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FOREWORD

Current procedures for designing rurl alignments rely on the selection and application of design
peeds. LLS, nghway geometrie design rescarchers and practitioners generally recognize the
need to supplement current design procedures for two-lane naral ighways with reliable,
quantitative safety-evaluation methods. To address this need, the Foderl Highway
Administration is developing the Interactive Highway Safety Design Model (THSDM) as a
framewark for an integrated design process that systematically considens bath the roadway mad
the roadside in developing cost-gffective highway design nltematives. The focus of THSDM is
on the safety effects of design alternatives. Design consistency is one of several modules which
are 1o be integroted with commercial CADVroadway design soltware. Other THSDM modules
melude: erash precdiction, drver/vehicle, memection dingnostic review, policy review and traffic
analysis

The reseurch documented in this report provided o speed-profile madel that can be incorporated
into the design consistency modile of IHSDM. The model can be used 1o evaluate the design
consistency of the roadway o can be used to develop o speed profile for an alignment. The
model considers both horizoutal and verticn] eurvature and the seeeleration or deceleration
behavior as & vehicle moves from oue feature (o another, The research alio demonstrated that
predicted speed reduction on & heniontal curve relative to the preceding curve or tangent has a
strong relabonship 1o accident frequency, |n addition, the research imvestigated alternatives thm
eould be used in the design consistency module of [HSBM. The three methods studied incloded:
alignmenl indices, spol speed variability messures, and driver worklond. Based uporn the
fincings, alignment indices and spoed varlability measures were not recommended for use in the
design consistency module. Driver worklosd, however, has a good polentinl us a design

consislency rating medsire

Michael F. Trentscoste, Director
Office of Safety Research & Development

NOTICE

This document is disseminated under the sponsarship of the Department of Transportation in the
interest of information exchange. The United States Government assumes no liability for its
contents or use thereof. This report does not constitute a standand, specification, or regulation,

The United Sutes Government does not endorse products or manifactures. Trade and
manuincrures's name appear in this repart only because they are considered essentiul to the
objective of this document.
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Executive Summary

BACKGROUND

The god of trangportation is generdly stated as the safe and efficient movement of people and
goods. To achieve this god, designers use many tools and techniques. One technique used to improve
safety on roadways is to examine the consstency of the design. Design consstency refers to highway
geometry’ s conformance with driver expectancy. Generdly, drivers make fewer errors at geometric
features that conform with their expectations. An inconsistency in design can be described asa
geometric feature or combination of features with unusua or extreme characterigtics that drivers may
drive in an unsafe manner. This Stuation could lead to Speed errors, ingppropriate driving maneuvers,
and/or an undesirable level of accidents.

In the United States, design consistency on two-lane rurd highway's has been assumed to be
provided through the selection and gpplication of adesign speed. One weakness of the design-speed
concept isthat it uses the design speed of the most restrictive geometric dement within the section,
usualy ahorizontal or vertical curve, asthe desgn speed of the road. Consequently, the design-speed
concept currently used in the United States does not explicitly consider the speeds that motorists travel
on tangents or less restrictive curves. Other weaknesses in the design-speed concept have generated
discussions and additiond research into other methods for evauating design consistency aong two-lane
rura highways. Both speed-based and non-speed-based highway geometric design consistency
eva uation methods have been considered. These methods have taken severd forms and can generdly
be placed in the following areas. vehicle operations-based consistency (including speed), roadway
geometrics-based consistency, driver workload, and consistency checklists,

Some of these methods may be incorporated into the Interactive Highway Safety Design
Modd (IHSDM). IHSDM is being developed by the Federd Highway Adminigtration (FHWA) asa
framework for “an integrated design process that systematically considers both the roadway and the
roadside in developing cogt-effective highway design dternatives”® The focus of IHSDM ison the
safety effects of desgn dternatives. Design consstency is one of severd moduleswhich areto be
integrated with commercia computer-aided design (CAD)/ roadway design software in the current
version of IHSDM.® Other IHSDM modules include: crash prediction, intersection diagnostic review,
roadsde safety, driver/vehicle, policy review and traffic andyss.

OBJECTIVES

An earlier FHWA study, Horizontal Alignment Design Consistency for Rural Two-Lane
Highways (FHWA-RD-94-034), developed a design consistency evauation procedure that used a
speed-profile model based on horizonta dignment.® The objective of this study, “ Evaluation of
Design Consistency Methods for Two-Lane Rural Highways’ (FHWA-RD-99-173), wasto expand
the research conducted under the previous FHWA study in two directions. These directions were 1) to
expand the speed-profile mode and 2) to investigate three promising design consistency rating
methods.
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The previous study’ s model estimates speeds dong aroadway using horizonta dignment data
Recommendations from that study included conducting further research to validate the developed
speed-profile modd (including the 85™ percentile speeds on curves and long tangents) and to vaidate
the assumed rates and locations relative to curves at which acceleration and decderation actualy
occurs. To meet these recommendations, the objectives for the current FHWA study were to:

C Develop speed prediction equations for horizontal and vertical aignments and for other
vehicle types.

C Determine the effects of spird trandtions on speeds.

C Determine the deceleration and acceleration rates for vehicles approaching and departing
horizonta curves.

C Vdidate the speed prediction equations.

C Develop aspeed-profile modd for incluson in IHSDM.

C ldentify the rdationship of the design consstency module to other modules and components
of IHSDM.

While predicting operating speed is the more common method for evauating the consstency of
aroadway, other methods have been discussed and explored. The three methods selected for
additiond investigetion in this study included: aignment indices, peed distribution measures, and driver
workload. Alignment indices are quantitative measures of the generd character of aroadway seg-
ment’sdignment. These potentia indicators may identify a geometric inconsstency when thereisa
large increase in the magnitude of the dignment indices for a successve roadway ssgment or fegture or
when a high rate of change occurs over some length of road. Speed distribution measures that are
candidates for a condgstency rating method include variance, slandard deviation, coefficient of variation,
and coefficient of skewness. Driver workload is ameasure of the information processing demands
imposed by roadway geometry on adriver. Anincreasein driver workload is a potential indication that
afeatureisinconagent. Following isasummary of the mgor findings from the research efforts; other
reports contain additiona details on the efforts undertaken during this research project.*®

SPEED-PROFILE MODEL

In this research project, severd different efforts were undertaken to predict operating speed for
different conditions such as on horizonta curves, vertica curves, and on a combination of horizontd and
vertica curves, on tangent sections; and prior to or after ahorizontal curve. Speed data were
collected at over 200 two-lane rura highway stesfor usein the project. In addition to using the datato
develop speed prediction equations for horizontal and vertical dignments, the effects of spird curves
and vehicle types were examined. Regression equations were devel oped for passenger car speeds for
most combinations of horizontal and vertical dignment. Table 1 ligts the devel oped equations and/or the
assumptions made for the different aignment conditions.
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Tablel. Speed Prediction Equationsfor Passenger Vehicles.

ACEQH# Equation Num.
(seenote 1) Alignment Condition (see note 2) Sites R2 MSE
i . . 3077.13
1 Horizontal Curve on Grade : -9% # G <-4% Vgs " 102.10& = 21 058 | 5195
i . . 3709.90
2. Horizontal Curve on Grade : -4% # G < 0% Vg5 " 105.98& = 25 0.76 | 2846
i . . 3574.51
3. Horizontal Curve on Grade : 0% # G <4% Vg5 " 104.82& 25 0.76 | 24.34
. ) . 2752.19
4. Horizontal Curve on Grade : 4% # G < %% Vg5 " 96.61& = 23 053 | 5254
. . . . 3438.19
5. Horizontal Curve Combined with Sag Vg5 " 105.32& 25 092 | 1047
Vertical Curve
6. Horizontal Curve Combined with Non-Lim- (see note 3) 13 n/a n/a
ited Sight Distance Crest Vertical Curve
" Horizontal Curve Combined with Limited Vg5 " 103.24 & 357651 » 074 | 2006
' Sight Distance Crest Vertical Curve (i.e., K # R ' '
43 m/%) (see note 4)
8. Sag Vertical Curve on Horizontal Tangent Vg5 = assumed desired 7 n/a n/a
speed
Vertical Crest Curvewith Non Limited Sight
9. Distance (i.e., K > 43 m/%) on Horizontal Ves = assumed desired 6 na | n/a
speed
Tangent
Vertical Crest Curvewith Limited Sight Dis- 149.69
10. tance (i.e., K # 43 m/%) on Horizontal Tan- Vg5 " 105.08& T 9 060 | 3110

gent
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NOTES:
1. AC EQ# = Alignment Condition Equation Number
1. Where: Vg = 85th percentile speed of passenger cars (km/h) K =rate of vertical curvature

R =radius of curvature (m) G = grade (%)
3. Uselowest speed of the speeds predicted from equations 1 or 2 (for the downgrade) and equations 3 or 4 (for
the upgrade).
4. In addition, check the speeds predicted from equations 1 or 2 (for the downgrade) and equations 3 or 4 (for the
upgrade) and use the lowest speed. Thiswill ensure that the speed predicted along the combined curve will
not be better than if just the horizontal curve was present (i.e., that the inclusion of alimited sight distance
crest vertical curve result in ahigher speed).
For passenger vehicles, the best form of the independent variable in the regresson equationsis
IR (i.e, inverseradius). Operating speeds on horizonta curves are very smilar to speeds on long
tangents when the radiusis approximately 800 m or more. When this condition occurs, the grade of the
section controls and the contribution of the horizonta radiusis negligible. Operating speeds on
horizonta curves drop sharply when the radiusis less than 250 m. Figure 1 illustrates the collected deta
and the developed regression equations.

Passenger vehicle speeds on limited sight distance (LSD) vertica curves on horizonta tangents
could be predicted using one over the rate of vertical curvature(1/K) as the independent variable. A
datigticaly sgnificant regression equation was not found for crest curves where the sight distance is not
limited; therefore, the desired speed was assumed. For sag curves on horizonta tangents, the plot of the
seven available data points and the regression andlysis indicate that the desired speed should be
assumed. Figure 2 illustrates the data and the suggested regression equation for limited sight distance
crest curves.

For non-limited sight distance (NLSD) crest vertical curves in combination with horizontal
curves, the lower speed of 1) the speeds predicted using the equations devel oped for horizonta curves
on grades or 2) the assumed desired speed should be used. The collected speed data for that condition
were generdly for large horizonta curve radii with severd of the speeds being above 100 kmvh.

Drivers may not have felt the need to reduce their speed in response to the geometry for these large
radius horizontal curves. For the horizonta curvature combined with ether sag or limited sight distance
crest vertical curves, the radius of the horizonta curve was the best predictor of speed. Figure 3 shows
the data and regression equations for combination curves.
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The anaysis of spird curves found that the use of spiras did not result in asgnificant difference
in gpeed when compared to smilar Stes without spirdls. Because most of the study Sites had few spot-
gpeed observations for trucks and recreational vehicles, alimited anadysis was performed for those Sites
with aminimum of 10 observations. The limited graphicd analysis on trucks and recregtiond vehicles
(RVs) showed that the truck/RV speeds plotted near the passenger car regression line with more of
the data being below than above the line. Similar to the passenger car data, the truck/RV data showed
lower speeds for smdler radii curves. Therefore, adesign consstency evauation should use the
equations based on passenger car data.

Data were collected and andyzed at 21 Sites to determine appropriate acceleration and
decderation vaues prior to and after ahorizonta curve. The vaidation results indicate thet the
acceleration and deceleration assumptions employed in the previous speed-profile modd are not vdid
for the st of study Sites sdlected in this study.® The only sites with acceleration and deceleration rates
which approached 0.85 m/s? were those with curve radii less than 250 m. New models were
developed to consider the effects of curve radius on acceleration/deceleration rates. The models were
based on maximum accel eration and deceleration rates observed at the study stes. Table 2 ligsthe
developed acce eration/decel eration equations and values.

The speed data collected in the field were used to determine whether dignment indices can
accurately predict speeds on atangent. Additionaly, other possible influences of desired speeds of
motorists were examined. The findings of this research indicated that combinations of dignment indices
and other geometric variables were not able to Significantly predict the 85" percentile speeds of
motorists on long tangents of two-lane rurd highways. Other geometric variables examined included
region, total pavement width, vertical grade, driveway density, and roadside rating.
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For those situations when avehicle is traveling on an upgrade or downgrade, the equations
used in the TWOPAS mode can be used to estimate speed for different vehicle types® The modd
can be used to predict the speed of the vehicle at any point on the gradeif itsinitia speed a the entry to
the grade is known.

A speed-profile model was developed from the previoudy discussed findings. The modd can
be used to evauate the design consstency of afacility or to generate a speed profile dong an dignment.
The stepsto follow in the modd are shown infigure 4. Theinitid step isto sdect the desired speed
aong the roadway. Based upon the findings from the research, the average 85" percentile speeds on
long tangents range between 93 and 104 km/h for the different Statesin this study. Therefore, a speed
of 100 kmvh isagood estimate of the desired speed dong a two-lane rura roadway when seeking a
representative, rounded speed.

The speed prediction equations are listed in table 1. The speeds predicted using these
equations represent the speeds measured at the midpoint of the curve. The mode assumes, however,
that this speed is congtant throughout the horizontal or vertica curve. The equations used in the
TWOPAS model can be used to check the performance-limited speed at every point on the roadway
(upgrade, downgrade, or level). If a any point the grade-limited speed is less than the tangent or curve
speed predicted using the speed prediction equations or the assumed desired speed, then the grade-
limited speed will govern.

The speeds predicted from the previous three et deired
methods (assumed desired speed, speeds predicted >

[
: Hp . Perform J ]
using the speed prediction equations, and the speeds Design P pedtor| [Fredicl grade Tmited e
Consistency | ™|
Evaluatio

from the TWOPAS equations) are compared and the each curve using TWOPAS equations
lowest speed sdlected. If a continuous speed profile l l

for the alignment is needed, these speeds would then Seledt lowest S”ejd for e clmen |

be adjusted for deceleration and acceleration using it speeds for accderation end deceleration]

the peed- profilerateslisged intable 2. Figure 5

illustrates the different conditions that can occur with

supporting equations listed in table 3. The speedsfor

the different alignment festures could be compared at

any step in the speed-profile model to identify unac-  Figure 4. Speed-Profile Model Flowchart.
ceptable changes in gpeed between aignment fea

tures. For example, aflag could be raised if the

speed change from one curve to another is greater than (or equal to) a preset value such as:

Good design 2Vv85# 10 km/h
Fair design 20 km/h $2Vv85 $10 km/h
Poor design  2Vv85 $20 km/h
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In addition, aflag could be raised if acceleration or deceleration is greater than desired using the values
listed in the table 2.

VALIDATION OF SPEED PREDICTION EQUATIONS

Aninitid effort within this study was to develop speed prediction equations using only part of
the collected data (91 totdl Stes). Six equations were developed from the data. Between 5 and 28
Steswere used in each equation development. The speeds predicted from these equations were then
compared to the observed vaues a smilar Stes. Between 3 and 22 Stes were used in the comparisons
for atotd of 68 Stes. Figure 6 shows the plot of the speed that was predicted using the equation to the
gpeed observed in the field for each of the 68 Stes. The 6 speed prediction equations performed well
in the vaidation effort with arange of mean absolute percent error between 4.1 and 10 percent.
Therefore, dl of the data available as part of this research study was then used to developed the speed
prediction equations listed in table 1.

SPEED DISTRIBUTION MEASURES

Measures of vehicle operations that may be an appropriate basis for consistency rating methods
include speed variance, laterd placement (mean and variance), erratic maneuvers, and traffic conflicts.
These measures have been evauated as surrogate measures of accident experience and measures of
effectiveness of delineation treatments.1% In roadway delineation research, speed variance and lateral
placement variance have been consdered as indicators of the effectiveness of aternative treatments at
reducing errorsin the guidance level of the driving task. Design inconsistencies aso increase guidance-
level errors, and it is reasonable to hypothesize that these measures would be correlated with and could
complement speed reduction in evauating design consstency.
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Table 2. Deceler ation and Acceleration Rates.

Deceleration Rate, d (m/s?)

Alignment Condition

Acceleration Rate, a

(m/s?)
Speed Profile
Radius, R (m) d Radius, R (m) a

R$ 436 0.00 R>875 0.00
175 R4z % 06704 & 2514 1-4 | Horizontal Curveson Grade: | 436 <R#8/5 021
IRC<Fh 250<R#436 043
R<175 1.00 175<R#250 054

1.00 5 Horizontal Curve Combined 0.54

with Sag Vertical Curve

(use rates for Alignment

Horizontal Curve Combined
6 with Non-Limited Sight

(userates for Alignment

Conditions 1 to 4) Distance Vertical Curve Conditions 1 to 4)

Horizontal Curve Combined
with Limited Sight Distance

100 ! Crest Vertical Curve (i.e, K 054

# 43 m/%)
Sag Vertica Curve
a 8 on Horizontal Tangent na
Vertical Crest Curve with

Non- Limited Sight Distance

na 9 | (ie, K > 43 m%) on Hori- na

zontal Tangent

Vertical Crest Curve with
Limited Sight Distance (i.e.,

100 10 K # 43 m/%) on Horizonta 054

Tangent
where: K =rate of vertical curvature G = grade (%)
Design Consistency (all alignment conditions)
1.00t0 148 Good Design 0.54t00.89
1.48 t0 2.00 Fair Design 0.89t01.25
>2.00 Poor Design >125
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Acceleration/Deceleration Conditions
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Figureb. Acceleration/Deceleration Conditions.
(Seetable 3 for variable definitions.)
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Acceleration/Deceleration Conditions
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Figure5. Acceleration/Deceleration Conditions (continued).
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Table 3. Equationsfor Usein Determining Acceleration and Deceleration Distances.

2 2 2
zvfs & Vn & Vn%l

LSC, "~ @ X, " LSC, & X, & X._ ©6)
2 2
2 2 . Va & Vi
- Vis & Vi (2) d ﬁ (7)
2592 d '
- Vr? & Vr12%l 3 Va ™ Vo %2V, (8)
@ xBRd
Note: when calculating V. the curve with the larger radius isto be used.
2 2 =
. Vi & Vi @) ay - G2 % [4VZ % 44.06(LSC, & X)) 9
“  2BRa a 2
- Vfi & Vrf (5) Vn?&l - Vn % a (L&a) (10)
& 2®Ra

Where:

Vi = 85" percentile desired speed on long tangents (m)

V, = 85" percentile speed on Curve n (km/h)

vn+l = 85" percentile speed on Curven + 1 (km/h)

va., = 85"percentile speed on Curven + 1 determined as afunction of the assumed

acceleration rate (km/h)

V, = maximum achieved speed on roadway between curvesin conditions B (km/h)

?V, = difference between speed on Curve n and the maximum achieved speed on roadway
between curvesin Condition B (km/h)

d = deceleration rate, seetable2 (m/s?)

a = acceleration rate, seetable 2 (m/s?)

LSC, = critica length of roadway to accommodate full acceleration and decel eration (m)

LSC, = length of roadway available for speed changes (m)

X = length of roadway for deceleration from desired speed to Curve n + 1 speed (m)

Xeg = length of roadway for deceleration from Curve n speed to Curve n + 1 speed (m)

X = length of roadway for deceleration from V,to Curve n + 1 speed (m)

Xea = length of roadway for acceleration from Curve n speed to Curve n + 1 speed (m)

Xia = length of roadway for acceleration from Curve n speed to desired speed (m)

Xis = length of roadway between two speed limited curves at desired speed (m)
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Figure 6. Predicted versus Observed Vg at Midpoint of Curve.

Speed distribution measures—including variance, sandard deviation, coefficient of variation,
and coefficient of skewness—are logica candidates for a congstency rating method to complement
speed reduction estimates from the 85™ percentile speed models. The rationale for using spot-speed
variability measures is that incons stent features are expected to cause more driver errors and greater
variation in guidance-level decisons (i.e., Speed and path choice) than consstent festures.
Correspondingly, it was hypothesized that incons stent features would exhibit more spot-speed
variability than consstent features and that single-vehicle accidents resulting from guidance-leve errors
will increasse with increasing speed varidbility.

Graphicd evauations were initialy performed to obtain an gppreciation of how the speed
distribution measures varied in relaionship to roadway geometry and speed measures, such as posted
gpeed. For horizonta curves, standard deviation of speed generdly varied from 6 to 12 km/h as
illustrated in figure 7. As mean speed increased, standard deviation of speed became more varigble,
suggesting that restrictive geometry controlled both mean speed and stlandard deviation for smdl radius
horizontal curves. The graphical andysis of the effects of roadway geometry on speed digtribution
measures presented no clear indication of arelationship between any of the measures (variance,
standard deviation, coefficient of variation, coefficient of skewness, coefficient of kurtosis) and
geometric eements (tangent length, horizontal curve radius, horizonta or vertica curve length, deflection
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angle, superdlevation, lane/pavement width, rate of vertical curvature, gpproach grade, departure
grade) with one exception. For radii 100 m and less, stlandard deviation was lower than for larger radii.

The analyses conducted to examine the relationship between standard deviation of speeds and
design or posted speed aso did not produce any significant relaionships. Expected trendsin the data
were found which related speed measures to these two speed components, but the variation of the data
suggested that design and posted speed were not accurate predictors of speed distribution measures.

In addition, an evauation using regression was aso performed. Linear relationships between speed
distribution measures of successive features existed because the same sample of drivers were being
measured. Extreme differences existed for some locations where the horizonta distribution measures
did not fit the linear trend with respect to the tangent measures. These locations may be locations
where inconsstencies are present, but without accident data no inferences can be made regarding these
design inconsgtencies.

In summary, the results from the analyses indicated that speed variance generaly decreased
on horizontal curves as compared to the upstream tangent. Given thisfinding and the limited Satistical
relaionships, it is not appropriate to consder speed variance as a design cons stency measure for
horizontal curvature.
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Figure 7. Horizontal Curve Speed Standard Deviation ver sus Radius.
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Alignment INDICES

In this study, one of the dternative methods investigated for rating the design consstency of a
roadway was aignment indices. Alignment indices are quantitative measures of the generdl character of
aroadway segment’s dignment. Problems with geometric inconsistencies arise when the genera
character of dignment changes between segments of roadway. A common example is wherethe
terrain trangtions from leve to ralling or mountainous, and the aignment correspondingly changes from
gentle to more severe. Proposed indicators of geometric inconsstency are large increases in the
magnitude of dignment indices for successve roadway segments or a high rate of change in dignment
indices over some length of roadway.

Germany uses a horizontal aignment index that indicates the aignment severity.*Y The British
use two indices-one for dignment and one for layout—to check for compatibility between a roadway
segment’ s design speed and likely operating speeds on the roadway.®  Polus and Dagan proposed
aignment indices based upon: the proportion of aroadway section that is curved, the ratio of the
minimum and maximum radii of aroadway section, theratio of the average radius of curveson a
roadway section to the minimum radius for the roadway’ s design speed, and a spectrd analysis of the
extent to which the dignment exhibits a cyclica or repeating pattern.®® Ther prdiminary evauations
suggested that such indices hold promise as measures of congstency.

Table 4 provides alist of the dignment indices selected for usein thisstudy. Thistable dso
shows the equations necessary to compute the indices and the resulting units. These indices were
initidly used to determine if they, together with other geometric variables such as vertica grade, could
predict speed on atangent. A subset of the aignment indices shown in table 4 that were selected for
examination as possible measuresin rating the design consistency of two-lane rurd highway's included:
Average Radius, Maximum RadiusMinimum Radius, Average Tangent Length, and Average Rate of
Verticd Curvature. In addition, theratio of individua curve radius to average radius and the ratio of
individua tangent length to average tangent length were dso examined.

None of the dignment indices sudied were satigticaly sgnificant predictors of the desred
speeds of motorists on long tangents of two-lane rura highways. Of the geometric variables examined,
only the vertical grade at the tangent Site significantly affected the desired speeds of motorists on long
tangents of two-lane rurd highways. The rdationship of dignment indices to safety is discussed below
in the section titled Relaionship of Design Consistency Measuresto Safety.

DRIVER WORKLOAD
Generdly, little visud information processing cagpacity is required of the experienced driver to
perform the driving task on two-lane rurd highways. A consistent roadway geometry alows adriver to

accurately predict the correct path while using little visua information processing capacity, thus dlowing
attention or capacity to be dedicated to obstacle avoidance and navigation. Severa research efforts
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have been undertaken to measure the effects of design consistency on driver workload. Thelogic
underlying these efforts is that the more difficult or unusud afesture or feature combination, the greater
the visua information processing requirement and, in turn, the less desirable the fegture.

This current project vaidated and extended work begun previoudy by Krammeset d.© Like
the previous study, atest-track study to examine driver workload was performed. Companion efforts
using on-road studies, smulator studies, and an eye-mark system were adso performed. Curve
sequence, radius, deflection angle, and separation distance between curves were examined through the

use of vison occluson and subjective ratings.

Table4. Alignment Indices Selected for Evaluation.

Horizontal Alignment Indices
* Curvature Change Rate - CCR (deg/km)
B 2. where:

L ? = deflection angle (deg)
@ Li L = lengthof section (km)

* Degree of Curvature - DC (deg/km)
- DC. where:

3 L DC = degreeof curvature (deg)
N L; L = length of section (km)
* Curve Length: Roadway Length - CL:RL
= (CL). Where
& CL = curvelength (m)
N L, L = length of section (m)
* Average Radius- AVG R (m)
- R Where:
! R = radius of curve (m)
n n = number of curves within section

» Average Tangent - AVG T (m)

here:
= (TL) VW
g TL = tangent length (m)
n n = number of tangents within
section

Vertical Alignment Indices
* Verticd CCR-V CCR (deg/km)

= A Where:
L A = absolutedifferencein grades
F L (deg)
L = length of section (km)

* Average Rate of Vertical Curvature- V AVG K (km/%)
L Wwhere
L

length of section (km)
algebraic difference in grades
n (%)

n number of vertical curves

j *A*

*» Average Gradient - V AVG G (m/km)

= *DE* where:
| ?E = changein elevation between
B L; VP, and VPI (m)
L = lengthof section (km)

Composite Alignment I ndices
» Combination CCR - COMBO (deg/km)
where:

= 7?2 = A .

B i % B " ? = deflectionangle (deg)

" - L. A =absolutedifferencein
2= BT grades (deg)

L = length of section (km)

In the vision occlusion procedure, driverswore aLiquid Crysta Display (LCD) visor that was
opague except when the driver request a 0.5 s glimpse through the use of a floor-mounted switch. The
visua demand was computed as the ratio of the glimpse length divided by the time egpsed from the last
glimpse until the time of the present request. The caculation provides a measure of the percentage of
time that adriver is observing the roadway at any point dong the roadway. The vaue increases asthe
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time between successive glances grows shorter, and decreases as the interval between glances
increases. The more information the driver needs for controlling of the driving function, the more often
the scene ahead must be sampled, i.e., the workload increases.

In a second phase to the vision occlusion testing, the glimpses were recelved at arate set by the
experimenter. Beginning at a point that did not provide sufficient vison to drive the roadway, the rates
were progressively increased until the drivers could successfully drive the features. An assessment of
the tolerance for workload change were developed by comparing the visual demand during the driver-
controlled vison occluson to the visua demand during the experimenter-controlled vision occlusion.

Subjective ratings were obtained using a modified Cooper-Harper scale, used widdly in arcraft
testing. The scale rangesfrom 1 (very easy) to 10 (impossible). Descriptive terms were modified to
relate the scale to the driving environment, and anchor definitions were provided to ensure thet drivers
compared the scaling to familiar circumstances.

Visud demand was determined at three types of facilities. test track environment (24 subjects
driving 6 single curves and 4 paired curves for 6 runs), on-road (6 subjects driving 5 curvesfor 4 runs),
and amulation (24 subjects driving 12 curvesfor 6 runs). The generd pattern was for the visud
demand to begin to rise about 90 m from the beginning of the curve, pesk near the beginning, remain
level or dightly drop through the curve, and then gradudly return to the basdline leve after the end of
the curve. Figure 8 illugtrates this pattern for the test track data.

[a) _o RM DA, deg
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o —&— 145 45
3 —&— 145 9
% —+—290 20
% —%—200 45
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> —__PC

-300 -100 100 300 500

Distance, m

Figure8. Visual Demand Averaged Over All Subjectsfor Each Single
Curve.

To compare the data between testing facilities, two measures were caculated: VD and V Dy,
VD isthe visud demand averaged over the length of the curve. Because this gpproach resultsin a
vauethat isdirectly proportiond to the length of the curve and long curves may have lower VD vaues
because more of the lower “tail” isincluded in the caculation, other measures were investigated. The
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visud demand for theinitid 30 m following the PC (VD5,) was aso calculated and compared between
testing facilities. This measure alows for a better understanding of the effect of the roadway geometry
in or near the peak VD, dthough the absolute peak associated with a particular run might or might not

beincluded in that 30 m.

Driver workload increases linearly with the inverse of radius. That is, as radius becomes
amadller, driver workload increases. Thisfinding is supported by the variety of measures and techniques
used to evaluate driver workload. Both subjective (modified Cooper-Harper rating) and objective
(visud demand) measures of driver workload indicated Smilar trends. The effect of deflection angle
was perggent but smal in overal influence and practica sgnificance for driver workload. Analyses
examining subjective and objective measures indicated a modest effect, dthough the subjective measure
(modified Cooper-Harper rating) provided aclearer indication of the influence of deflection angle on
workload.

The examination of paired curves reveded that neither type of curve pair (i.e., broken back- or
S-curve) nor curve pair separetion greetly influenced VD, dthough their influence was Satigticaly
sgnificant. Somewhat contradictory results were found, indicating different responses depending on the
run. An interaction between separation and pair type indicated that closaly spaced S-curves had
sgnificantly higher workload than closely spaced broken-back curves when run 1 results were
examined. Runs 2-6 resultsindicated that widdly spaced curves had higher VD than closaly spaced
curves. Both of these findings were unexpected. It was anticipated that S-curves would be more
consigtent with driver expectations (and be associated with lower workload) and that more closdy
gpaced curves would impose a greater workload through carryover from the previous curve. TheVD
changes observed were rdlaively smdl, however, and further research should be conducted to confirm
or extend these results.

When vision was not occluded in smulation occlusion test sessons, drivers primarily looked
ahead searching for points where roads curved and generaly ignored edge markings in the near field.
Where in the distance drivers looked depended upon the curve direction (left or right) and how sharp
the curve was. The sharper the curve, the more likely drivers were to look at the outside lane line
(versustheingdelaneling). Thisfinding may have implications for ddinestion placement (i.e., providing
enhanced outsde lane line trestments for sharp curves).

Severd different workload measures and testing environments were used in the course of this
research project. Figure 9 provides overdl visuad comparisonsfor VD. Examining the figure, it is
apparent that the measures used in the project to represent driver workload were relatively robust. Of
the sx possible comparisons, datistical anayses showed that five resulted in the conclusion that no
ggnificant difference in dope (with respect to the inverse of radius) existed between the TTI test track
study regression equations and the comparison equations. Thisfinding provides aleve of confidence
that workload differences between features can rdliably be predicted. The exception to this finding was
between the current test track study and the smulator study for one measure of workload, VD.
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The comparisons between intercepts, or condtants, yielded the finding that those intercepts
were generdly sgnificantly different. The cause for these differencesis difficult to determine exactly,
but differences in roadway markings (i.e., aternating markers every 9.2 m compared to markerson
both sides every 6.1 m, painted center stripes and edge lines compared to raised markings, etc.),
testing environments (test track versus smulator, test track versus highway), and the use of different
subjects probably account for many of the differences.
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Inverse of Radius, m*

Figure 9. Overall Equations. VD.

The finding that there is no difference in the dope of the regression line when comparing test
track results with on-road results, but that thereis a difference in the intercept, would indicate that
relativelevels of workload can be ascertained, but not absolutelevels. Thisfinding shows promisein
determining differences in workload levels between successve highway features, but not in basdline
levels. Because most gpplications of driver workload are expected to be with respect to changesin
leve rather than in absolute terms, the genera agreement with respect to the dope of the workload
measures used is very encouraging. The overall robustness in response should yield a greater
confidence in the measures used and lead to further use, research, and future application.

RELATIONSHIPS OF DESIGN CONSISTENCY MEASURESTO SAFETY

Before adesign consstency methodology is recommended to geometric designers, however, it
would be vauable to demongtrate that the proposed design consistency measures are, in fact, related to
safety. Following isasummary of the evaluation. A database was developed to test the reationship to
safety of the roadway aignment indices. To assemble this database, data were obtained from the
FHWA Highway Safety Information System (HSS) for state-maintained two-lane rurd highwaysin the
State of Washington. Criteriaused in establishing study segments included: a minimum section length of
6.4 km, amaximum section length of 32 km, minimum posted speed limit of 88.5 km/h or more, and
elimination of portions of roadway with features that might interfere with the andyss. These criteria
resulted in 291 highway sections available for andysis. The analyss consdered only non-intersection
accidents between 1993 and 1995 that involved: 1) asingle vehicle running off the road; 2) amultiple-
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vehicle collison between vehides traveling in opposite directions; or 3) a multiple-vehicle collison
between vehicles traveling in the same direction. All accidentsinvolving parking, turning, or passng
maneuvers, animasin the roadway, bicycles, or motorcycles were excluded.

The safety evauation consdered seven candidate design consistency measures: the speed
reduction from one geometric design festure to another and Six dignment indices. Regresson models
were developed to investigate the relationship between each candidate design cons stency measure and
safety. The Satistical models devel oped were not intended for use as accident predictive models but
were ingtead intended to illustrate the nature of the relationship of candidate design consistency
measures to safety. Accident frequencies were modeed as a function of exposure (annua average
daly traffic -- AADT -- and section length, both on the logarithmic scal€) and each of the dignment
indices taken one a atime. Sengtivity analyses were dso conducted to examine the sengtivity of the
predicted accident experience to the dignment index.

Of the candidate design consistency measures, four have relationships to accident frequency
that are atistically sgnificant and appear to be sengtive enough that they may be potentidly useful ina
design consistency methodology. These four candidate design consistency measures are:

* Predicted speed reduction by motorists on a horizontal curve relative to the preceding
curve or tangent.

* Radioof anindividua curve radius to the average radius for the roadway section asa
whole.

* Averagerate of vertica curvature for aroadway section.

* Averageradius of curvature for aroadway section.

Thus, these measures gppear promising for assessing the design consstency of roadway aignments.

Of these candidate design consistency measures, the speed reduction on ahorizonta curve
relative to the preceding curve or tangent clearly has the strongest and most sengitive relationship to
accident frequency. Table 5 isan example of the relationship between speed reduction between
successve geometric dements and accident rates. Accident frequency is not as sengtive to the
alignment indices reviewed asiit is to the speed reduction for individua horizontal curves. In addition,
the eval uation has shown that the speed reduction to a horizonta curveis a better predictor of accident
frequency than the radius of that curve. This observation makes a strong case that a design consistency
methodology based on speed reduction provides a better method for anticipating and improving the
potentia safety performance of a proposed dignment aternative than areview of horizonta curve radii
aone.
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Table5. Accident Rates at Horizontal Curves by Design Safety L evel.

Number of 3yr Exposure Accident rate
horizontal accident (million veh+ (accidents/

Design safety leve™* curves frequency km) million vehrkm)
Good: 2V85 # 10 km/h 4,518 1,483 3,206.06 0.46
Fair: 10 kmvh <@V 85 # 20 km/h 622 217 150.46 1.44
Poor: V85 > 20 km/h 147 47 17.05 2.76
Combined 5,287 1,747 3,373.57 0.52

*ay/g5 = difference in 85th percentile peed between successive geometric dements (kn/h)

CONCLUSIONS

The following generd conclusions were developed based upon the findings of the study.

Speed-Profile M odel

 Thisresearch produced speed prediction equations that can be used to caculate the

expected 85" percentile speed dong an alignment that includes both horizontal and vertical
curvaure.

The average 85" percentile speed for long tangents ranged from 93 to 104 knvh for the
datesin thisstudy. Based on the data and engineering judgment, the operating speeds on
tangents and the maximum operating speeds on horizontal curves could be rounded to 100
knvh.

After establishing that current acceleration and dece eration rates and assumptions are not
vaid, at least for the sites salected in this study, new mode s were developed that predict
acceleration and decderation in the vicinity of ahorizonta curve as afunction of curve
radius.

The various findings from this study were used to develop a speed-profile modd. This
model can be used to evaluate the design consstency of afacility or to generate a speed
profile dong an dignment.

The speed-profile modd developed in the research appears to provide a suitable basis for
the IHSDM design consistency module. Therefore, IHSDM should contain adesign
consistency module based on the speed-profile modd developed in this research.



Evduation of Design Consstency Methods for Two-Lane Rurd Highways

Alignment Indices

The dignment indices did not explain the variation in measured speeds on long tangents nor
are they as sengtive to accident frequency as speed reduction predictions.

Speed Distribution Measures

Based upon the findings from this research, speed variance is not appropriate as adesign
congstency measure for horizonta curves.

Driver Workload

C Driver workload has very good potentia as a design consstency rating measure. Addi-

tional investigation is necessary to develop threshold vaues indicating limits to driver
workload change, with the work examining workload tolerance performed in this sudy
providing a starting point.

The vison occluson method is sengtive to changes in road geometry and is a promising
measure of effectiveness. Vison occlusion should be consdered for use in future sudies
when the visud demand/workload of driving Stuationsis to be determined.

The preferred method of computing vison demand for a horizontal curve is over arddively
amadll fixed-Hlength portion of roadway after the beginning of the curve to diminate potentia
confounding between the summary measures used and the length of the curve. In this study
measures based on the first 30 m of the test curves were used successfully.

Based on this research, smulator results can provide reasonable estimates of real world
estimates of workload and should be considered for use in future studies of visua demand.

Relationships of Design Consistency M easuresto Safety

C

Of the candidate design condstency measures, the speed reduction on a horizontd curve
relaive to the preceding curve or tangent has the strongest relationship to accident fre-
quency.

The following dignment indices are d 0 related to safety:
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< Ratio of anindividud curve radiusto the average radius for the roadway section asa
whole.

< Averagerate of vertical curvature for aroadway section.

< Averageradius of horizonta curvature for a roadway section.

However, these dignment indices are not as strongly related to safety as speed reduction.

RECOMMENDATIONS

The following recommendations are made based upon the findings and conclusions of this study:

Additiond ingght into the influence of speeds on tangent sections of various lengths and
gradesisneeded. This proposed research would greetly enhance the effectiveness of any
peed-profile model because it may vaidate the assumptions currently being made,

The acceleration and decel eration model s developed here were exclusively related to the
impact of the horizonta curve. It isrecommended that asmilar effort be undertaken to
assess the impact of vertical curves, as wdl as horizonta-vertical curve combinations on
acceleration and deceleration profiles.

Further research should be conducted to extend al aspects of this research, such as speed
prediction equations, accel eration/decel eration behavior, and the speed-profile modd, to
roadway types other than two-lane rurd highways.

Further refinements should be made to the IHSDM design consistency module in future
research to include a capability to identify design inconsistencies based on factors other
than horizontal and verticd dignment. Such factors might include intersections, driveways,
and auxiliary lanes.

Further research should be conducted in estimating operating speeds of trucks and
recreationa vehicles for different horizontal and vertica curves. Additiond dataare
required to devel op regression models to estimate their operating speeds.

Because the safety evaluation demonstrated that predicted speed reduction has the
strongest relationship to accident frequency, speed reduction should be the primary
measure in any design consstency methodology for horizonta and vertical curvature. To
accomplish this, better methods to predict speeds need to be investigated. Alignment
indices may be appropriate measures to supplement speed reduction in adesign conss-
tency methodology, but they should not be considered as the primary measure.
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C Additiond effort is recommended to apply the driver workload techniques evauated and
developed in this study to other design conditions (i.e., more complex curves, intersections,
sdgnsand sgnds, and traffic). Studies relating driver workload to traffic conflict or accident
risk could assigt in further evaluaing its usefulnessin geometric design. Low-cost smulation
with on-the-road or test track inputs should be an essentia eement of that program.

C Additiond research isdesired to develop a better theoreticad mode of visua demand.

Further sudies of the influence of aging on visud demand would aso enhance the possble
gpplication of driver workload measures.
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