ft. spacing 42 32 126 Frequency
44.667 35.333 120 Expected
7 5.33 21 Percent

21 16 63 Row Percent

31.34 30.19 35 Column Percent

20 ft. spacing 35 28 137 Frequency
44.667 35.333 120 Expected
5.83 4.67 22.83 Percent

17.5 14 68.5 Row Percent

26.12 26.42 38.06 Column Percent

DF

Chi-Square 4 17.8300

Sample Size: 600

High = Levels of Encroachment (LE) 6-8.
Med. = LE 3 - 5

Low = LE 0 - 2

Value Probability
0.0013

'Frequency: number of times this level of encroachment (LE) was observed
Expected: number of expected occurrences for an even distribution across conditions
(Z LE ffeq/3)
Percent: frequency comparison to entire table (LE cond freq/sample size x 100)
Row Percent: percentage of occurrences for one condition across all LEs
Column Percent: percentage of occurrences for one LE across all conditions
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Table 14. Categorized Chi-Square Encroachment Frequencies
for the Hardin Valley Rd. site.

'Note:

Leve of Encroachment'

Condition High Med. Low Value^

Control 38 . 21 41 Frequency

30 20 50 Expected

12.67 7 13.67 . Percent

38 21 41 Row Percent

42.22 35 27.33 Column Percent

40 ft. spacing 28 19 53 Frequency

30 20 50 ' Expected

9.33 6.33 17.67 Percent

28 19 53 Row Percent

31.11 31.67 35.33 Column Percent

20 ft. spacing 24 20 56 Frequency
30 20 50 Expected

8 6.67 18.67 Percent

24 20 56 Row Percent

26.67 33.33 37.33 Column Percent

DP Value Probability
Chi-Square 4 6.0867 0.1928

Sample Size: 300

High = Levels of Encroachment (LE) 6-8.
Med. = LE 3 - 5

Low = LE 0 - 2

Frequency: number of times this level of encroachment (LE) was observed
Expected: number of expected occurrences for an even distribution across conditions
(Z LE freq/3)
Percent: frequency comparison to entire table (LE cond freq/sample size x 100)
Row Percent: percentage of occurrences for one condition across all LEs
Column Percent: percentage of occurrences for one LE across all conditions
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Table 15. Categorized Chi-Square Encroachment Frequencies
for the E. Emory Rd. site.

'Note:

Level of Encroachment'

Condition High Med. Low Value"

Control 19 25 56 Frequency

14.667 15.333 70 Expected

6.33 8.33 18.67 Percent

19 25 56 Row Percent

43.18 54.35 26.67 Column Percent

40 ft. spacing 14 13 73 Frequency
14.667 15.333 70 Expected

4.67 4.33 24.33 Percent

14 13 73 Row Percent

31.82 28.26 34.76 Column Percent

20 ft. spacing 11 8 81 Frequency
14.667 15.333 70 Expected
3.67 2.67 27 Percent

11 8 81 Row Percent

25 17.39 38.57 Column Percent

DF Value

Chi-Square 4 16.8409

Sample Size: 300

High = Levels of Encroachment (LE) 6-8.
Med. = LE 3 - 5

Low = LE 0 - 2

Probability
0.0021

Frequency: number of times this level of encroachment (LE) was observed
Expected: number of expected occurrences for an even distribution across conditions
(S LE ffeq/3)
Percent: frequency comparison to entire table (LE cond freq/sample size x 100)
Row Percent: percentage of occurrences for one condition across all T .F.r
Column Percent: percentage of occurrences for one LE across all conditions
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is less significant difference between two or more conditions. This is because of the small

number of data points in the middle encroachment ranges.

Findings Conceming the Research Hypotheses

The general research hypothesis stated in Chapter HI is again included here: There

exists a strong relationship between roadway delineation and motorist behavior in

negotiating horizontal curves on rural two-lane highways.

This statement has certainly been upheld and proven true through the data

collected in this study. Below are listed the specific research hypotheses and the evidence

from this study that either supports or fails to support them.

Specific Research Hypothesis I. By installing raised pavement markers at 40 foot

intervals, daytime encroachment into the opposing travel lane can be partially corrected

by means of the "rumble effect" of the raised markers.

•  Simple mean results in Table 1 show a reduction in encroachment from LE 4 to LE 3

at the Hardin Valley site and from LE 2.7 to LE 1.9 at Emory Rd.

•  The Tukey range test in Table 7 shows a significant difference in mean encroachment

between the control and 40 ft. spacing conditions. The LE combined means for both

sites were 3.34 (control) and 2.46 (40 ft.). This test predicts that a significant

difference would be (0.67)*(LE 1).
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• Overall, high LEs were dropped 7.5%, moderate LEs dropped 7%, and low LEs rose

14.5% (Table 13). This rise includes a 14% increase in vehicles with no

encroachment at all (Table 10).

Specific Research Hypothesis 11. By shortening the traditional 40 foot spacing interval to

20 feet, vehicle encroachment will be reduced further.

• While the average encroachment was lowered at both sites, the change was almost

negligible.

•  Table 9 showing the Tukey range test results indicates that no significant difference

was found between the 40 ft. spacing (mean LE of 2.5) and the 20 ft. spacing (mean

LEof2.1).

•  In combining both sites, the number of vehicles exhibiting no opposing-lane

encroachment rose almost 10% when RPM spacings were shortened to 20 feet. The

number of vehicles in the worst encroachment category, however, remained constant.
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Specific Research Hypothesis DI. The application of RPMs at horizontal curves will

lower average operating speeds throughout the length of the curve.

•  This hypothesis cannot be verified due to the lack of significance in any test through

any speed zone. There is a significant difference in speed between the test sites,

however, these a primarily due to variations in their respective environments and not due

to any influence of the RPMs.

Summarv

Statistical testing has shown there to be significant differences in encroachment

levels after placement of the RPMs, but no difference in average operating speeds

through the curves. Therefore, one of the three specific research hypotheses has been

supported, one has some supporting evidence but remains inconclusive, and one has

failed to be proven by this study.
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Chapter V. Summary of the Study

This final chapter provides the essence of the research in brief form. First, an

overview of the study, including the problem and the research procedures used in testing,

will be summarily restated. Secondly, the major conclusions are outlined and given with

respect to the research hypotheses tested. Finally, the implications of this research and

suggestions for further study are discussed.

Procedure Overview

Statement of the Problem. This research investigated the relationship between

pavement surface delineation and driver behavior on rural two-lane highways. Specific

facets of tested driver behavior were (1) average operating speeds around the beginning,

middle, and end of the curve and (2) the distance of encroachment into the opposing lane

of travel.

Statement of the Procedures. To test the response to the raised pavement markers,

three roadway conditions were evaluated at two different sites. These were:

Condition 1. No markers placed (control group).

Condition 2. RPMs placed at a 40-ft. spacing along the centerline.

Condition 3. RPMs placed at a 20-ft. spacing along the centerline.
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Speeds for these three conditions were measured by standard speed markings and

encroachment levels were measured by roadside film review. Data was only recorded in

dry, daytime conditions.

Conclusions

Specific research hypothesis I concerning the initial placement of RPMs at a 40 ft.

spacing was supported due to the significant decrease in encroachment at both sites.

Approximately 15% of vehicles exhibiting "high" or "moderate" encroachment levels (>

8-in. into the opposing lane) were brought into the "low" (< 8-in. into the opposing lane)

category (Table 13). More specifically, 9% of vehicles travelling more than 2 ft. across

the painted centerline were corrected by the RPMs. Furthermore, this 40-ft. spacing

increased the number of vehicles completely in the prescribed lane of travel by 14%.

Specific research hypothesis n, dealing with the shortened spacing of the RPMs

to 20 ft., could not be adequately supported. Statistical analysis of encroachment data

found no significant difference in the vehicle travel paths between the two RPM

conditions. However, because some notable shift was made at one of the sites (an

increase in the "low" category by 8% including a 6% increase in vehicles with no

encroachment), this hypothesis cannot be completely rejected.
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Specific research hypothesis HI concerning the effect of RPMs on speed has

failed to be supported by this study. Under no condition change has the difference in

speed been significantly altered.

Implications

In promoting the increased safety of rural two-lane highways, the engineer is

often faced with correcting multiple problems with limited tools, time, and budgets.

When accident records indicate head-on collisions or off the road crashes where sudden

movements were made to avoid an oncoming vehicle, it can logically be assumed that

one or both vehicles were partly in the oncoming lane of travel. This study has shown

that the proper use of RPMs can at least partially correct this behavior in locations where

it is most prone to occur.

For most conditions, the results of this study recommend at least a 40-ft. spacing

interval for these markings. Spacings below this have been shown to be no more effective

in daylight conditions and are more costly and time consuming to install. Nevertheless,

additional research on short-radius curves may prove a decreased interval more efficient.

While speculative, it is the opinion of the researcher that spacings greater than 40 ft. are

not as effective in nighttime delineation, particularly on short to moderate-radius curves.

Another important implication of these results comes in the type of RPM used.

Here, the traditional 4-in. x 4-in. amber retro-reflective marker was evaluated (see

Chapter HI). However, many other types of markers, particularly plowable ones, are

currently being utilized. While additional study using different types of markers may
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prove otherwise, it is the researcher's theory that smaller, less obtrusive markers may be

less effective in wheel path control.

Suggested Further Research

In observing motorist behavior and analyzing the data of the study, several

implications arose that might prove beneficial for future study. Following are some

questions which, with researched answers, could be of great value:

1. Does the type of raised pavement marker play a critical role when attempting to

control vehicle encroachment?

2. Do the RPMs cause drivers to shy away from them excessively toward the edge

lines?

3. Is there significant impact on encroachment in nighttime/inclement weather

conditions?

4. Are other rumble features located in the centerline equally or more effective in

preventing opposing-lane encroachment?

5. What effect, if any, do RPMs have on roads carrying high volumes of large trucks?

Summary

This chapter has provided a summary of the study as well as its conclusions and

implications. It was found that only the initial application of raised pavement markers

had a significant effect on motorist behavior. This effect came in the decrease in the
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amount of opposing-lane encroachment on horizontal curves; no effect was had on

vehicle operating speeds at either site. Certain ideas for future study in this area have

been raised in conjunction with some notable implications of the results. It is here noted

that, above all, roadway improvements should not be solely based on this or any other

study, but on motorist safety and sound engineering judgement.
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APPENDIX B

SAS PROGRAM USED IN

STATISTICAL ANALYSIS
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data oneb;set one;where='EE';cond='40ft';run;
data twob;set two;where='EE';cond='Ctrl';run:
data threeb;set three;where='HV';cond='40ft':run;

data threeb;set thrGe;where='HV;cond='40ft';run;

data fourb;set four;where='HV cond='Ctrl run;

data fivebjset one;where='EE';cond='20ft';run;
data sixb;set one;where='HV;cond='20ft';run;

data big;set oneb twob threeb fourb fiveb sixb;run;

jroc print;run;

data big2;set big;if zone1 = . and zone2=. and zone3=. then delete; run; proc prinT:;run;

aroc glm;class where cond;
nodel zoned zone2 zones enc_0_8_=where cond where'cond;
iieans where cond where*cond /tukey;
"un;

data big3;set big2;

if enc_0_8_ ge 6 then encr='HI ';
if enc_0_8_ ge 3 and enc_0_8_ le 5 then encr='MED';
if enc_0_8_ le 2 then encr='LOW';

pnoc freq;tables cond'encr/expected chisq;run;

proc sort;by where;

proc freq;by where;tables cohd*encr /expected chisq;run;

proc freq;by where;tables cond*enc_0_8_ /expected chisq;run;
proc freq;;tables cond*enc_0_8_ /expected chisq;ruh;

data big4;set big3;

dv1_2=f2-f3;
dv2_3=f3-f4;

proc corr;
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^ar t2 f3 t4 dv1_2 dv2_3;

with fS;run;
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APPENDIX C

ANALYSIS OF VARIANCE OUTPUT
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Class

where

cond

The SAS System

The GLM Procedure

Class Level Information

Levels Values

2  EE HV

3  20ft 40ft Ctrl

10:52 Friday, October 22, 1999 159

Number of observations 600
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