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Foreword 

The nine papers in this Record will be of special interest to highway 
designers and traffic engineers who seek precision in evaluating fac­
tors and conditions that influence highway traffic, efficiency and safety. 

The first two papers supplement each other as both explain the 
development and use of a modulus of geometric highway design as­
pects in terms of the ease with which traffic moves along a section 
of highway. 

The next two papers present enlightening discussions and examples 
of engineering decisions made by automation. In one paper the author 
applies an automated theoretical method to a problem of highway in­
terchange design. The other deals with the problem of selecting and 
evaluating trial grade line. It explains a system of electronic com­
putation that achieves a balance between construction costs and the 
highway users' operating costs. 

Local highway authorities who may be faced by problems of in­
creasing the capacity or safety of existing routes in growing com­
munities should welcome the abridged report, "Optimum Width for 
Widening Secondary Arterial Streets . " 

Another paper, written under the sponsorship of the Department 
of Traffic and Operations, discuss e-s the effects of a barrier railing 
installed in a na rrow median of an expressway in Philadelphia on traf­
fic flow and driver performance. 

Two papers in this Record discuss extensive full-scale impact 
tests of bridge parapets and designed barrier rails. One paper cov­
ers design and tests in California, while the other describes the 
features and results of tests on new General Motors Proving Ground 
structures at Milford, Michigan. The latter report offers evidence 
of increased safety through the use of a specially designed shape of 
concrete parapet. 

The last pa per, "Development of an Analytical Procedure for the 
Prediction of Highway Barrier Performa nc e," covers two impor­
tant phases of a continuing research project on highway barriers-a 
series of full-scale dynamic tests and the development of a mathe­
matical analysis of the reaction of a vehicle during collision with a 
barrier. 
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Criteria for Balanced Geometric Design of 
Two-Lane Rural Highways 
J. C. OPPENLANDER and R. F. DAWSON 

Respectively, Assistant Professor and Instructor, Purdue University, West 
Lafayette, Indiana 

This investigation was concerned with the development of numerical 
measures for the significant geometric-design elements of two-lane 
highways located in rural areas. A mathematical model for the 
modulus of geometric aspects was solved to evaluate the ease with 
which vehicular traffic traverses a highway section with a particular 
combination of geometric features. These geometric moduli are 
predicated on the approach speed of the traffic and on the speed re­
duction produced by the design elements . 

Solutions to a multiple linear regression equation provided a 
reasonable estimation of the speed parameters. The geometric­
design variables evaluated for two-lane highways were degree of 
curve, gradient, minimum stopping sight distance, and lane width. 
In addition, percent of out-of-state cars, percent of truck combina­
tions, number of commercial roadside establishments per mile, and 
total traffic volume constituted the controls necessary for functional 
geometric design. The statistical model used for the generation of 
approach speeds and speed reductions was developed from the multi­
variate analysis of traffic-flow conditions observed on two-lane, 
rural highways . 

Finally, criteria for different levels of balanced geometric design 
were developed for use by the design engineer. The moduli for 
geometric characteristics permit the engineer to select various 
combinations of geometric-design elements that produce the same 
influence on traffic flow. This technique can also be applied to the 
evaluation of redesign and to the conduct of various highway planning 
surveys, such as needs studies and sufficiency ratings. 

•THE SAFE, expedient, and economic movement of traffic is probably most influenced 
by the geometric aspects of the highway. However, little attention has been devoted to 
the quantitative evaluation of geometric design. The knowledge of highway geometric 
design can be fully developed only when the effects of its elements on traffic flow are 
measured and expressed in numerical terms. 

The purposes of this research investigation were to develop numerical ratings of the 
geometric elements that significantly influence the rate of traffic flow and to establish 
criteria for the balanced design of two-lane highways located in rural areas. The geo­
metric moduli and the design criteria were predicated on two speed parameters . The 
average speed on the approach to a particular combination of geometric features indi­
cates the level of the design in regard to efficiency. As average speed increases, the 
highway section carries the traffic in a more expedient manner. In addition, the speed 
reduction produced by the given geometric arrangement represents the relative safety 

Paper sponsored by Committee on Geometric Highway Design and presented at the 43rd 
Annual Meeting. 
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of the highway location. Smaller changes in speed are associated with safer highway 
travel. 

These geometric moduli for two-lane, rural highways can be used to: 

1. Proportion the geometric-design elements of a highway to achieve a uniform 
level of traffic-flow conditions; 

2. Compare the effects of various combinations of geometric features on the rate 
of traffic movement; 

3. Analyze different geometric designs in regard to their operational characteris­
tics; 

4. Evaluate quantitatively the influence of redesign on the behavior of traffic flow; 
5. Provide numerical evaluations of tolerable standards for the determination of 

deficiencies in highway needs studies ; and 
6. Determine sufficiency ratings for programming highway improvements. 

Both practical and theoretical considerations were applied for a scientific approach 
to the quantitative evaluation of the geometric design of highways. These moduli of 
geometric aspects provide numerical ratings of various design combinations on an in­
terval scale of measurement. Thus, the engineer can use these moduli for geometric 
characteristics to assist him in formulating the professional judgment necessary in 
achieving balanced geometric design. 

PROCEDURE 

To evaluate the moduli for geometric characteristics, it was necessary to solve a 
mathematical model for speed conditions that were generated by a statistical model for 
geometric-design elements and design- control variables. The expressions, "geomet­
ric modulus," "modulus of geometric aspects," and "modulus for geometric charac­
teristics, 11 are used interchangeably in this paper to denote the numerical rating of 
highway geometric design. 

Recent theoretical studies of traffic flow have postulated that vehicular movement is 
produced by a motivating pressure potential. Differences in potential along the highway 
produce various rates of traffic movement. Therefore, this potential indicates the flow 
behavior of traffic traveling on a highway section with certain geometric-design charac­
teristics. The formula for the modulus of geometric aspects was presented as: 

ln ( 4 S0 - 2 ti.S) - ln ~S (1) 

where 

F 0 geometric modulus, 
S0 average speed on approach to a geometric element, and 
~S reduction in average speed produced by the corresponding geometric element. 

The derivation of this expression is presented in the literature (2, 4). The modulus 
for geometric characteristics is a numerical measure of the ease with which traffic 
traverses a highway location with certain geometric features. 

To solve the preceding equation for real values representing the actual conditions 
encountered on two-lane highways located in rural areas, a multiple linear regression 
equation was evaluated for estimating mean approach speeds and speed reductions. 
The following statistical model was developed from the multivariate analysis of traffic 
flow on two-lane, rural highways: 

S 39.34 + 0.0267X1 + 0.1396X2 - 0.8125X
3 

- 0.1126X1 + 

0.0007X
5 

+ 0.6444X
6 

- 0.5451X
7 

- 0.0082X
8 

(2) 



where 

mean spot speed, mph; 
out-of-state passenger cars in traffic stream, percent; 
truck combinations (tractor with one or more trailers) in traffic stream, 
percent; 
degree of curve; 
gradient, percent; 
minimum stopping sight distance, ft; 
lane width, ft; 
number of commercial roadside establishments, such as restaurants, 
service stations, motels, and taverns per mile (counted on both sides of 
the roadway for 1/2 mile in advance of and 1/2 mile beyond the speed site), 
no. per mile; and 
total traffic volume, vph. 

3 

The coefficient of multiple correlation was 0. 788 for this investigation and was sig­
nificant at the 5 percent level. The precision of this multiple estimate was measured 
by a standard error of estimate equal to 4. 47 mph. This regression model provides a 
reasonable and efficient evaluation of the functional relationship between mean spot 
speed and the eight variables that significantly influence the rate of traffic flow on two­
lane, rural highways (3). 

The multiple linear-regression equation was solved to generate the average speed 
on the approach to a geometric element (S0 ) and the average speed on the corresponding 
design feature (S1 ). The difference between these two mean speeds (S0 - SJ produced 
the reduction in average speed occasioned by the geometric-design element (Ll.S). These 
two speed parameters (S0 and Ll.S) were essential for the solution of the mathematical 
model representing the modulus for geometric characteristics. This computational 
technique was programmed in FORTRAN Language for the IBM 7090 computer to obtain 
the geometric moduli for various combinations of geometric elements and design con­
trols. 

Design criteria were developed in this investigation for various levels of highway 
design. Reasonable limiting values of degree of curve, gradient, minimum stopping 
sight distance, and lane width were formulated from accepted geometric-design policy 
for design speeds of 30, 40, 50, 60, and 70 mph (1). The evaluation of the expression 
for the modulus of geometric aspects permitted t11e establishment of minimum geomet­
ric moduli for the five design speeds. 

RESULTS 

Solutions to the statistical model were generated for average values of the design-
control variables. The four design controls were established at the following levels: 

1. Out-of-state passenger cars in traffic stream, 20 percent; 
2. Truck combinations in traffic stream, 7. 5 percent; 
3. Number of commercial roadside establishments per mile, 1 per mile; and 
4 . Total traffic volume, 900 vph. 

These average levels are representative of travel conditions on two-lane, rural high­
ways for design purposes (_!, ~). 

Geometric Moduli 

A multivariate analysis of traffic flow indicated that degree of curve, gradient, 
minimum stopping sight distance, and lane width were the four geometric-design ele­
ments that significantly influenced the rate of traffic movement (3). Therefore, only 
these four variables were considered over the following ranges ill the development of 
numerical ratings of geometric design: 

1. Degree of curve, 0 to 12 deg in 1-deg increments; 
2. Gradient, 0 to 10 percent in 1 percent increments; 
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3. Minimum stopping sight distance, 200, 300, 400, 500, 600, 800, 1, 000, 1, 500, 
2, 000, and 2, 500 ft; and 

4. Lane width, 9, 10, 11, 12, and 13 ft. 

These values are fairly indicative of the geometric conditions of two-lane highways 
located in rural areas. In regard to sight distance, the limit of driver visibility is ap­
proximately 2, 500 ft. 

The moduli for geometric characteristics of two-lane, rural highways are presented 
in the Appendix, Tables 1. 00 to 5 .10. The geometric moduli calculated from the math­
ematical model were scaled by a factor of ten to produce the tabled values. Different 
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lane widths and various percent grades are represented, respectively, by the unit digit 
and the tenth and hundredth digits of the numerical designations of these tables. The 
selected values of degree of curve and minimum stopping sight distance are listed in 
each tabulation. 

If there is no change in average speed, the calculated value of the geometric modulus 
becomes infinite. Therefore, in Table 1. 00, Appendix, the ideal geometric-design 
condition of tangent and level alignment with a wide lane and an adequate minimum 
stopping sight distance was arbitrarily assigned the rating of 100. All remaining 
geometric moduli were computed in relation to this ideal situation. 
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The relationships between geometric moduli and each design element are shown in 
Figures 1 to 4. Similar effects on the ease of traffic movement are indicated for in­
creasing values of all restrictive variables, although degree of curve has the most 
pronounced influence. The moduli of geometric aspects rapidly decrease for small 
restrictive values and continue to decrease at a decreasing rate as the restrictions of 
the geometric features increase. 

Design Criteria 

The development of design criteria for two-lane, rural highways is given in Table 1. 
The values of the four geometric elements represent reasonable upper limits for degree 
of curve and gradient and reasonable lower limits for minimum stopping sight distance 
and lane width at design speeds of 30, 40, 50, 60, and 70 mph. The minimum geomet­
ric moduli corresponding to these design speeds are, respectively, 19, 23 , 27, 31, 
and 3 5. Therefore, in the balanced geometric design of a highway for a given level of 

TABLE 1 

DESlGN CRITERIA FOR TWO-LANE, RURAL HIGHWAYS 

Design Speed, mph 
Geometric Elements 

30 40 50 60 70 

Curve, deg 20 12 8 5 3 
Gradient, % 7 6 5 4 3 
Min. stop. sight dist. , ft 200 300 400 500 600 
Lane width, ft 11 11 11 12 12 

Design level 19 23 27 31 35 

50 

40 

-----------
-----------------------...... 

10 

030 40 50 60 70 
DESIGN SPEED !MPH) 

Figure 5. Geometric ruoduli for design speeds . 



7 

design speed, the geometric moduli of the various roadway sections must have ratings 
equal to or greater than the design-level value. 

Design levels of the modulus for geometric chal"acteristics are expressed as a func­
tion of design speed in Figure 5. The straight-line relationship is indicative of modern 

ngin ering principles, in that the nginecr tenets to analyze and synthesize in terms of 
linear associations. 

Applications 

Several examples are presented to illustrate the application of geometric moduli to 
problems in highway planning and design. Although reasonable values of degree of 
curve, gradient, minimum stopping sight distance, and lane width were sel cted in the 
development of minimum criteria for various levels of des'ign and tetra in conditions, 
the practicing engineer can apply design and planning standards that are more applicable 
to his pa1·ticular situation. 

The first illustration is concerned with the design level of the geometric modulus for 
the sele tion of various combinations of geometric features to produce a balanced de­
sign that is adequate for a specified design speed. If a design speed of 60 mph is war­
ranted, then the moduli of geometric aspects must be equal to or greater than 31 for all 
sections of this roadway. The limiting conditions of the four geometric elements and 
the design levels are given in Table 1 as a function of design speed for two-lane highways 
located in rural areas. 

The modulus for geometric characteristics can also be used to compare the desira­
bility of ~rarious combinations of geometri features. To illustrate this second example, 
it is assumed that two different geometric designs are possible for a given highway sec­
tion. The degree of curve, gradient, minimum stopping sight distance, and lane width 
are, respectively, 6 deg 1 percent, 400 ft, and 12 ft for the first design. The corre­
sponding geometric elements for the second case are 2 cteg, 4 percent, 1 000 ft and 
12 ft. The respective geometric moduli are determined from Tables 2. 0 1 and 2. 04 
(Appendix) as 31 and 37. 'T'here£ore it is concluded that the second design affords a 
better combination of geometric features in regard to trafftc-ilow characteristics. 

Another application of the moduli of geometric aspects is to obtain an average nu­
mer ical rating· for the entire length oI a highway that is being designed or i·edesigned. 
This quantitative valuation of the operational conditions ~s readily ascertained by cal­
culating a weigt1ted average of the geometr ic moduli for the individual s ctions thal 
comprise the total highway. Each modulus is weighted by the length of highway for which 
it ~s lh numeri al measure. Weighted geometri moduli can also be used to compare 
the relallve advantages of alternate highway locations. 

The final example involves the development of tolerable standards for determining 
geometric deficiencies in highway needs studies. Estimates of degree of curve, gradi-

TABLE 2 

TOLERABLE CRITERIA FOR TWO-LA E RURAL 
HIGHWAYS IN THE PRIMARY-STATE 

CLASSIFICATION 

Terrain 
Geometric Elements 

Level Rolling 

Curve, deg 6 9 
Gradient, % 5 6 
Min. stop. sight dist., ft 500 400 
Lane width, ft 11 10 

Tolerable level 29 25 

Hilly 

12 
7 

300 
9 

22 
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TABLE 3 

TOLERABLE CRITERIA FOR TWO-LANE, RURAL 
HIGHWAYS IN THE SECONDARY-STATE 

CLASSIFICATION 

Terrain 
Geometric Elements 

Level Rolling 

Curve, deg 10 20 
Gradient, % 8 10 
Min. stop. sight dist., ft 400 300 
Lane width, ft 10 9 

Tolerable level 24 18 

Hilly 

30 
12 

200 
9 

13 

ent, minimum stopping sight distance, and lane width that permit reasonably safe, ef­
ficient, and comfortable travel on two-lane, rural highways are given in Table 2 for the 
primary-state classification and in Table 3 for the seceondary-state classification. 
These tolerable standards for level, rolling, and hilly terrain represent levels of geo­
metric conditions that rank below design standards. The tolerable levels of geometric 
modulus were obtained from Tables 1. 00 to 5. 00 (Appendix) for the specified geometric­
design conditions. If the road inventory of a primary state system shows that a given 
highway section located in level terrain has a degree of curve, gradient, minimum stop­
ping sight distance, and lane width of 9 deg, 3 percent, 200 ft, and 10 ft, respectively, 
then the modulus of geometric aspects is determined from Table 4. 03 (Appendix) as 25. 
In a comparison of the actual geometric modulus of 25 with the tolerable level of 29 
(Table 2), it becomes evident that this road section has a geometric deficiency. Thus, 
numerical ratings of geometric design can be used to evaluate quantitatively the traffic 
services rendered by existing highway facilities. 

CONCLUSIONS 

Moduli for p;eometric characteristics were developed as numerical evaluations of the 
significant geometric-design elements applicable to two-lane highways located in rural 
areas. The geometric modulus quantitatively represents the ease with which traffic 
traverses a highway section with a particular combination of geometric features. There­
fore, the effects of highway geometric design on traffic movement can be measured and 
expressed in terms of numerical ratings. 
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Appendix 

TABLE l. 00 
MODULI FOR GEOMETRIC CHAR/\CTER ISTICS 

LANE WICTH 13 FT. PERCENT GRACE 0 
CEG.OF SIGHT DISTANCE -- FEET 
CURVE 250C 2000 150C 1000 800 600 5CO 400 300 200 

0 100 61 54 50 49 48 47 47 47 46 
1 53 49 47 45 44 43 43 42 42 42 
2 46 44 42 4 1 40 40 40 39 39 39 
3 42 40 39 38 38 37 37 37 37 37 
4 39 38 37 36 36 35 35 35 35 35 
5 37 36 35 34 34 34 33 33 33 33 
6 3') 34 33 32 32 32 32 32 32 32 
7 33 32 32 31 31 31 31 30 30 30 
8 32 31 30 30 30 29 29 29 29 29 
9 30 30 29 29 29 ZR 28 28 28 28 

10 2Y 29 28 28 28 27 27 27 27 27 
11 28 28 27 27 27 26 26 26 26 26 
12 27 27 26 26 26 26 26 25 25 25 

TABLE 1.01 
MODULI FCR GEOMETRIC CHAR/\CTERISTICS 

LANE WICTH 13 FT. PERCENT GRACE 
CEG.DF SIGHT DISTANCE -- FEET 
CURVE 250C 2000 15CC 1000 800 600 5CO 400 300 200 

0 73 59 53 49 48 47 47 46 46 45 
l 52 48 46 44 43 '• ·3 42 42 42 41 
2 45 43 42 40 40 39 39 39 39 39 
3 41 40 39 38 37 37 37 37 36 36 

) 4 38 37 37 36 35 35 35 15 35 34 
5 36 35 35 34 34 B 33 33 33 33 
6 34 34 33 32 32 32 32 32 31 31 
7 33 32 32 31 31 30 30 30 30 30 
8 31 31' 30 30 30 29 29 29 29 29 
9 30 30 29 29 28 28 28 28 28 28 

10 29 28 28 28 27 27 27 27 27 27 
11 28 27 27 27 26 26 26 26 26 26 
12 27 27 26 26 26 25 25 25 25 25 

TABLE l. 02 
MODULI FCR GEOMETRIC CHARACTERISTICS 

LANE WIDTH 13 FT. PERCENT GRADE 2 
DEG.OF SIGHT DISTANCE -- FEET 
CURVE 250C 2000 1500 1000 8CO 600 5CO 400 300 200 

0 66 56 52 48 47 46 46 46 45 45 
1 51 48 45 43 43 42 42 42 41 41 
2 45 43 4 1 40 40 39 39 39 38 38 
3 41 40 38 37 37 37 37 36 36 36 
4 38 37 36 35 35 35 35 34 34 34 
5 36 35 34 34 33 B 33 33 33 33 
6 34 33 33 32 32 32 32 31 31 31 
7 33 32 31 31 31 30 30 30 JO 30 
8 31 31 30 30 29 29 29 29 29 29 
9 30 29 29 28 28 28 28 28 28 28 

10 29 28 28 27 27 27 27 27 27 27 
11 28 27 27 27 26 26 26 26 26 26 
12 27 26 26 26 25 25 25 25 25 25 
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TACL[ l. 03 
MODULI FCR GEOMETRIC CHARl\CTER ISTICS 

LllNE W!CTH 13 FT. PERCENT Gl<llCE 3 
CEG.OF SIGHT CIST/\NCC -- FEET 
CURVE 250C 2000 l50C 1000 800 600 5CO 1+00 300 200 

0 t2 55 5 l 48 47 46 45 45 44 44 
l 49 47 45 43 42 42 41 41 41 41 
2 44 42 4 l 40 39 39 31:1 38 38 38 
3 40 39 38 37 37 36 36 36 36 36 
4 38 37 36 35 35 34 34 34 :14 34 
5 36 35 34 33 33 :n 33 33 32 32 
6 34 33 33 32 32 ·11 31 31 31 31 
7 32 32 31 31 30 30 30 30 30 30 
8 31 30 30 29 29 2 CJ 29 29 29 29 
9 30 29 29 28 28 28 28 28 c8 28 

10 29 28 28 27 27 27 27 2 "7 27 27 
11 28 27 27 26 26 26 26 26 26 26 
12 27 26 26 26 25 25 25 ?5 25 25 

TABLE 1.04 
MODULI FCR GEOMETRIC CHAR/\CfERISTICS 

LANE W ICTH 13 FT. PERCENT GRADE 4 
CEG.OF SIGHT CIST/\"JCE -- FEU 
CURVE 250C 2000 150C 1000 800 600 5CO 400 300 200 

0 59 53 49 47 46 45 45 44 44 4'• 
1 49 46 44 42 42 41 41 41 40 40 
2 43 42 40 39 39 38 30 38 38 38 
3 40 39 38 37 36 36 36 36 36 35 
4 37 37 36 35 35 34 34 34 34 34 
5 35 35 34 33 33 33 33 32 32 32 
6 34 33 32 32 31 31 ~ 1 31 :ll 31 
7 32 32 31 30 30 30 30 30 30 30 
B 3 1 30 30 29 29 29 29 29 29 28 
'-} 30 29 29 28 28 28 28 28 28 27 

10 28 28 28 27 27 27 27 27 27 27 
11 27 27 27 26 26 26 26 26 26 26 
12 27 26 26 25 25 25 25 25 25 25 

TAC LE 1. 05 
MODULI FCR GEO,..ETR!C CHARACTERISTICS 

LllN E WICTH 13 FT. PERCENT GRADE 5 
DEG.OF SIGHT DISTANCE - - fEET 
CURVE 25CC 2000 150C 1000 800 600 5CO 400 300 zoo 

0 57 52 49 46 45 44 44 44 4 .3 43 
l 48 45 41 42 41 41 40 40 40 40 
2 43 41 40 39 38 38 38 38 37 37 
3 40 39 37 37 36 36 36 35 35 35 
4 37 36 35 35 34 34 34 34 34 33 
5 35 34 34 33 33 32 32 32 32 32 
6 33 33 32 32 31 31 31 31 3 1 31 
7 32 31 31 30 30 30 30 30 30 29 
B 31 30 30 29 29 29 29 29 28 28 
9 29 29 28 28 2 ll 28 28 28 27 27 

10 28 28 27 27 27 27 27 27 26 26 
l l 27 27 27 26 26 26 26 26 26 26 
12 26 26 26 25 2 'j 25 25 25 25 25 
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TABLE 1. 06 
MODULI FCR GEOMETRIC CHARACTERISTICS 

LANE WI CTH 13 FT. PERCENT GRACE 6 
DEG.Ur SIGHT DISTANCE -- FEET 
CURVE: 25CC 2000 l5CC 1000 800 600 500 400 300 200 

0 55 ') l 48 45 45 44 t, 3 43 43 42 
1 47 45 43 41 41 40 40 40 40 39 
2 t,2 41 40 39 38 38 37 37 37 37 
3 39 38 37 36 36 36 35 35 35 35 
4 37 36 35 34 34 34 34 34 33 33 
5 35 34 33 33 32 32 32 32 32 32 
6 33 33 32 31 31 31 31 31 31 30 
7 32 :n 31 30 30 30 30 29 29 29 
8 30 30 29 29 29 29 28 28 28 28 
9 29 29 28 28 28 28 27 27 27 27 

10 28 28 27 27 27 27 27 26 26 26 
11 27 27 26 26 26 26 26 26 26 25 
12 26 26 26 25 25 25 25 25 25 25 

TABLE 1.07 
MOCULI rGR GEOMETRIC CHARACTERISTICS 

LANE wrorn 13 FT. PERCENT GRADE 7 
DEG.OF SIGHT DISTANCE -- FEET 
CURVE 250C 2000 150C 1000 8CO 600 5CO 400 300 200 

0 53 50 47 45 44 43 lt3 43 42 42 
l 46 44 lt2 41 40 40 40 39 39 39 
2 42 41 39 38 38 37 37 37 37 37 
3 39 38 37 36 36 35 35 35 35 35 
4 37 36 35 34 34 34 33 33 33 33 
5 35 34 33 33 3? 32 32 32 32 32 
6 33 32 32 31 31 31 31 30 30 30 
7 32 31 30 30 30 30 29 29 29 29 

) 8 30 30 29 29 29 28 28 28 28 28 
9 29 29 28 28 28 27 27 27 27 27 

10 213 28 27 27 27 26 26 26 26 26 
11 27 27 26 26 26 26 26 25 25 25 
12 26 26 25 25 25 25 25 25 25 25 

TABLE 1. 08 
MODULI FCR GEOMETRIC CHARACTERISTICS 

LANE W ICTH 13 FT. PERCENT GRADE 8 
DEG.OF SIGHT DISTANCE -- FEET 
CURVE 250C 2000 15CC 1000 800 600 5CO 400 300 200 

0 52 49 46 44 43 43 42 42 t,2 42 
l 45 44 42 41 40 40 39 39 39 39 
2 4 l 40 39 38 37 37 37 37 36 36 
3 39 38 37 36 35 35 35 35 35 34 
4 36 35 35 34 34 33 33 33 33 33 
') 34 34 33 32 32 32 32 32 31 31 
6 33 32 32 31 31 31 30 30 30 30 
7 31 31 30 30 30 29 29 29 29 29 
8 30 30 29 29 28 28 28 28 28 28 
9 29 28 28 28 27 27 27 27 27 27 

10 28 27 27 27 27 26 26 26 26 26 
11 27 27 26 26 26 25 25 25 25 25 
12 26 26 25 25 25 25 25 25 24 24 
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TAFlLE 1. C9 
MODULI FDR GEOMETRIC CHARACTERISTICS 

LANE W !DTH 13 FT. PERCENT GRf\DE -: 9 
DEG.OF SIGHT ClSTANC[ -- FEET 
CURVE 250C 2000 150C 1000 800 600 5CO 400 300 200 

0 51 48 45 44 43 42 42 42 41 41 
1 45 43 4 1 40 40 39 39 39 38 38 
2 41 40 39 38 37 37 37 36 36 36 
3 38 37 36 35 35 35 35 34 34 34 
4 36 35 34 34 33 33 33 33 33 33 
5 34 33 33 32 32 32 32 31 31 31 
6 33 32 3 1 31 3 1 ·30 30 30 30 30 
7 3 1 31 30 30 29 29 29 29 29 29 
8 30 29 29 28 28 28 28 28 28 28 
9 29 28 28 27 27 27 27 27 2 7 27 

10 28 27 27 27 26 26 26 26 26 26 
11 27 26 26 26 26 25 25 25 25 25 
12 26 26 2 ') 25 25 25 24 24 24 24 

TAFlLE 1. 10 
MOOULI FCR GEOMETRIC CHARACTERISTICS 

LANE W ll~TH 13 FT. PERCENT GRl\OE = 10 
DEG.OF SIGHT DISTANCE -- FEET 
CURVE 250C 2000 150C lOOC 800 600 5CO 400 300 200 

0 50 47 45 43 42 42 41 41 41 41 
l 44 42 4 1 40 39 39 39 38 3 8 38 
2 41 39 38 37 37 36 36 36 36 36 
3 38 37 36 35 35 35 34 34 34 34 
4 36 35 34 33 33 33 33 33 33 32 
5 34 33 33 32 32 31 31 31 31 31 
6 32 32 31 31 3C 30 30 30 30 30 
7 31 30 30 29 29 29 29 29 29 29 
fl 30 29 29 28 28 28 28 28 28 28 
9 29 28 28 27 27 27 27 27 27 27 

10 28 27 27 26 26 26 26 26 26 26 
11 27 26 26 26 25 25 25 25 25 25 
12 26 25 25 25 25 24 24 2 '• 24 24 
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TABLE 2.00 
MODULI FCR GEOMETRIC CHARACTERISTICS 

LANE W ICTH 12 FT. PERCENT GRADE 0 
DEG.OF SIGHT DISTANCE -- FEET 
CURVE 250C 2000 150C 1000 BOO 600 500 400 300 zoo 

0 55 51 48 46 45 44 44 43 43 43 
1 47 45 43 42 41 40 40 40 40 39 
2 43 41 40 39 38 38 38 37 37 37 
3 39 38 37 36 36 36 35 35 35 35 
4 37 36 35 34 34 34 34 34 33 33 
5 35 34 33 33 33 32 32 32 32 32 
6 33 33 32 31 31 31 31 31 31 30 
7 32 31 3 1 30 30 30 30 30 29 29 
8 30 30 29 29 29 29 29 28 28 28 
9 29 29 28 28 2B 2B 27 27 27 n 

10 28 2B 27 27 27 27 27 26 26 26 
11 27 27 26 26 26 26 26 26 26 2') 
12 26 26 26 25 25 25 25 25 25 25 

TABLE 2. 01 
MODULI FOR GEOMETRIC CHARACTERISTICS 

LANE WIDTH 12 FT. PERCENT GRADE 
CEG.OF SIGHT CISTANCE -- FEET 
CURVE 250C 2000 15 oc 1000 BOO 600 5CO 400 300 200 

0 54 50 47 45 44 43 43 43 42 42 
l 46 44 43 41 41 40 40 40 39 39 
2 42 41 39 3B 3B 37 37 37 37 37 
3 39 3B 37 36 36 35 35 35 35 35 
4 37 36 35 34 34 34 33 33 33 33 
5 35 34 33 33 32 32 32 32 32 32 
6 33 32 32 31 31 31 31 31 30 30 
7 32 31 30 30 30 30 29 29 29 29 
8 30 30 29 29 29 28 28 2B 2B 28 
9 29 29 2B 28 28 2 7 27 27 27 27 

10 28 28 27 27 27 27 26 26 26 26 
11 27 27 26 26 26 26 26 25 25 25 
12 26 26 25 25 25 25 25 25 25 25 

TABLE 2.02 
MODULI FCR GEOMETRIC C~ARACTER!STICS 

LANE WICTH 12 FT. PERCENT GRADE 2 
DEG.OF SIGHT CISTMKE -- FEET 
CURVE 2500 2000 1500 1000 800 600 5CO 400 300 200 

0 52 49 46 44 44 43 43 42 42 42 
1 46 44 42 41 40 40 39 39 39 39 
2 Ii 2 40 39 38 38 37 37 37 37 36 
3 39 3B 37 36 35 35 35 35 35 34 
4 36 35 35 34 34 33 33 33 33 33 
5 34 34 33 32 32 32 32 32 32 31 
6 33 32 32 31 31 31 30 30 JO 30 
7 31 31 30 30 30 29 29 29 29 29 
8 30 30 29 29 28 28 28 28 2B 2B 
9 29 29 28 28 27 27 27 27 27 27 

10 28 28 27 27 27 26 26 26 26 26 
11 27 27 26 26 26 26 25 25 25 25 
12 26 26 25 25 25 25 25 25 25 24 
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TAflLE 2.03 
MODULI FOR GEOMETRIC CHARACTERISTICS 

LANE W !DTH 12 FT. PERCENT GRADE 3 
DEG.OF SIGHT DISTANCE -- FEET 
ClJR\/E 2500 2000 150C 1000 BOO 6CO 5(0 400 300 zoo 

0 51 48 46 44 43 42 42 42 41 41 
l 45 43 42 40 40 39 39 39 39 3B 
2 41 40 39 38 37 37 37 36 36 36 
3 3B 37 36 35 35 35 35 35 34 34 
4 36 35 34 34 33 33 33 33 33 33 
5 34 34 33 32 32 32 32 31 31 31 
6 33 32 31 31 31 30 30 30 30 30 
7 31 31 30 30 29 29 29 29 29 29 
8 30 29 29 29 28 28 28 28 28 28 
9 29 28 28 28 27 27 27 27 27 27 

10 28 27 27 27 26 26 26 26 26 26 
11 27 26 26 26 26 25 25 25 25 25 
12 26 26 25 25 25 25 25 24 24 24 

TABLE 2.04 
MODULI FCR GEO~ETRIC CHARACTERISTICS 

LANE WIDTH 12 FT. PERCENT GRADE 4 
DEG.OF SIGHT DISTANCE -- FEET 
CLRVE 250C 2000 150C 1000 BOO 600 5CO 400 300 200 

0 50 47 45 43 42 42 42 41 41 41 
l 44 43 4 l 40 39 39 39 38 38 38 
2 41 39 38 37 37 37 36 36 36 36 
3 38 37 36 35 35 35 34 34 34 34 
4 36 35 34 34 33 33 33 33 33 32 
') 34 33 33 32 32 32 31 31 31 31 
6 32 32 31 31 30 30 30 30 30 30 
7 3 l 30 30 29 29 29 29 29 29 29 
8 30 29 29 28 28 28 28 28 28 2B 
9 29 2B 28 27 27 27 27 27 27 27 

10 28 27 27 26 26 26 26 26 26 26 
11 27 26 26 26 25 25 25 25 25 25 
12 26 25 25 25 25 24 24 24 24 24 

TABLE 2.D5 
MODULI FCR GEO~ETRIC CHARACTERISTICS 

LANE WICTH 12 FT. PERCENT GRADE 5 
DEG.OF SIGHT CISTANCE -- FEET 
CURVE 250C 2000 150C 1000 800 600 5CO 400 300 200 

0 49 46 44 43 42 41 41 41 41 40 
l 44 42 41 39 39 39 38 38 38 3B 
2 i.o 39 38 37 37 36 36 36 36 36 
3 38 37 36 35 35 34 34 34 34 34 
4 36 35 34 33 3? 33 33 32 32 32 
5 34 33 32 32 32 31 31 31 31 31 
6 32 32 3 l 30 30 30 30 30 30 30 
7 31 30 30 29 29 29 29 29 29 29 
8 30 29 29 28 28 2B 28 28 28 28 
9 29 28 28 27 27 27 27 27 27 27 

10 28 27 27 26 26 26 26 26 26 26 
11 27 26 26 25 25 25 25 25 25 25 
12 2& 25 25 25 25 21, 24 24 24 24 
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TABLE 2.06 
MODULI FCR GEOMETRIC CHllRACfE~ISTICS 

LANE WlCTl-l 12 FT. PERCEl\JT GRADE 6 
DEG.OF SIGHT CISTANCE -- FE [ l 
CURVE 250C 2000 150C 1000 800 600 5CO 400 300 zoo 

0 48 46 44 42 42 41 4 l 40 40 40 
1 43 42 40 39 39 38 38 38 38 37 
2 40 39 38 37 36 36 36 36 35 35 
3 37 36 36 35 34 34 34 34 34 34 
4 35 34 34 33 33 33 32 32 32 32 
5 34 33 32 32 31 31 31 31 31 31 
6 32 31 3 l 30 30 30 30 30 30 30 
7 31 30 30 29 29 29 29 29 29 28 
8 29 29 29 28 28 28 28 28 27 27 
9 28 28 28 27 27 27 27 27 27 26 

10 27 27 27 26 26 26 26 26 26 26 
11 26 26 26 25 25 25 25 25 25 25 
12 26 25 25 25 24 24 24 24 24 24 

TABLE 2.07 
MODULI FCR GEOr-'ETRIC CHARACTERISTICS 

LANE WIDTH 12 FT. PERCENT GRADE 7 
DEG.OF SIGHT DIST/INCE -- FEET 
CURVE 25CC 2000 1500 1000 sea 600 5CO 400 300 200 

0 47 45 43 42 41 41 40 40 40 40 
l 43 41 40 39 38 38 38 37 37 37 
2 39 38 37 36 36 36 36 35 35 35 
3 37 36 35 34 34 34 34 34 33 33 
4 35 34 34 33 33 32 32 32 32 32 
5 33 33 32 31 31 31 31 31 31 31 
6 32 31 31 30 30 30 30 30 29 29 
7 31 30 2'1 29 2'1 2'1 29 28 28 28 

) 8 29 29 28 28 28 28 28 27 27 27 
9 28 28 27 27 27 27 27 27 26 26 

10 27 27 26 26 26 26 26 26 26 25 
11 26 26 26 25 25 25 25 25 25 25 
12 25 25 25 24 24 24 24 24 24 24 

TABLE 2.08 
MODULI FCR GEOMETRIC CHARACTERISTICS 

LANE WICTH 12 FT. PERCENT GRACE 8 
CEG.OF SIGHT DISTANCE -- FEET 
CURVE 250C 2000 150C 1000 800 600 5CO 400 300 200 

0 46 44 43 41 41 40 40 40 39 39 
l 42 41 39 38 38 38 37 37 37 37 
2 39 38 37 36 36 35 35 35 35 35 
3 37 36 35 34 34 34 34 33 33 33 
4 35 34 33 33 32 32 32 32 32 32 
5 33 32 32 31 31 31 31 31 30 30 
6 32 31 31 30 30 30 29 29 29 29 
7 30 30 29 29 29 28 28 28 28 28 
8 29 29 28 28 28 27 27 27 27 27 
9 28 28 2 7 27 27 27 26 26 26 26 

10 27 27 26 26 26 26 26 26 25 25 
11 26 26 25 25 25 25 25 25 25 25 
12 25 25 25 24 2 11 24 24 24 24 24 
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TABLE 2.09 
MODULI FCR GEOMETRIC CHARACTERISTICS 

LANE WIDTH 12 FT. PERCENT GRADE 9 
DEG.OF SIGHT DISTANCE -- FEET 
CURVE 250C 2000 150C 1000 800 600 5CO 400 300 zoo 

0 46 44 42 'd 40 40 39 39 39 39 
1 42 40 39 38 38 37 37 37 37 36 
2 39 38 37 36 35 35 35 35 35 35 
3 36 36 35 34 34 33 33 33 33 33 
4 35 34 33 32 32 32 32 32 32 31 
5 33 32 32 31 31 31 31 30 30 30 
6 31 31 30 30 30 29 29 29 29 29 
7 30 30 29 29 29 28 28 28 28 28 
e 29 29 28 28 2EI 27 27 27 27 27 
9 28 28 27 27 27 26 26 26 26 26 

10 27 27 26 26 26 26 25 25 25 25 
11 26 26 25 25 25 25 25 25 25 24 
12 25 25 25 24 24 24 24 24 24 24 

TABLE 2. 10 
MODULI FOR GEOMETRIC CHARACTERISTICS 

LANE WIDTH 12 FT. PERCENT GRADE :: 10 
DEG.OF SIGHT DISTANCE -- FEET 
CURVE 250C 2000 150C 1000 800 600 5CO 400 300 200 

0 45 43 42 40 40 39 39 39 39 38 
1 41 40 39 38 37 37 37 37 36 36 
2 38 37 36 36 35 35 35 35 34 34 
3 36 35 35 34 33 33 33 33 33 33 
4 34 34 33 32 32 32 32 32 31 31 
5 33 32 31 31 31 30 30 30 30 30 
6 31 31 30 30 29 29 29 29 29 29 
7 30 30 29 29 28 28 28 28 28 28 
8 29 28 28 28 27 27 27 27 21 27 
9 28 27 27 27 26 26 26 26 26 26 

10 27 26 26 26 26 25 25 25 25 25 
11 26 26 25 25 25 25 25 24 24 24 
12 25 25 24 24 24 24 24 24 24 24 
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TABLE 3.00 
MODULI FCR GEOr-<ETRIC CHARAC fERISTICS 

LANE w ICTH 11 FT. PERCENT GRADE 0 
CEG.OF SIGHT DISTANCE -- rE ET 
CURVE 250C 2000 150C 1000 BOO 600 5CO 400 300 200 

0 48 46 44 42 '• 2 4 1 41 41 40 40 
1 43 42 40 39 39 38 38 38 38 37 
2 40 39 38 H 36 36 36 36 36 35 
3 37 36 36 35 34 34 34 34 34 34 
4 35 35 34 33 33 33 32 32 32 32 
5 34 33 32 32 31 31 31 31 31 31 
6 32 31 3 1 30 30 30 30 30 30 30 
7 31 30 30 29 29 29 29 29 29 28 
8 30 29 29 28 28 28 28 28 28 27 
9 28 28 28 27 27 27 27 27 27 27 

10 27 27 27 26 26 26 26 26 26 26 
11 26 26 26 25 25 25 25 25 25 25 
12 26 25 25 25 24 24 24 24 24 24 

TABLE 3. c 1 
MODULI FCR GEOMETRIC CHARACTERISTICS 

LANE w ICTH 11 FT. f'ERCENT GRADE 
DEG.OF SIGHT DISTANCE -- FEET 
CURVE 250C 2000 150C 1000 BOC 6CO sec 400 300 200 

0 47 45 43 42 41 41 40 40 40 40 
l 43 41 40 39 38 38 38 38 37 n 
2 40 38 37 36 36 36 36 35 35 35 
3 37 36 35 35 34 34 34 34 34 33 
4 35 34 34 33 33 32 32 32 32 32 
5 33 33 32 31 31 31 31 31 31 31 
6 32 31 31 30 30 30 30 30 29 29 
7 J l 30 30 29 29 29 29 28 28 28 
8 29 29 28 28 28 28 2B 27 27 27 
9 28 28 2 I zr zr 2 I 27 27 26 26 

10 27 27 26 26 26 26 26 26 26 26 
11 26 26 26 25 25 2 '.i 25 25 25 25 
12 26 25 25 24 24 24 24 24 24 24 

TABLE 3.02 
MODULI FCR GEOMETRIC CHARACTERISTICS 

LANE W !CTH 11 FT. PERCENT GRACE 2 
DEG.OF SIGHT DISTANCE -- FEET 
CURVE 25CC 2000 150C 1000 800 600 5CO 400 300 200 

0 47 45 43 41 41 40 40 40 .39 39 
l 42 41 40 38 38 38 37 37 37 37 
2 39 38 37 36 36 35 35 35 35 35 
3 37 36 35 34 34 34 34 33 33 33 
4 35 34 33 33 32 32 32 32 32 32 
5 33 32 32 31 31 3 l 31 31 31 30 
6 32 31 3 l 30 30 30 30 29 29 29 -, 30 30 29 29 29 29 28 28 28 28 
8 29 29 28 28 28 28 27 27 27 27 
9 28 28 27 27 27 27 26 26 26 26 

10 27 27 26 26 26 26 26 26 25 25 
11 26 26 26 25 25 25 25 25 2. 5 25 
12 25 25 25 24 24 24 24 24 24 24 
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TABLE 3.CJ 
MODULI FCR GEOt-'ETRIC CHARACTERISTICS 

LANE WICTH 11 FT. PERCENT Gl~AOE 3 
CEG.OF SIGHT CJSTANCI: -- FEET 
CURVE 250C 2000 150C 1000 BOO 6CO 5CO 400 3CO 200 

0 46 44 42 41 40 40 40 39 39 39 
l 42 40 39 38 38 37 37 17 37 37 
2 39 38 37 36 36 35 35 35 35 35 
3 36 36 35 34 3'1 34 33 33 33 33 
4 35 34 33 32 32 32 32 32 32 32 
5 33 32 32 31 31 3 l 31 30 30 30 
6 31 31 30 30 30 29 29 29 29 29 
7 30 30 2CJ 29 29 28 28 28 28 28 
8 29 29 28 28 28 27 27 27 27 27 
9 28 28 27 27 27 26 26 26 26 26 

10 27 27 26 26 26 26 26 25 25 25 
11 26 26 25 25 25 25 25 25 25 24 
12 25 25 25 24 24 24 24 24 24 24 

TA BLE 3. C4 
MODULI FCR GEOl"ETRIC CHARACTERISTICS 

LANE W ICTH 11 FT. PERCENT GRADE 4 
DEG.OF SIGHT CISTANCE -- FEET 
CURVE 250C 2000 15CC 1000 800 600 5CO 400 300 200 

0 45 43 42 40 40 39 39 39 39 39 
1 41 40 39 38 37 37 37 :n 36 36 
2 38 37 36 36 35 35 35 35 35 34 
3 36 35 35 34 34 33 33 33 33 33 
4 34 34 33 32 32 32 ' 32 32 31 31 
5 33 32 31 3 l 31 30 30 30 30 30 
6 31 31 30 30 30 29 29 29 29 29 
7 30 30 29 29 28 28 28 28 28 28 
8 29 2B 28 28 27 27 27 27 27 27 
9 28 27 27 27 26 26 26 26 26 26 

10 27 27 26 26 26 25 25 25 25 25 
11 26 26 25 25 25 25 25 25 24 24 
12 25 25 24 24 24 24 24 24 24 24 

TAl'\LE 3.05 
MODULI FCR GEOMETRIC CHARACTERISTICS 

LANE WIDTH 11 FT. PERCENT GRACE 5 
CEG.OF SIGHT DISTANCE -- FEET 
CURVE 250C 2000 1500 1000 800 600 500 400 300 200 

0 45 43 41 40 40 39 39 39 38 38 
1 41 40 38 37 37 37 36 36 36 36 
2 38 37 36 35 35 35 35 34 34 34 
3 36 35 34 34 33 33 33 33 .33 33 
4 34 33 33 32 32 32 31 31 31 31 
5 33 32 3 l 31 31 30 30 30 30 30 
6 31 31 30 30 29 29 29 29 29 29 
7 30 29 29 28 28 28 28 28 28 28 
8 29 28 28 27 27 27 27 27 27 27 
9 28 27 27 27 26 26 26 26 26 26 

10 27 26 26 26 25 25 25 7-5 25 25 
11 26 26 25 25 25 25 24 24 24 24 
12 25 25 24 ' 24 24 24 24 24 24 24 
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TABLE 3.06 
MODULI FOR GEO~ETRIC CHARACTERISTICS 

LANE WIDTH 11 FT. PERCENT GRADE 6 
DEG.OF SIGHT DISTANCE -- FEET 
CL;RVE 250C 2000 150C 1000 800 600 5CO 400 300 200 

0 44 42 41 40 3g 39 38 38 38 38 
1 40 39 38 37 37 36 36 36 36 36 
2 38 37 36 35 35 34 34 34 "34 34 
3 36 35 34 33 33 33 33 33 32 32 
4 34 33 33 32 32 31 31 31 31 31 
5 32 32 31 31 30 30 30 30 30 30 
6 31 30 30 29 29 29 29 29 29 29 
7 30 29 29 28 28 28 28 28 28 28 
8 29 28 28 27 27 2 7 27 27 27 27 
9 28 27 27 26 26 26 26 26 26 26 

10 27 26 26 26 25 25 25 25 25 25 
11 26 25 25 25 25 24 24 24 24 24 
12 25 25 24 24 24 24 24 24 23 23 

TARL[ 3.07 
MODULI FCR GEO~ETRIC CHARACTERISTICS 

LANE WICTH 11 FT. PERCENT GRADE 7 
DEG.OF SIGHT DISTANCE -- FEET 
CURVE 250C 2000 1500 1000 800 600 500 400 300 200 

0 43 42 40 39 39 38 38 38 38 38 
1 40 39 38 37 36 36 36 36 36 35 
2 37 37 36 35 35 34 34 34 34 34 
3 35 35 34 33 33 33 33 32 32 32 
4 34 33 32 32 31 31 31 31 31 31 
5 32 32 31 30 30 30 30 30 30 30 
6 31 30 30 29 29 29 29 29 29 28 
7 30 29 29 28 28 28 28 28 28 27 
8 28 28 28 27 27 27 27 27 27 27 

) 9 27 27 27 26 26 26 26 26 26 26 
10 27 26 26 25 25 25 25 25 25 25 
11 26 25 25 25 24 24 24 24 24 24 
12 25 24 24 24 24 24 24 23 23 23 

TABLE 3.08 
MODULI FOR GEOMETRIC CHARACTERISTICS 

LANE WICTH 11 FT. PERCENT GRADE 8 
DEG.OF SIGHT CISTANCE -- FEET 
CURVE 2500 2000 1500 1000 800 600 5CO 400 300 200 

0 43 41 40 39 38 38 38 38 37 37 
1 40 39 37 37 36 36 36 35 35 35 
2 37 36 35 35 34 34 34 34 34 33 
3 35 34 34 33 33 32 32 32 32 32 
4 33 33 32 32 31 31 31 31 Jl 31 
5 32 31 31 30 30 30 30 30 30 29 
6 31 30 30 29 29 29 29 29 28 28 
7 29 29 28 28 28 28 28 28 27 27 
8 28 28 27 27 27 27 27 27 26 26 
9 27 27 27 26 26 26 26 26 26 26 

10 26 26 26 25 25 25 25 25 25 25 
11 26 25 25 24 24 24 24 24 24 24 
12 25 24 24 24 24 23 23 23 23 23 
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TABLE 3.C9 
MODULI FCR GE0"'1ETRIC CHARACTERISTICS 

LANE WICTH 11 FT. PERCENT GRADE 9 
DEG.OF SIGHT DISTANCE - - FEET 
CL;RVE 250C 2000 150C 1000 800 600 5CO 400 300 200 

0 42 41 40 39 38 38 37 37 37 37 
l 39 38 37 36 36 36 35 35 35 35 
2 37 36 35 34 34 34 3 t, 33 33 33 
3 35 34 33 33 32 32 32 32 32 32 
4 33 33 32 :H 31 31 31 31 31 30 
5 32 31 31 30 30 30 30 29 29 29 
6 30 30 29 29 29 29 28 28 28 28 
7 29 29 28 28 28 28 27 27 27 27 
8 28 28 27 27 27 27 27 26 26 26 
9 27 27 26 26 26 26 26 26 25 25 

10 26 26 26 25 25 25 25 25 25 25 
11 2 5 25 25 24 24 24 24 24 24 24 
12 25 24 24 24 24 23 23 23 Z3 23 

TA[ILE 3. LO 
MOCUL! FCR GE0"'1ETR IC CH/\RACfERISTICS 

LANE W ICTH 11 FT. PERCENT GRACE = 10 
DEG.OF SIGHT DISTANCE -- FE ET 
Cl.JRVE 250C 2000 150C 1000 800 600 sec 400 300 200 

0 42 41 39 38 3 fl 37 37 37 37 37 
1 39 38 37 36 36 35 35 35 35 35 
2 37 36 35 34 34 34 33 33 33 33 
3 35 34 33 33 32 32 32 32 32 32 
4 33 32 32 31 31 31 31 30 30 30 
5 32 31 30 30 30 30 29 29 29 29 
6 30 30 29 29 29 28 28 28 28 28 
7 29 29 28 28 28 27 27 27 2 7 27 
8 2H 28 27 27 27 26 26 26 26 26 
9 27 27 26 26 26 26 26 25 25 25 

10 26 26 25 25 25 2 'j 25 25 25 25 
11 25 25 25 24 24 24 24 24 24 24 
12 24 24 24 24 23 23 23 23 23 23 
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TABLE '•·CO 
MODULI FCR GEOMETRIC CHARACTERISTICS 

LANE WIDTH 10 FT. PERCENT GR A OE () 

DEG.OF SIGHT C!STANCE -- FEET 
CURVE 250C 2000 1500 1000 800 600 5CO 400 300 zoo 

0 44 42 41 40 39 39 39 38 ·rn 38 
1 41 39 38 37 37 36 36 36 36 36 
2 38 37 36 35 35 35 34 34 34 34 
3 36 35 34 33 33 33 33 33 33 32 
4 34 33 33 32 32 31 31 31 31 31 
5 32 32 31 31 30 30 30 30 30 30 
6 31 30 30 29 29 29 29 29 29 29 
1 30 29 29 28 2fl 28 ZR 28 28 28 
8 29 2B 28 21 21 21 21 21 21 21 
9 28 27 27 26 26 26 26 26 26 26 

10 21 26 26 26 25 25 25 25 25 25 
11 26 25 25 25 25 24 24 24 24 24 
12 25 25 24 24 24 2 '• 24 24 24 23 

TABLE 4.01 
MODULI FVR GEOMETRIC CHARACTERISTICS 

LANE W ICTH 10 FT. PERCENT GRADE 
DEG.OF SIGHT DISTANCE -- FEET 
CURVE 250C 2000 150C 1000 800 600 5CO 400 300 200 

0 44 42 41 39 39 38 38 38 38 38 
l 40 39 38 37 37 36 36 36 36 36 
2 38 37 36 35 35 34 34 34 34 34 
3 35 35 34 33 33 33 33 32 32 32 
4 34 33 32 32 32 31 31 31 31 31 
5 32 32 31 30 30 30 30 30 30 30 
6 H 30 30 29 29 29 29 29 29 29 
1 30 29 29 28 28 28 28 28 28 28 

) 
8 29 28 28 21 21 27 21 27 27 27 
9 21 21 27 26 26 26 26 26 26 26 

10 21 26 26 25 25 25 25 25 25 25 
11 26 25 25 25 24 24 24 24 24 24 
12 25 25 24 24 24 24 24 23 23 23 

TABLE 4.02 
MODULI FCR GEOMETRIC CHARACTERISTICS 

LANE WICTH 10 FT. PERCENT GRAl'E 2 
DEG.OF SIGHT CISTANCE -- FEET 
CURVE 2500 2000 1500 1000 800 600 5CO 400 300 200 

0 43 42 40 39 39 38 38 38 37 37 
l 40 39 38 37 36 36 36 36 35 35 
2 37 36 35 35 34 34 34 34 34 34 
3 35 34 34 33 33 32 32 32 32 32 
4 33 33 32 32 31 31 31 31 31 31 
5 32 31 31 30 30 30 30 30 30 29 
6 31 30 30 29 29 29 29 29 28 28 
1 29 29 29 28 28 Zfl Zfl 28 21 27 
8 28 28 21 21 21 21 21 27 21 26 
9 27 27 27 26 26 26 26 26 26 26 

10 26 26 26 25 25 25 25 25 25 25 
11 26 25 25 25 24 24 24 24 24 24 
12 25 24 24 24 24 24 23 23 23 23 
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TABLE 4. 03 
MODULI FCR GEOMETRIC CHARACTERISTICS 

LANE W ICTH 10 FT. PERC[NT GRADE 3 
DEG.OF SIGHT DISTANCE -- FEET 
Ct.:RV E 25CC 2000 15CC lOOC: 8CO 6CO 5CO 4CO 300 200 

() 43 41 "0 .39 38 38 38 37 37 37 
1 39 38 37 36 36 36 35 35 35 35 
2 37 36 35 34 34 34 34 34 33 33 
3 35 34 33 33 33 32 32 32 32 32 
4 33 33 32 31 31 3 l 31 31 31 30 
5 32 31 3 1 30 30 30 30 30 29 29 
6 30 30 29 29 29 29 29 28 28 28 
7 29 29 28 28 28 28 27 27 27 27 
8 28 28 27 27 27 27 27 26 26 26 
9 27 27 26 26 26 26 26 26 26 25 

10 26 26 26 25 25 25 25 25 25 25 
11 25 ?5 25 24 24 24 24 24 24 24 
12 25 24 24 24 24 23 23 23 23 23 

TABLE 4.04 
MDDULI FCR GEOMETRIC CHL\RACTER I ST ICS 

LANE WICTH 10 FT. PERCENT GRADE 4 
DEG.OF SIGHT DISTANCE -- FEET 
CURVE 250C 2000 150C 1000 800 600 5CO 400 300 200 

0 42 41 39 38 38 37 37 37 37 37 
1 39 38 37 36 36 35 35 35 35 35 
2 37 36 35 34 34 34 33 B 33 33 
3 35 34 33 33 32 32 32 32 32 32 
4 33 32 32 31 31 31 31 31 30 30 
5 32 31 30 30 30 30 29 29 29 29 
6 30 30 29 29 29 2A 2fl 28 28 28 
7 29 29 28 28 28 27 27 27 27 27 
8 28 28 27 27 27 27 26 26 26 26 
9 27 27 26 26 26 26 26 25 25 25 

10 26 26 25 25 25 25 25 25 25 25 
11 25 25 25 24 24 24 24 24 24 24 
12 25 24 24 24 23 23 23 23 23 23 

TABLE 4.05 
MODULI FCR GEOMETRIC CHARACTERISTICS 

LANE WICTl-f 10 FT. PERCENT GRADE 5 
DEG.OF SIGHT CISTANCE -- FEET 
CURVE 250C 2000 150C 1000 800 600 5CO 400 300 200 

0 42 '•O 39 38 38 37 37 37 37 36 
l 39 38 37 36 35 35 35 35 35 34 
2 36 35 35 34 34 33 33 33 33 33 
3 34 34 33 32 32 32 32 32 32 31 
4 33 32 32 31 31 31 30 30 30 30 
5 31 31 30 30 30 29 29 29 29 29 
6 30 30 29 29 28 28 28 28 28 28 
7 29 29 28 28 27 27 27 27 27 27 
8 28 28 27 27 27 26 26 26 26 26 
9 27 27 26 26 26 26 25 25 25 25 

l 0 /6 ?6 25 ?5 25 ?5 ?5 ?5 ?5 ?4 
11 25 25 25 24 24 24 24 24 24 24 
12 24 24 24 23 23 23 23 23 23 23 
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TABLE 4.06 
MODULI FCR GEOMETRIC CHARACTERISTICS 

LANE WICTH 10 FT. PERCENT GRADE 6 
DEG.OF SIGHT DISTANCE -- FEET 
CURVE 25CC 2000 150C 1000 800 600 5CO 400 300 200 

0 41 40 39 38 37 37 37 36 36 36 
l 38 37 36 35 35 35 35 35 34 34 
2 36 35 34 34 33 33 33 33 33 33 
3 34 33 33 32 32 32 32 31 31 31 
4 33 32 31 31 31 30 30 30 30 30 
5 31 31 30 30 29 29 29 29 29 29 
6 30 29 29 29 28 28 28 28 28 28 
7 29 28 28 28 27 27 27 27 27 27 
8 28 27 27 27 26 26 26 26 26 .26 
9 27 26 26 26 26 25 25 25 25 25 

10 26 26 25 25 25 25 25 24 24 24 
11 25 25 24 24 24 24 24 24 24 24 
12 24 24 24 23 23 23 23 23 23 23 

TABLE 4.07 
MODULI FCR GEOMETRIC CHARACTERISTICS 

LANE WICTH 10 FT. PERCENT GRADE 7 
DEG.OF SIGHT DISTANCE -- FEET 
CURVE 250C 2000 150C 1000 800 600 5CO 400 300 200 

0 41 39 38 37 37 37 36 36 36 36 
l 38 37 36 35 35 35 34 34 34 34 
2 36 35 34 33 33 33 33 33 33 32 
3 34 33 33 32 32 32 31 31 31 31 
4 32 32 31 31 30 30 30 30 30 30 
5 31 30 30 29 29 29 29 29 29 29 
6 30 29 29 28 28 28 28 28 28 28 
7 29 28 28 27 27 27 27 27 27 27 
8 28 27 27 26 26 26 26 26 26 26 
9 27 26 26 26 25 25 25 25 25 25 

10 26 25 25 25 25 24 24 24 24 24 
11 25 25 24 24 24 24 24 24 24 23 
12 24 24 24 23 23 23 23 23 23 23 

TABLE 4.08 
MODULI FOR GEOMETRIC CHARACTERISTICS 

LANE WICTH 10 FT. PERCENT GRADE 8 
DEG.OF SIGHT DISTANCE -- FEET 
CliRVE 250C 2000 150C 1000 800 600 5CO 400 300 200 

0 40 39 38 37 37 36 36 36 36 36 
1 38 37 36 35 35 34 34 34 34 34 
2 36 35 34 33 33 33 33 32 32 32 
3 34 33 32 32 32 31 :n 31 31 31 
4 32 32 31 30 30 30 30 30 30 30 
5 31 30 30 29 29 29 29 29 29 29 
6 30 29 29 28 28 28 28 28 28 28 
7 29 28 28 27 27 27 27 27 27 27 
8 28 27 27 26 26 26 26 26 26 26 
9 27 26 26 25 25 25 25 25 25 25 

10 26 25 25 25 25 24 24 24 24 24 
11 25 25 24 24 24 24 24 24 23 23 
12 24 24 23 23 23 23 23 23 23 23 
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TABLE 4.09 
MOCULI FCR GEOMETRIC CHARACTERISTICS 

LANE WICTH 10 FT. PERCENT GRADE 9 
CEG.OF SIGHT DISTANCE -- FEET 
CURVE 250C 2000 150C 1000 800 600 5CO 400 300 200 

0 40 39 38 37 36 36 36 36 35 35 
1 37 36 36 35 34 34 34 34 34 34 
2 35 34 34 33 33 33 32 32 32 32 
3 34 33 32 32 31 31 31 31 31 31 
4 32 31 3 l 30 30 30 30 30 30 30 
5 31 30 30 29 29 29 29 29 29 28 
6 29 29 29 28 28 28 28 28 27 27 
7 28 28 28 27 27 2 7 27 27 27 26 
8 n 27 27 26 26 26 26 26 26 26 
9 26 26 26 25 25 25 25 25 25 25 

10 26 25 25 25 24 24 24 24 24 24 
11 25 24 24 24 24 24 23 23 23 23 
12 24 24 23 23 23 23 23 23 23 23 

TABLE 4.10 
MODULI FCR GEO~ETRIC CHARACTERISTICS 

LANE W ICTH 10 FT. PERCENT GRACE = 10 
DEG.OF SIGHT CISTANCE -- FEET 
CURVE 250C 2000 15 QC 1000 800 600 5CO 400 300 200 

0 39 38 37 36 36 36 36 35 35 35 
l 37 36 35 34 34 34 34 34 33 33 
2 35 34 34 33 33 32 32 32 32 32 
3 33 33 32 31 31 31 31 31 31 31 
4 32 31 31 30 30 30 30 30 29 29 
5 31 30 29 29 29 29 29 28 28 28 
6 29 29 28 28 28 28 28 27 27 27 
7 28 28 27 27 27 27 27 27 26 26 
8 27 27 26 26 26 26 26 26 26 25 
9 26 26 26 25 25 25 25 25 25 25 

10 25 25 25 24 24 24 24 24 24 24 
11 25 24 24 24 24 23 23 23 23 23 
12 24 24 23 23 23 23 23 23 23 22 
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TABLE 5.00 
MODULI FCR GEO~ETRIC CHARACTERISTICS 

LANE WICTH 9 FT. PERCENT GRADE 0 
DEG.OF SIGHT DISTANCE -- FEET 
CURVE 25CC 2000 l50C 1000 800 600 5CO 400 300 200 

0 41 40 39 38 37 37 37 37 36 36 
l 38 37 36 36 35 35 35 35 34 34 
2 36 35 35 34 34 33 33 33 33 33 
3 34 34 33 32 32 32 32 32 31 31 
4 33 32 31 31 31 30 30 30 30 30 
5 31 31 30 30 29 29 29 29 29 29 
6 30 30 29 29 28 28 28 28 28 28 
7 29 28 28 28 27 27 27 27 27 27 
8 28 27 27 27 26 26 26 26 26 26 
9 27 26 26 26 26 25 25 25 25 25 

10 26 26 25 25 25 25 25 24 24 24 
11 25 25 24 24 24 24 24 24 24 24 
12 24 24 24 23 23 23 23 23 23 23 

TABLE 5.01 
MODULI FCR GEO~ETRIC CHARACTERISTICS 

LANE WICTH 9 FT. PERCENT GRACE 
CEG.OF SIGHT DISTANCE -- FEET 
CURVE 2500 2000 1500 1000 800 600 5CO 400 300 200 

0 41 40 38 37 37 37 36 36 36 36 
1 38 37 36 35 35 35 35 34 34 34 
2 36 35 34 34 33 33 33 33 33 32 
3 34 33 33 32 32 32 31 31 31 31 
4 32 32 31 31 30 30 30 30 30 30 
5 31 31 30 30 29 29 29 29 29 29 
6 30 29 29 28 28 28 28 28 28 28 
7 29 28 28 27 27 27 27 27 27 27 

) 
8 28 27 27 26 26 26 26 26 26 26 
9 27 26 26 26 25 25 25 25 25 25 

IO 26 25 25 25 25 25 24 24 24 24 
11 25 25 24 24 24 24 24 24 24 24 
12 24 24 24 23 23 23 23 23 23 23 

TABLE 5.02 
MODULI FCR GEOMETRIC CbARACTERISTICS 

LANE WICTI- 9 FT. PERCENT GRADE 2 
DEG.OF SIGHT CISTANCE -- FEET 
CURVE 250C 2000 150C 1000 800 600 5CO 400 300 200 

0 40 39 38 37 37 36 36 36 36 36 
l 38 37 36 35 35 34 34 34 34 34 
2 36 35 34 33 33 33 33 33 32 32 
3 34 33 32 32 32 31 31 31 31 31 
4 32 32 31 31 30 30 30 30 30 30 
5 31 30 30 29 29 29 29 29 29 29 
6 30 29 29 28 28 28 28 28 28 28 
7 29 28 28 27 27 27 27 27 27 27 
8 28 27 27 26 26 26 26 26 26 26 
9 27 26 26 25 25 25 25 25 25 25 

10 26 25 25 25 25 24 24 24 24 24 
11 25 25 24 24 24 24 24 24 23 23 
12 24 24 23 23 23 23 23 23 23 23 
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TA ALE 5.03 
MODULI FOR GEOMETRIC CHARACTERISTICS 

LANE WICHl 9 FT. PERCENT GRADE 3 
DEG.OF SIGHT DISTANCE -- FEET 
CURVE 250C 2000 150C 1000 800 600 5CO 400 300 200 

0 40 39 38 37 36 36 36 36 36 35 
1 37 36 36 35 34 34 34 34 34 34 
2 35 35 34 33 33 33 32 32 32 32 
3 34 33 32 32 Jl 31 31 31 31 31 
4 32 31 3 l 30 30 30 30 30 30 30 
5 31 30 30 29 29 29 29 29 29 28 
6 30 29 29 28 28 28 28 28 28 27 
7 28 28 28 21 27 27 27 27 27 27 
8 27 27 21 26 26 26 26 26 26 26 
9 26 26 26 25 25 25 25 25 25 25 

10 26 25 25 25 24 24 24 24 24 24 
11 25 24 24 24 24 24 23 23 23 23 
12 24 24 23 23 23 23 23 23 23 23 

TABLE 5.04 
MODULI FCR GEO~ETRIC CHARACTERISTICS 

LANE WICTH 9 FT. PERCENT GRADE 4 
DEG.OF SIGHT CISTANCE -- FEET 
CURVE 250C 2000 l50C 1000 800 600 500 400 300 zoo 

0 40 38 37 36 36 36 36 35 35 35 
l 37 36 35 35 34 34 34 34 34 33 
2 35 34 34 33 33 32 32 32 32 32 
3 33 33 32 31 31 31 31 31 31 31 
4 32 31 31 30 30 30 30 30 29 29 
5 31 30 30 29 29 29 29 28 28 28 
6 29 29 28 28 28 28 28 27 27 27 
7 28 28 27 27 21 27 27 27 26 26 
8 27 21 26 26 26 26 26 26 26 26 
9 26 26 26 25 25 25 25 25 25 25 

10 26 25 25 24 24 24 24 24 24 24 
11 25 24 24 24 24 23 23 23 23 23 
12 24 24 23 23 23 23 23 23 23 23 

TABLE 5.05 
MODULl FGR GEOMETRIC CHARACTERISTICS 

LANE WICTH - 9 FT. PERCENT GRADE 5 
DEG.OF SIGHT ClSTANCE -- FEET 
CURVE 2500 2000 15CC 1000 800 600 500 400 300 200 

0 39 38 37 36 36 35 35 35 35 35 
l 37 36 35 34 34 34 34 33 33 33 
2 35 34 33 33 32 32 32 32 32 32 
3 33 32 32 31 31 31 31 31 31 30 
4 32 31 31 30 30 30 30 29 29 29 
5 30 30 29 29 29 29 28 28 28 28 
6 29 29 28 28 28 28 27 27 27 27 
7 28 28 21 27 27 27 26 26 26 26 
8 27 27 26 26 26 26 26 26 25 25 
9 26 26 26 25 25 25 25 25 25 25 

10 25 25 25 24 24 24 24 24 24 24 
11 25 24 24 24 23 23 23 23 23 23 
12 24 24 23 23 23 23 23 23 22 22 
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TAALE 5.06 
MODULI FCR GEOMETRIC CHARACTERISTICS 

LANE W ICTH 9 FT. PERCENT GRADE 6 
DEG.OF SIGHT DISTANCE -- FEET 
CURVE 250C 2000 1500 1000 800 600 500 400 300 200 

0 39 38 37 36 36 35 35 35 35 35 
l 36 36 35 34 34 34 33 33 33 33 
2 35 34 33 32 32 32 32 32 32 32 
3 33 32 32 31 31 31 31 30 30 30 
4 31 31 30 30 30 29 29 29 29 29 
5 30 30 29 29 29 28 28 28 28 28 
6 29 29 28 28 28 27 27 27 27 27 
7 28 28 27 27 27 26 26 26 26 26 
8 27 27 26 26 26 26 26 25 25 25 
9 26 26 25 25 25 25 25 25 25 24 

10 25 25 25 24 24 24 24 24 24 24 
11 24 24 24 24 23 23 23 23 23 23 
12 24 23 23 23 23 23 23 22 22 22 

TABLE 5.07 
MODULI FCR GEOMETRIC CHARACTERISTICS 

LANE WIDTH 9 FT. PERCENT GRADE 7 
DEG.OF SIGHT DISTANCE -- FEET 
CURVE 250C 2000 1500 1000 800 600 500 400 300 200 

0 38 37 36 36 35 35 35 35 35 34 
l 36 35 35 34 34 33 33 33 33 33 
2 34 34 33 32 32 32 32 32 31 31 
3 33 32 31 31 31 30 30 30 30 30 
4 31 31 30 30 30 29 29 29 29 29 
5 30 30 29 29 28 28 28 28 28 28 
6 29 28 28 28 27 27 27 27 27 27 
7 28 27 27 27 26 26 26 26 26 26 
8 27 27 26 26 26 25 25 25 25 25 
9 26 26 25 25 25 25 25 25 24 24 

10 25 25 24 24 24 24 24 24 24 24 
11 24 24 24 23 23 23 23 23 23 23 
12 24 23 23 23 23 22 22 22 22 22 

TABLE 5.08 
MODULI FOR GEOMETRIC CHARACTERISTICS 

LANE WIDTH 9 FT. PERCENT GRADE 8 
DEG.OF SIGHT DISTANCE -- FEET 
CURVE 2500 2000 1500 1000 800 600 5CO 400 300 200 

0 38 37 36 35 35 35 35 34 34 34 
1 36 35 34 34 33 33 33 33 33 33 
2 34 33 33 32 32 32 31 31 31 31 
3 33 32 31 31 31 30 30 30 30 30 
4 31 31 30 30 29 29 29 29 29 29 
5 30 29 29 28 28 28 28 28 28 28 
6 29 28 28 27 27 27 27 27 27 27 
7 28 27 27 27 26 26 26 26 26 26 
B 27 26 26 26 25 25 25 25 25 25 
9 26 26 25 25 25 25 24 24 24 24 

10 25 25 24 24 24 24 24 24 24 24 
11 24 24 24 23 23 23 23 23 23 23 
12 24 23 23 23 22 22 22 22 22 22 
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TABLE 5.09 
MODULI FOR GEOMETRIC CHARACTERISTICS 

LANE WICTH 9 FT. PERCENT GRADE 9 
CEG.OF SIGHT DISTANCE -- FEET 
CURVE 250C 2000 1500 1000 800 600 5CO 400 300 200 

0 38 37 36 35 35 34 34 34 34 34 
l 36 35 34 33 33 33 33 33 32 32 
2 34 33 33 32 32 31 31 31 31 31 
3 32 32 31 31 30 30 30 30 30 30 
4 31 30 30 29 29 29 29 29 29 29 
5 30 29 29 28 28 28 28 28 28 28 
6 29 28 28 27 27 27 27 27 27 27 
7 28 27 27 26 26 26 26 26 26 26 
B 27 26 26 26 25 25 25 25 25 25 
9 26 25 25 25 25 24 24 24 24 24 

10 25 25 24 24 24 24 24 24 23 23 
11 24 24 24 23 23 23 23 23 23 23 
12 23 23 23 23 22 22 22 22 22 22 

TABLE 5.10 
MODULI FOR GEOMETRIC CHARACTERISTICS 

LANE WI0Tt1 9 FT. PERCENT GRADE = 10 
CEG.OF SIGHT DISTANCE -- FEET 
CURVE 250C 2000 150C 1000 BOO 600 5CO 400 300 200 

0 37 37 36 35 35 34 34 34 34 34 
1 35 35 34 33 33 33 33 32 32 32 
2 34 33 32 32 31 31 31 31 31 31 
3 32 32 31 30 30 30 30 30 30 30 
4 31 30 30 29 29 29 29 29 29 28 
5 30 29 29 28 28 28 28 28 28 27 
6 28 28 28 27 27 27 27 27 27 27 
7 27 27 27 26 26 26 26 26 26 26 
8 27 26 26 25 25 25 25 25 2.5 25 
9 26 25 25 25 24 24 24 24 24 24 

10 25 24 24 24 24 24 24 23 23 23 
11 24 24 23 23 23 23 23 23 23 23 
12 23 23 23 22 22 22 22 22 22 22 
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This study is an investigation of a quantitative measure of the 
resistance to the flow of traffic as offered by geometric highway 
features. Under consideration is a mechanistic model resulting 
from the postulate that traffic reacts to a motivating pressure 
potential which in turn reflects the behavior of the traffic tra­
versing a particular section of highway. When solved, the 
governing differential equation yields a parameter called the 
modulus of geometric aspects. This parameter is a measure 
of the ease with which traffic traverses the given roadway 
section. 

To evaluate the developed model and determine the reason­
ableness of the modulus of geometric aspects, a detailed study 
was undertaken of vehicle speeds on an actual highway curve. 
A procedure was developed whereby the spot speeds could be 
calculated from observations recorded by photographic means. 
Statistical methods were used to analyze the data and to deter­
mine the goodness of fit of the theoretical and observed speed 
distributions . 

The success of the results obtained from the study of the first 
highway curve indicated the adyisability of extending the study 
to additional geometric highway features (other curves, merging 
conditions, etc.). Additional field experiments were conducted 
to provide a more generalized basis of evaluating the reliability 
of the developed modulus . 

The results of the study reveal that the mechanistic model as 
developed conforms closely to the observed speeds in the vicinity 
of geometric features except for special highway features requir­
ing extreme speed changes. Subject to the same condition, the 
modulus of geometric aspects provides a reproducible quantita­
tive rating of the geometric highway feature. 

•THE PRIMARY objective of this study is to evaluate a proposed method of rating geo­
metric features of highways. The rating, named the "modulus of geometric aspects" 
and shown symbolically as F0 , is a measure of the ease (as determined by speed changes) 
with which a vehicle may traverse a section of highway with a particular geometric 
feature, that is, F 0 is the reciprocal of flow resistance offered to the vehicle by the 
feature. The theoretical development of this modulus follows. 

NOMENCLATURE 

p motivating pressure potential, 
x a specific location along the roadway, 
L a particular length of roadway (ft), 

Paper sponsored by Comrni ttee on Geometric Highway Design and presented at the 4 3rd 
Annual Meeting. 
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v 
t 

() 

w 
N 

Cu C2, k 
a2 
p 

T 
P.C. 

vehicle speed (mph), 
time (sec) , 
vehicle density (vehicles per unit of effective area), 
effective width of roadway, 
number of vehicles, 
coefficients of proportionality, 
(c 1 + c 2 ) (kf 1 

= constant, 
passenger car, 
truck, and 
point of curvature, that is the location where the vehicle first encounters 
the actual change in direction in a horizontal highway curve. The station 
of the P. C. in all cases was taken as 0 + 00. The stations of all points 
was taken as positive or negative relative to the P. C. For example, a 
point 243 ft on the curve would be denoted as Sta. 2 + 43, whereas a point 
243 ft prior to the P. C. would be Sta. - 2 + 43 . 

THEORY 

The development of the "modulus of geometric aspects" (_!_) is based upon three as­
sumptions: 

1. The behavior of a vehicle upon a roadway is the result of the driver's reaction to 
a motivating "pressure potential" under the prevailing ambient conditions. The pres­
sure potential is defined so that 

op 
oX 

- kv (1) 

2. The change in vehicular density with respect to the pressure potential is propor­
tional to the density: 

(2) 

3. The change in effective width of the roadway with respect to the pressure poten­
tial is proportional to the effective width: 

(3) 

Traffic flow may be considered as a conserved flow; that is, the change in the num­
ber of vehicles within a section, during a specified time interval, must equal the dif­
ference in the number of vehicles entering the section and the number of vehicles leav­
ing the section (during the time interval). When expressed mathematically and reduced 
by the assumptions listed above, the controlling equation is of the form 

(4) 

The unique solution of Eq. 4 depends upon the imposed boundary and initial conditions. 
For this purpose consider the section of roadway shown in Fig<.1re 1. At x = O, the 
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Figure 1. Schematic illustration of roadway section . 
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vehicle is unhampered by the geometric feature and is operating at a potential p
0

• At 
x = L, a location influenced by the geometric feature, the potential has changed to p1 

where p1 = p0 - .6.p. At time t = 0, the drivers of the vehicles are unaware of the neces­
sity of a change in potential on the roadway, thus p(x, 0) = p

0
• 

A Fourier series solution to the controlling equation may be obtained with the listed 
conditions. The result is 

"' 2 """ n-1 -n Fa mrx 
1 - 2.L.)-ll e cos L (5) 

n=l 

where 

Fa = 7T2t/a2L2. 

The speed relationship is symmetrical about the location x = L and repeats in intervals 
of 2L. The ratio increases as x goes from 0 to L and decreases as x goes from L to 
2L. In the evaluation of specific geometric aspects vehicle speeds normally decrease 
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0 Distance ()I) L 

Figure 3. Theoretical speed-distance relationship . 

as the feature is approached because traffic flow is impeded. For these features the 
theoretical curve from x = L to x = 2L (area where the ratio is decreasing) would be 
considered. Rewriting the speed ratio equation so that the origin is moved L units to 
the right (replacing x by x + L) and simplfying produces: 

v(x, t) 
v 

avg 

.,, -n
2
Fo mrx 

1 +2.L::e cosL 
n = 1 

( 6) 

Figure 2 shows the speed ratio-distance curves obtained by introducing various 
values of F 

0 
into thE; theoretical equation. The dashed line curves are secured by using 

only the first term of the Fourier series. When F 
0 

is above 1. 0, the first term approx­
imation and the complete series curves are indistinguishable. Thus the first term may 
be used without significant error when F 

0 
is equal to or greater than 1. 0. 

-F 1TX 
1 + 2e 0 cos -

L 

The general shape of speed ratio-distance curve is shown by Figure 3. At x = 0, 

the vehicle speed is v
0 

and v
0 

= Vavg(l + 2e-F0). At v = L, vehicle speed is v1 

C -F) -F (v1 = v0 - Av) and v1 = Vavg 1 - 2e 0 • Solving fore o results in 

-Fa e Av/ (4v0 - 2Av) 

If desired, F
0 

may be obtained as a natural logarithm function of speed and speed 
change: 

ln (4v
0 

- 2Av) - ln Av 

(7) 

(8) 

(9) 
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DA TA COLLECTION AND ANALYSIS 

To obtain complete information of vehicle behavior on a section of roadway, a photo­
graphic method of data collection was used. A 16-mm motion picture camera, equipped 
with telephoto lens, was mounted at a vantage point some 1, 500 to 2, 000 ft from the 
geometric feature under consideration. From this distance, at an approximate right 
angle to the feature, a total roadway distance of 1, 200 to 1, 500 ft could be covered with­
out difficulty. Fifty-foot intervals were measured along the approach and through the 
feature. These measurements were projected radially to the camera site and marked 
by white stakes located in the fence line along the edge of the right-of-way. From the 
camera location, a distance along the roadway could be determined by observing the 
vehicle passing the radial stakes. The motion picture camera was operated at a select­
ed speed (generally 30 frames per second) and checked periodically by recording a stop 
watch on film for several seconds. 

The developed film was viewed by a time-motion study projector. The viewer could 
estimate to the nearest one-tenth of a frame the arrival of a vehicle at any particular 
marker. Thence the time period required for the vehicle to pass from one marker to 
the next could be estimated to the nearest one three-hundredth of a second. With a 
known distance and a known elapsed time interval, "spot" speed in miles per hour could 
be calculated for the roadway section under study. 

After the data had been tabulated they were separated into observations of passenger 
cars and observations of trucks because the two have different operating characteristics. 
Next the recorded data were reduced to vehicle speeds, summed and averaged for each 
section of roadway. The average speed was plotted versus location (Figs. 4 -10). 
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PILOT STUDY 

The first feature studied was a section of US 24 approximately one mile west of 
Reynolds, Indiana. The highway exhibits a 4%-deg curve extending through a central 
angle of 45 deg. The curve is level throughout, exhibits no degree of superelevation 
and has no apparent change in road cross-section. The approach to the curve is a mile 
long straightaway with no perceivable grade; thus visibility is not restricted for the ap­
proaching driver. The section contains no intersecting roads or driveways except for 
farm entrances to the adjacent fields. No vehicle was seen entering, leaving, or stop­
ping in or near the study section. 

Data from this feature were collected at six different times to secure variations in 
vehicle performance under varying ambient conditions. The first set of data was taken 
when the roadway was partially covered with ice and snow; the second set, on a clear 
cold day with the road surface clear but snow on the adjoining fields; the third set, on a 
clear warm spring day at approximately noon; the fourth set, during late afternoon of 
the same day; the fifth set, during early morning hours of a weekday (drivers headed 
directly into the sun as they negotiated the curve); and the sixth set recorded the re­
sponse of Sunday afternoon drivers. Figures 4 through 10 show the speed-location 
curves obtained from these data. 

Visual inspection of the shape of the measured speed location curves indicated a 
striking similarity to the theoretical curve of Figure 3. Quantitative curve fitting of 
the observations to the theoretical curve (and hence an estimate of the modulus of geo­
metric aspects, F 0) was obtained by an application of the principles of least squares. 
Various locations were assigned for x = 0 and x = L, the theoretical curve was calcu­
lated between these end points and the squares of the difference between the theoretical 
curve and the observed data were summed. 

The theoretical curve which "bestfits" (Figs. 4-10) the observations was determined 
by selecting the minimum value of the sum of squared differences. 

RESULTS 

Fit of Theoretical Curve 

The speed variability removed by the pressure potential theory is extremely high. 
The lowest statistical F-value (Table 1) for any of the data sets for the US 24 highway 
section is 8. 9 (trucks of data set number 1) which is significant at the 0. 005 level of 
probability; that is , only five times in a thousand would this amount of variability be 
removed by pure chance. The other data sets, for both passenger cars and trucks, 
indicate an even better fit of the theoretical curve to the observed data. Therefore, it 
must be concluded that all the data exhibit definite agreement with the advocated theory. 

TABLE 1 

STATISTICAL F VALUES FOR THE SIGNIFICANCE OF 
THE PRESSURE POTENTIAL THEORY 

Passenger Cars Trucks 
Data 

Stat. F (R
2t Stat. F (R2)i' 

Set 1 68.5 (85. 6) 8.9 ·(43. 6) 
Set 2 137.0 (92. 2) 10. 7 (48. 2) 
Set 3 245.0 (96.4) 214.4 (95 .0) 
Set 4 573.l {98. 0) 157.5 (93 .0) 
Set 5 622.0 (98. 2) 41.8 {78. 6) 
Set 6 1016.0 (98. 9) 28.6 (71. 4) 
All 949.1 (98. 8) 131. 6 (91. 9) 

lfR2 provides an estimate of the percentage of the variability 
removed by the pressure potential theory . 
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Speed Changes (v0 - v1) 

The speed changes occurring on the approach to and within the feature produced a 
definite pattern. First, the variance within data sets by type of vehicle was statistically 
the same for all data sets. Second, the mean speed change for a vehicle type was sta­
tistically the same under all observed ambient conditions. Third, these changes followed 
a normal distribution. The interpretation of these observations indicates that a partic­
ular type of vehicle may tend to reduce speed the same amount at a specific geometric 
feature regardless of roadway and other conditions . 

Modulus of Geometric Aspects (F0 ) 

Because F
0

, as obtained from individual vehicles, is given as a function of the natural 
logarithm of the speed change and the speed change distribution was found to be normal, 
the distribution of F 0 for individual vehicles cannot be normal. Thus the study of speed 
changes reflects a study of the individual F 

0 
values under a required transformation to 

obtain a normal distribution. Therefore the individual F 0 distribution was not analyzed. 
Although F

0 
values as calculated from speeds and speed changes of individual vehi­

cles do not represent the flow restriction, the F 0 as calculated from the average of 
several vehicle responses does provide a measure of flow restriction (as evidenced by 
the fit of the observed data to the theoretical curve). Based upon the fit of the theoreti­
cal curve to the average of all observations, the highway curve on US 24 has an F 0 of 
3. 53 for passenger cars and 4. 54 for trucks. 

To secure an estimate of the number of observations required to estimate F 0 , it is 
necessary to consider the logarjthmic ~quation, F 0 = ln ( 4v0 - 2.6. v) - ln v. With the 
conditions indicated for the g·eometric feature on US 24 (that is, average v0 of 60 mph, 
average speed change of 6 . 36 mph, and a standard deviation for the speed change of 
4. 36 mph) 25 passenger cars will provide an estimate of F

0 
within± 0. 6 at a 95 percent 

confidence level. For trucks (average v0 of 52 mph, average speed change of 2. 26 mph 
with a standard deviation of 3. 04), 16 observations would produce an estimate within 
± 0. 65 at a 90 percent confidence level. (These limits for cars and trucks are not 
strictly symmetrical because the logarithm varies more with a unit change in .6. v when 
.6.v is small than when .6.v is large.) It is recommended that a minimum of 25 passenger 
cars and 16 trucks be used to evaluate F 0 from the average observed values. 

Summary and Recommendations 

The modulus of geometric aspects provided a quantitative rating for the geometric 
feature of the pilot study when calculated from the average speeds of at least 25 pas­
senger cars or at least 16 trucks. When working with individual vehicles, the speed 
change attributed to the geometric feature was a better representation of driver response 
to flow restriction. 

On the basis of these findings, the study was extended to other geometric features in 
order to determine whether or not the proposed model-and its accompanying modulus 
of geometric aspects-may be applied in general to the geometric features of highways. 

EXTENSION OF STUDY 

Sites 

On the basis of the findings of the pilot study, additional geometric aspects were 
selected for the extension of the study: 

1. A 51/4-deg horizontal curve on US 41 (and ~2) lo~ated approximately one mile 
north of Earl Park, Ind. 

2. A right angle turn on Ind. 26 located approximately one mile east of Pine Village, 
Ind. 

3 . A transition section from 4-lanes to 2- lanes on US 52 north of Templeton, Ind. 
4. A merging lane on the North River Road entrance to the William Henry Harrison 

Bridge in West Lafayette, Ind. 
5. A narrow bridge on Ind. 43, located approximately two miles north of Chalmers, 

Ind. 
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Data Collection 

From these sites data were recorded on days of comparatively good weather; that is, 
for all observations the road surface was clear and dry. Only one period of observation 
was used for each of the selected sites as it was believed that broader coverage should 
be obtained at the sacrifice of information for fewer sites under varying ambient condi­
tions. In all cases, each vehicle for which data were recorded could choose its own 
speed-there was no vehicle immediately (10 seconds or less) preceding it in its partic­
ular traffic lane. However , where possible, the data were analyzed 011 the basis of en­
counte ring (or not encoun ering) vehicles traveling in the opposite lane. If an oncoming 
vehicle was met within the critical part of the feature, the data were classified as the 
opposing lane occupied. Otherwise the opposing lane was considered free of oncoming 
traffic. 

Curve on US 41 (and 52) 

Description.-The curve is on a heavily traveled section of US 41 and is the location 
of frequent accidents-some of which are severe. Both of the approaches are down­
grade to the curve and visibility is not restricted. The pavement has been widened for 
the inside (northbound) lane. There is a minimum amount of superelevation through the 
facility. The approaches to the feature are marked by flashing amber caution lights 
and large signs proclaiming a dangerous curve ahead. Within the curve there is a minor 
county road intersecting the highway on the outside edge. During the period of observa­
tion no vehicle was seen using this minor facility. Data were recorded for vehicles 
traveling south (the outside lane). 
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Results. -The difference between the two best-fit theoretical curves (Fig. 11) is not 
significant. Therefore, there is no evidence of a difference in driver response result­
ing from opposing traffic and all data may be considered as part of the population; that 
is, the pressure of oncoming cars produces no significant change in driver response to 
the highway feature. 

The speed variability removed by the advocated theory is again extremely high, indi­
cating an excellent fit between observation and theory. The distribution of speed changes 
plots as a normal distribution. 

The best estimate of the modulus of geometric aspects for this highway curve from 
all observations is 2. 78 for passenger cars and 3. 42 for trucks. 

Right Angle Corner on Ind. 26 

Description.-This feature is on a lightly traveled section of Ind. 26; however, it is 
the location of frequent accidents, most of which are limited to minor damage. The 
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approach to the turn is slightly downgrade and visibility is not restricted. There is 
considerable banking of the asphalt surface in the turn. Approaching drivers are in­
formed of the conditions by means of a sharp turn sign only. 
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The roadway makes a complete 90-deg bend with an estimated radius of 42 ft for the 
westbound travel lane for which observations were recorded; thus, this condition is an 
example of an extreme rural highway curve. 

Results.-The speed-location curve (Fig. 12) is not similar to the ones previously 
e ncountered in this study . Approaching vehicles begin to reduce speed approximately 
1, 000 to 1, 200 ft prior to the turn-as in the other curves studied. However, in this 
case vehicles continue their deceleration at a more progressive rate as the feature is 
approached. When the minimum speed is reached (at approximately the center of the 
turn) the vehicles immediately undertake an acceleration. This type of response to the 
feature differs from the pressure potential theory previously discussed. 

Matson et al. (2) show a comparable speed-location relationship which has been 
computed for the a pproaches to stop signs from a study by Beaky (3). The plotted ob­
servations for the subject curve on Ind. 26 resemble this condition- more closely than 
the previous features in this study. Consequently this curve would be classified as a 
severe condition; that is, it requires an extremely large change of speed to permit ve­
hicles to traverse it safely. 

The shape of the speed-location curve may be attributed to this severity of operation . 
As the driver approaches the turn, he becomes aware of the increased resistance and 
subsequently allows his vehicle to decrease speed. As the turn becomes closer, the 
potential changes, and the driver must apply the vehicle's brakes to reduce speed more 
rapidly. Thus, at least two moduli of geometric aspects are required to be able to 
describe the response. An indication of this may be viewed in the similarity of the 
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first 500 ft of deceleration shown by the observed data for all features. Although the 
initial portion of the observed relationship is comparatively uniform, the remaining 
section exhibits extreme differences. 

The detailed study of how to handle this particular response was beyond the scope of 
this study and was left for future investigations into the pressure potential theory. 

US 52 , 4-Lane to 2-Lane 

Description. -The feature under consideration is a moderately heavily traveled sec­
tion of US 52. For the vehicles obse rved the feature consists of a straight, level ap­
proach on the divided 4-lane pavement, a curve to the left, a short straight section, 
and a curve to the right which brings traffic onto the 2':-lane roadway. Yellow paint has 
been applied to the pavement on the approach to encourage traffic to merge into a single 
lane prior to the transition. Warning and directional signs (for the transition) are 
located approximately 1, 000 ft befor e the actual feature. There is only a minor degree 
of superelevation evident on the curved portion. 
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Results. -Although the speed-distance charts (Fig. 13) indicated some difference 
between the speeds of vehicles encountering oncoming traffic and those not encountering 
such traffic, this difference was found to be statistically insignificant. 

The speed variability removed by the theoretical curve is extremely high and an ex­
cellent fit is evident both visually and by statistical F tests . The speed changes for 
passenger cars were normal; however, the speed changes for trucks were found to be 
skewed towards zero . 

The best estimate of F 0 for this feature at the time of test was 2. 76 for passenger 
cars and 3 . 69 for trucks . 

Approach to Wm. H. Harrison Bridge 

Description. -An investigation of the suitability of the modulus of geometric aspects 
was undertaken for the merging section of the North River Road approach to the Wm. H. 
Harrison Bridge. Observations were recorded of vehicles on the straight ramp ap­
proach, through the merging area, and onto the bridge itself. 

Results. -Although the entire speed-location graph (Fig. 14) is rather complex, it 
was easily broken into individual parts for study. The speed-location graph for trucks 
is shown, but no conclusions were drawn from these data because only 5 trucks were 
observed. 

The theoretical curve again closely approximates the observed speeds for the merg­
ing section, thus indicating an excellent fit of the theoretical curve and the observed 
data. Here also the speed change distribution plots as a straight line on probability 
paper. The modulus of geometric aspects for the merging area was found to be 2. 81 
from the observed data. 

Ind. 43 near Chalmers 

Description. -The bridge is an open truss bridge with an interior width of 22 ft 4 in. 
which is the same as the width of pavement on the approach to the facility. The ap­
proach is level and straight. Visibility is not restricted. A sign warning of a narrow 
bridge is located about 600 ft before the bridge. 

Results. -There was only a minor speed change observed on the approach to the nar­
row bridge. This small speed reduction was statistically insignificant and thus the other 
calculations would have little basis for meaning. The only estimate of F 0 would be a 
high value indicating no resistance offered by this highway feature. 

CONCLUSIONS 

The pressure potential theory provides an excellent theoretical model for explaining 
the variations observed in speeds on the approach to and through most geometric high­
way features. It does not apply to geometric features requiring very severe speed 
changes. 

The modulus of geometric aspects provides a reproducible quantitative rating of the 
ease of traffic flow through all geometric features except those requiring very severe 
speed changes. 

RECOMMENDATIONS 

The success of the modulus of geometric aspects as a quantitative rating of the high­
way features considered in this study suggests that the following additional investigations 
be undertaken: 

1. A systematic tabulation of the modulus of geometric aspects for all pertinent 
highway features should be initiated. It is hoped that a spectrum of these values would 
(a) allow design decisions to be made in a quantitative manner; and (b) provide a basis 
for simulation approaches to traffic flow. 

2. The relationship between the modulus of geometric aspects for cars and that 
for trucks should be explored in an attempt to obtain an equivalency between these vehi­
cle types. 
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3. The theory should be amplified to include the compound modulus of geometric 
aspects as revealed in highway features requiring severe speed changes. 
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Optin1um Width for Widening Secondary 
Arterial Streets 
MICHEL E. VERGE, Ingenieur, E. T. P., and 
DONALD S. BERRY, Chairman, Department of Civil Engineering, Northwestern 

University 

(A Condensation) 

Committee D-A2, Geometric Highway Design, considers that there is general need 
for research data on vehicle operations on connector and secondary streets of various 
widths. Reliable data in substantial quantity would be helpful to policy-making agencies 
in establishing design criteria or standards for these streets. The report, as here 
condensed, is sponsored by the committee and describes a method for obtaining data 
for this purpose through field research. A summary presentation was made at the 
January 1964 meeting of the committee, after which this condensed form of publication 
was arranged both to emphasize the subject for research and to point out an easily 
used method. 

This report describes a method for easily determining speeds and placement on 
streets, with parking on one or both sides, and outlines criteria for determining effec­
tive street width. The sample of data was too limited to warrant general conclusions 
but the report serves a very useful purpose by suggesting the types of data that should 
be obtained and by describing simple procedures for collecting and analyzing the infor­
mation. The committee urges additional research studies of this type. 

THE PROBLEM 

The street pattern of many of the residential areas of American cities was laid out 
30 to 50 years ago, when traffic volumes were much lower than today. In many in­
stances, streets laid out with 50- to 60-ft right-of-way are now being used as collectors 
or secondary arterial streets. Many of these streets have a pavement width of only 20 
to 30 ft on right-of-way which has numerous shade trees. When improving these sec­
ondary arterial streets, questions have arisen as to policies on street widening so as to 
provide adequate traffic service and still preserve the quality of the residential neigh­
borhood. 

According to the AASHO Urban Policy, it is recommended that at least two moving 
lanes be provided in outlying or residential areas, with a continuous parking lane on 
each side for a total pavement width of 40 to 44 ft. Table E -1 of this policy states in 
principle that two moving lanes with parking on one side only should not be considered. 

This study was made for the purpose of investigating the operating characteristics 
of secondary arterial streets 23 to 32 ft wide, when operated with parking on one side 
only. It was reasoned that if a secondary arterial street will operate satisfactorily 
with parking on one side, and if restricting parking to one side will adequately take care 
of the parking demand, then perhaps some secondary arterial streets might be improved 
by widening to some width less than 40 to 44 ft. 

Field studies were made of operating characteristics of secondary arterial streets 
of several different widths in Evanston, Ill. Factors studied included the following: 

1. Lateral placement of moving vehicles as they approached and passed vehicles 
parked on one side of the arterial streets; 

Paper sponsored by Committee on Geometric High1-ray Design and presented at the 4Jrd 
Annual Meeting. 



46 

2. Speeds of these vehicles traveling in both directions when approaching and pass­
ing the parked cars; and 

3. The change in speed resulting from two vehicles about to meet each other at a 
point abreast of the parked car. On the narrower pavements, one driver may wait for 
the other to proceed, especially when one of the vehicles is a bus, or a truck. 

PROCEDURE 

A time-lapse movie camera, operating at 300 frames per minute was used to col­
lect data at each of seven locations. At each test location, target boards 8 ft long were 
placed temporarily on both sides of the street at three transverse stations to provide 
the scale for lateral placement. The three stations were the center of the parked car 
and 44 ft ahead and behind that station. 

After the target boards were photographed, the boards were removed, and the camera 
was operated each time a vehicle approached the test location. An average of approxi­
mately 8 seconds of exposure was used for each car. 

LOCATIONS 

An attempt was made to find sections of the selected locations where all conditions 
were comparable except for street width. It was not possible to get completely com­
parable conditions-there was some variation in cross slope of the pavement, parking 
conditions varied somewhat in the parking lane, and some of the streets studied were 
not arterial streets. Data are reported her e for two locations, both in a section where 
the street serves as a secondary arterial street with a bus line which has about P.ight 
buses per off-peak hour. Parking was on one side only, with an average of only one 
parked car per 100 ft. 

DATA COLLECTION 

Data were taken off the films for speed and for lateral position, as follows: 

1. The vehicle placement, defined as the horizontal distance from the right curb of 
the pavement to the outside edge of the right wheel of the moving car was determined 
for each direction of travel. 

2. The meeting clearance, or the horizontal distance between the bodies of meeting 
vehicles, was computed. 

Comparative data were tabulated for vehicles in the three following groups: 

1. "Free-Moving" vehicles -those that passed or met the parked car at least 6 sec 
after any preceding vehicle traveling in the same direction, and at least 5 sec after and 
10 sec prior to any vehicle trave ling in the opposite direction. 

2. "Meeting" vehicles-those that were spaced more than 6 sec behind any other 
vehicle traveling in the same direction and either had met , or were to meet, a vehicle 
traveling in the opposite direction within 1. 5 sec of the time the vehicle passed the 
parked car. 

3. "Other" vehicles. 

ANALYSIS 

Consider that two vehicles, A and B, moving in opposite directions meet opposite 
jJarked vehicle C. With the latter at the right, X is the distance from the curb at left 
to vehicle A (the oncoming vehicle) and Y is the distance from the curb at the right to 
vehicle B (the vehicle adjacent to the parked vehicle). Average lateral placement 
values (X and Y) for moving vehicles passing a parked car at a 23-ft section street and 
at a 29-ft section are given in Table 1. 

For the 23-ft section it is apparent that meeting vehicles pass the parked car at 
lateral placements quite different from the free-moving vehicles. ln four of twelve meet­
ing maneuvers, one vehicle waited for the other to pass the parked vehicle. 
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TABLE 1 

AVERAGE LATERAL PLACEMENT 

Lateral 
Dimension 

Free 
Moving 

(a) 23 - Ft Street 

x 
y 
W - (X + Y) 

Avg. speed, 
mph 

4.3 
11. 2 
7.5 

26.7 

(b) 29-Ft Street 

x 
y 
W - (X + Y) 

Avg. speed, 
mph 

4.3 
11. 9 
12.8 

29.7 

Meeting 

1. 9 
9.0 

12. 1 

22. 8 

3.0 
10. 8 
15.2 

27.0 
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In contrast, average lateral placement 
values at a 29-ft section of the same street 
changed only 1. 1 to 1. 3 ft because of the 
meeting maneuver. No vehicles during 
the field studies refused to meet another 
vehicle opposite the parked vehicle. 

Table 1 also shows values of W - (X + Y) 
for the two widths of streets. The average 
width of pavement used for both directions 
of free-moving vehicles at the 23-ft section 
was only 7. 5 feet, whereas this path width 
was 12. 8 ft for the 29-ft section. Lateral 
placement for vehicles on the 29-ft section 
was not affected nearly as much by a meet­
ing maneuver as on the 23-ft section. 

Table 1 also indicates that average 
speeds are affected somewhat less by a 
meeting maneuver on a 29-ft pavement 
than on a 23-ft pavement. 

Possible criteria for selecting optimum 
width are as follows: 

1. All drivers "accept" a meeting 
maneuver (or 95 percent accept). 

2. Most drivers keep same lateral position, regardless of whether free-moving or 
meeting. 

3. Travel speeds are not substantially lower, as compared with a wider street. 
4. Other constraints: snow removal problems, standing of delivery vehicles, de­

mand versus supply of curb space. 

More data are needed for applying these criteria with positive assurance. However, 
these two cases do indicate that a width of 29 ft was adequate for all observed drivers 
to accept a meeting maneuver opposite a parked car, whereas some drivers would not 
accept a meeting maneuver in the 23-ft section. 

The second criterion (drivers holding the same lateral placement regardless of 
whether free moving or meeting) was not entirely satisfied by a 29-ft width. Extrap­
olation indicates a 31-ft width as optimum. 

The third criterion, dealing with changes in travel speeds, needs more data for 
application. 

More cases should be analyzed to permit a more positive determination of optimum 
widths of secondary arterial streets with parking on one side. However, this prelimi­
nary study indicates that the optimum width is in the 28- to 32-ft range for passenger 
vehicles. 



The Design of Highway Interchanges: 
An Example of a General Method for 
Analyzing Engineering Design Problems 
CHRISTOPHER ALEXANDER, Society of Fellows, Harvard University, and 
MARVIN L. MANHEIM, Department of Civil Engineering, Massachusetts Institute of 

Technology 

This interim report describes the application of a set-theoretic 
decision method to the problem of highway interchange design. 
The paper is one of a continuing series reporting the develop­
ment of this approach to the analysis of engineering design 
problems. 

A design problem can be described by a list of misfits, or 
ways in which the design can be "wrong," and by a list of the 
pair-wise interactions among the misfits. Description in this 
form makes it possible to associate a linear graph with every 
problem. A set-theoretic criterion is used to obtain a hierar­
chical decomposition of the graph. The result is a program for 
developing a solution to the design problem. 

This paper introduces the method, and describes the short­
comings of the AASHO manual as a design program. It also 
describes the preparation of the interchange problem for analysis 
and discusses the results of a preliminary analysis of the prob­
lem. A program for the design of a highway interchange is pre­
sented and some partial solution attempts are described. 

•THERE is no systematic approach to problems of engineering design. Present meth­
ods of design are largely ad hoc, they are based on trial and error, and they are in­
fluenced more by the forms which have been found as solutions to old problems, than 
by the specific nature of the problem in hand. 

These methods are inefficient and expensive. The physical forms they lead to seem 
comparatively economical as far as the cost of their design goes. But they are actually 
much more expensive than they need be because their imperfections lead to long-range 
diseconomies . 

ANALYSIS OF A HIGHWAY INTERCHANGE DESIGN PROBLEM 

If we look at the number of possible types of interchange available to a practicing 
engineer today, we see what looks at first like a rather rich variety ( 1). If we look a 
little closer though, and think about these designs' we realize that to a large extent 
they are really nothing but variations on one basic idea. In fact, when the engineer 
faces the task of designing interchanges he is under tremendous cognitive constraints, 
in the sense that it is very hard indeed to escape from these habitual patterns or stereo­
types, without being deliberately and willfully "different." 

However, once we realize just to what extent the engineer is constrained by nothing 
better than habit, it occurs to us that possibly these interchanges are not even particu­
larly well suited to the task they perform. Even if they were suitable at the time of 

Paper sponsored by Committee on Geometric Highway Design and presented at the 43rd 
Annual Meeting. 

48 



49 

their invention, they may be the hung-over formalism of a past task, like the horseless 
carriage, whose shape changed only long after the horse dropped off. 

To find out whether this is in fact so, we must invent some way of explicitly getting 
around our cognitive bias , something which allows explorations unfettered by the con­
ventionally accepted forms; but at the same time, something not based, like "brain­
storms," on wild association, but related in a sensible and significant way to the prob­
lem at hand. Pres ent methods lead to imperfect designs, because they do not take the 
structure of the design problem into account. 

When confronted by a complex design problem, we automatically try to reduce its 
complexity by organizing it according to certain invented categories. Thus for instance, 
in the case of a highway design problem we begin by saying that one must consider 
economic factors, safety factors, and aesthetic factors. This assumes , tacitly, that 
the structure of the problem is such as to permit this subdivision, and that it makes 
some sort of sense to think about economics, safety, and aesthetics separately. But 
note that this subdivision has been generated purely by the words which happen to be at 
our disposal, not by the specific structure of the problem which confronts us. 

Designers do not deliberately disregard problem structure. But the way in which 
they naturally think out problems forces them to think in terms of categories, and 
whether such categories are derived from past experience, or self-consciously invented, 
they are still governed by the verbal labels now available in English. There is no rea­
son to suppose that these are appropriate to the problem in hand. 

Instead of superimposing irrelevant or misleading verbal labels on it, we have to 
find some way of letting the problem generate its own structure. To do this we must 
abstract from all the issues which crop up in a design problem some representation 
which we shall call the structure of the problem. Once we have this structure, it can 
be manipulated to gain insight into the problem itself, to improve the organization of 
the process of design itself. 

) Graph 

The structure we shall use to represent problems is a special kind of topological 
complex known as a graph. It is uniquely defined by two s ets, V and L. V is a set of 
points, or vertices ; I.: is a set of unordered point-pairs, or undirected links. (Of course 
L must be a subset of the set of all possible links, v x V. ) 

Thus, if the set V contains the points (w, x , y, z) , L might contain (wx) , (wy), (xy), 
(yz), and V and L would then define the graph: 

w x 

y 

z 

Such a formal structure, simple though it is, allows us to represent the essential fea­
tures of any design problem, no matter how complex. 
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Every problem of designing a physical form has these two fundamental characteris­
tics: 

1. There are certain requirements which the form must meet. 
2. Many of these requirements conflict with one another. 

The objective of any design process is to find a form which manages to meet all the re­
quirements, in spite of the conflicts. We call the process of inventing any such form 
"solving the design problem." 

Given any list of requirements and a list of the conflicts between pairs of require­
ments, we can associate with every requirement a vertex, and with each interaction 
between requirements a link between the corresponding pair of vertices. The graph so 
defined completely summarizes the structure and the difficulties of the problem. The 
whole of the analysis which follows is based on this correspondence between design 
problems and abstract graphs . 

If the defining requirements were all independent, then any problem could always be 
solved, no matter how many requirements it contained, because we could specify the 
physical characteristics of the form which each separate requirement demanded, and 
be sure that these characteristics would not conflict. The solution to the problem could 
then be found by simply aggregating the relevant physical characteristics . 

Of course, this usually cannot be done, because the desirable physical characteristics 
are to some extent mutually exclusive, so we have to compromise. It is just wherever 
this happens that we speak of a conflict between requirements. 

When there are such conflicts, the conflicting requirements must be juggled until we 
find a satisfactory solution. This is exactly what the designer does during the course 
of a day's work. But under circumstances where the requirements can no longer simply 
be solved one by one, the number of requirements and requirement interactions to be 
dealt with simultaneously begins to be critical. 

In our opinion, it is just the cognitive limits on the number of interactions a designer 
can manipulate, which make the unaided designer obsolete in the face of the large com­
plexes of requirements he meets today. 

If this is so, the purpose of any analysis must be to bring the design task within 
cognitive limits generally available to all designers. This calls for careful control of 
the conflicts and requirements they try to deal with at any one time. 

To achieve this kind of control, we have first to outline a systematic procedure which 
can take the place of the present confused process (called design), and we shall call such 
a systematic procedure a design program. 

A kind of program which is known to be effective in solving complex problems is 
one which first solves simpler subsidiary problems (2, ch. 6; 3; 4). By solving simple 
subproblems' combining their solutions to form solutions to more complicated ones' 
and so on, hierarchically, we can build up a solution to problems of great complexity: 

t 
increas i ng 
compl exity 
of sub ­
p rob lems 

I 
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Program 

To construct such a tree or sequence we must first ask whether we actually know 
any simpler problems we can solve. The answer is clear. Any problem can be made 
easier by leaving out some of the requirements it contains. The more requirements 
left out, the easier the problem is. Any subset of the set of requirements is therefore 
a simpler problem. 

Ideally, we would like to break the problem up into a number of smaller sets of re­
quirements which constitute simpler problems, find a solution for each of these small 
sets of requirements independently, and then somehow "add" the solutions to one another. 

The objection to this procedure is clear. While the small sets of requirements are 
themselves indeed simpler to solve, the problem of integrating the solutions to them is 
so great that it defeats the whole purpose of the procedure. Small sets of requirements 
are not in general independent of one another, but interact just as single requirements 
do. If there is interaction between the sets of requirements to begin with, the various 
subsidiary solutions will also interfere with one another when we try to aggregate them. 

This difficulty is brought out very clearly in the graph chosen to represent the prob­
lem. If the points of Gare divided into two mutually exclusive sets, the requirements 
represented by these sets will not in general be independent: there will be many links 
between the two sets, and the interactions these links stand for make the aggregation 
of two independently found solutions very difficult. In fact, the only way of escaping 
this difficulty altogether would be to find some way of dividing the points into two sets 
such that no point of either set is linked to any point of the other. In this case there 
would be no interaction between the two sets of requirements, we could solve each set 
independently, and we should then be free to combine these independently found solutions 
as we wished. 

A solution to a set of requirements is a specification of certain aspects of form. It 
may specify quantifiable aspects of the form (such as road width and concrete thick­
ness) or nonquantifiable geometrical aspects which can be represented diagrammati­
cally. For every solution to the full set of requirements, there is a large class of 
forms which satisfy any subset of that set. In solving such a subset we specify just 
those aspects of the forms which uniquely identify this class. 

Thus, in finding a solution to any subset of requirements, we determine only certain 
aspects of the physical form-we do not determine it completely. When we find solu­
tions to two such subsets, we have two different sets of specifications for aspects of 
the form-one set of specifications per set of requirements. If the two sets of require­
ments are completely independent, then the two corresponding solutions do not conflict; 
i.e., if two sets of specifications for the aspects of a form are derived from noncon­
flicting requirements, the specifications (the solutions) are themselves nonconflicting. 

This means that these two sets of specifications may be combined without contradic­
tions; or put another way, there exist forms which satisfy both sets of specifications, 
and these forms naturally satisfy both sets of requirements. Thus, if the solution to 
one set of requirements specifies the road width, for example, the solution to the other 
set, if it is independent, either does not specify any road width, or if it does, it speci­
fies some road width compatible with the specification of the first solution. Under these 
circumstances, the two solutions can always be combined. 

In practice it turns out that almost no problem can be divided into two such com­
pletely independent parts . That is, every practical problem must be represented by a 
connected graph, whose set of points cannot be divided into two subsets which are not 
linked to one another. In this case the best we can do is to find some way of dividing 
the set into subsets which are as independent as we can make them. 

To do this we use a measure of independence, to evaluate each possible way of sub­
dividing the problem (2, Appendix 2). Then, where there are n requirements, and so 
2n-i possible ways of dividing the set of requirements in two, we pick that way for 
which this measure of independence is greatest. The two sets which result from this 
subdivision are both simpler than the original problem, and because they are defined 
according to their independence, it will be relatively easy to combine their solutions. 

Once we are able to divide a problem into its most independent parts, we can repeat 
the procedure, always operating on each of the two subsets derived from the previous 
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operation. This process of subdivision, if used iteratively, allows us to break the 
original set into a number of distinct sets as small as we like. We can indicate this by 
a tree, in which each subsel ::;Larn.1::; al.Juve L11e rnu::;L irn1evem1e11L ::;u)J::;els iL in Lurn con­
tains. 

This tree is our design program. If we start at the lowest level of the tree, solving 
subproblems which contain only a few requirements, we can proceed to solve problems 
higher and higher in the tree. Because the pairs of subproblems we take together are 
always as independent as they can be, we can solve all the subproblems in turn, and 
then finally the original problem itself, provided we do so in the order prescribed by 
the tree. 

Solution 

Of course, in a sense, this is what the designer does already. He looks first at the 
component parts of a problem, then at larger and larger components, until finally he 
manages to achieve a synthesis which encompasses everything the problem demands. 
But such hierarchical programs can only work successfully if all the component prob­
lems at any level are independent of one another, and can therefore be put together 
without interference. It is only under these conditions that the designer can proceed 
systematically from one level of the hierarchy to the next. 

The difference between what we propose and what usually happens is that we derive 
our component problems from the problem graph's structure in such a way that those 
components at any one level of the program are independent of one another and there­
fore capable of integration, while as a rule the designer selects the problem's com­
ponents according to rather arbitrary conceptual schemas. 

This can be made clear by referring to the specific case of the highway interchange 
problem which we have chosen to analyze. In this case, the schemas most often used 
by design engineers are those found in the AASHO manuals (5, 6). Of course, the 
AASHO manual (5) makes no claims to be a program. However: it does offer a con­
ceptual framework within which to solve the problem of highway interchange design, 
since it is an organized statement of the issues which have to be considered, grouped 
under various headings and subheadings (Fig. 1). 

We find that, in spite of the non-programmatic intention of the AASHO manual (5), 
it in fact does contain a hierarchy (Fig. 2) that is superficially very like the kind of 
hierarchical program we have in mind. The major design issues are laid out for con­
sideration according to a conceptual framework which is intended, in virtue of its 
organization, to help the engineer overcome the cognitive limits which otherwise 
restrict his design ability. 

Although we doubt the adequacy of this schema as a program, it is perfectly possible 
that it might be useful in designing highway interchanges. The chief trouble is that as 
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it stands we can have no confidence in it, 
because it is too confused conceptually. 
We wish to know whether its organization 
is appropriate to the problems it is in­
tended to solve . To do this we at least 
have to be able to state explicitly just 
what organization the schema has; that is, 
we have to be able to describe the arrange­
ment of its elements and the relations be­
tween those elements. Although the 
AASHO schema has a hierarchical struc­
ture, it contains elements of many differ­
ent logical types. Because its elements 
are not clearly classified we have no way 
of knowing just what the relations between 
them are. In other words, we have no way 
of estimating just what organization the 
manual has, and therefore no way of de­
ciding whether it is appropriate to the 
problems in hand. 

In brief, to decide whether a program 
is a valuable one, we must first see it in 
terms of elements which are classified so 
that their interrelationships are clear. 
Then we can determine what the organiza­
tion of the program is, and then whether or 
not it is relevant to the structure of the 
design problem. 

We have already pointed to two kinds 
of element which play an important part 
in engineering decisions: requirements, 
and the interactions between requirements. 
Of course, these two elements alone will 
not describe all the ramifications of de­
sign problems. But we suggest that every­
thing about an engineering design process 
can be expressed in terms of five elements : 
the two already mentioned, and perform­
ance standards , data, and solution. 

PROBLEM 

CONTROLS AND CRITERIA 
(Chapter 2) 

~ 
TOPOGRAPHY TRAFFIC 

ELEMENTS OF DESIGN 
(Chapters 3,4, 7) 

~ 
~ II\ VOLUME DISTRIBUTION 

~ 
PRESENT PROJECTED 

Figure 2 . Hierarchical structur e of an AASHO manual. 

INTERSECTION 
TYPES 

(Chapters 5, 8, 9) 
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These elements are all discernible in everyday engineering practice, and in partic­
ular in the pages of the AASHO manual. But as things are at present, these five kinds 
of element are not clearly distinguished, lhere is no dear palleru lo l11eir arra11gerne11l, 
and the relations between them are not consistently expressed. 

We have shown a part of the table of contents diagrammatically (Fig. 2) to bring out 
its hierarchical structure. But the elements of the hierarchy are very confused. Some 
of them, like SAFETY and UNINTERRUPTED FLOW, express requirements which 
the interchange must satisfy. Some elements, like VEHICLE CHARACTERISTICS, give 
information about the interaction, or possibility of conflict, between certain require­
ments. (For instance, VEHICLE CHARACTERISTICS tells us about the interaction of 
the two requirements, "grade not excessive" and "adequate vertical sight distance.") 
Other elements, like TOPOGRAPHY AND PHYSICAL FEATURES, refer to data; 
others (e.g., SPEED) refer to pe rformance standards , and others, like DESIGNS WITH 
THREE INTERSECTION LEGS, are solut ions . 

The schema of the AASHO manual contains · all five types of element, but treats them 
all alike, as though they were of the same logical type. But they are not-requirements 
affect the design process in a manner different from the effect of data, etc. Each kind 
of element plays a different role in the process of design. 

DRAINAGE CHANNELS AND SIDE SLOPES 

Modern highway design recognizes the desirability of the 
"streamlined" cross section. Safety, good appearance, econo:ny 
in maintenance - and frequently in construction - are the direct 
benefits of flat side slopes, broad drainage channels, and 
liberal warping and rounding. These features avoid obsolescence 
and invite favorable public reaction. 

Drainage Channels 

Where terrain permits, roadside drainage channels built 
in earth** should have side slopes not steeper than 4:1 
(horizontal to vertical), and a rounded bottom at least 4 feet 
wide. Minimutn depth should vary from about 1 foot in regions 
of low rainfall intensity to about 3 feet in regions with 
substantial rainfall intensity. Channel depths of 2 feet or 
more usually are needed to keep the roadway above ground level. 
Drainage channels of these dimensions have the advantages 
given in the following paragraphs. V10re critical dimensions 
may be necessary because of terrain or limited right-of-way. 

There is reasonable safety from overturning to the motorist 
who accidentally drives into a flat sloped drainage channel. 
Slopes of 3:1 are less advantageous than 4:1 slopes in this 
regard but are satisfactory when economics or lack of width 
dictate their use. In open country of northern regions, slopes 
of 5:1 and 6:1 are preferable in that they do not cause snow­
drifts as do the steeper slopes. 

The broad flat drainage channel provides a sense of open­
ness that is of material benefit in relieving driver tension. 
With a slope of 4:1 from a 10-foot shoulder (or possibly 3:1, 
depending upon the sl:xlulder slope and superelevation), the 
whole of the drainage channel is visible to the driver from a 
normal position on the traveled way. This lessens the feeling 
of restri~tion and adds measurably to the driver's willingness 
to utilize the area in emergencies ••••• 

**footnote omitted in quotation. 

Figure 3, Excerpt from AASHO manual, A Policy of Geometric Design (pp. 209-2lO). 
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Not only are these different kinds of element confused at this broadest level of anal­
ysis, but the confusion also extends to the most detailed discussion in the text (Fig. 3). 
In a few sentences elements of all five kinds are discussed, without any explicit refer­
ence to the fact that they are being treated differently. 

For instance, the first paragraph mentions requirements ("safety , good appearance, 
economy in maintenance") and what seems to be a solution: "'streamlined' cross sec­
tion" consisting of "flat side slopes, broad drainage channels, and liberal warping and 
rounding." The solution is made more detailed in the next paragraph by specification of 
"side slopes not steeper than 4: 1 ... and a rounded bottom at least 4 feet wide," but 
confused by data: "where terrain permits . . . channels built in earth." In the third 
paragraph, we find that what we thought was a solution becomes a performance standard 
qualifying a requirement: in other words, "slopes of 3: 1" is now treated as a standard 
for deciding whether the requirement "reasonable safety from overturning" is met. In 
the same paragraph, there is conflict between the two requirements, "economics" and 
"lack of width." Nowhere in the passage is there any clear distinction between the dif­
ferent parts these five elements are to play in the designer's decisions , nor are the 
single elements themselves treated from any consistent point of view. 

Although our five-part classification of elements is based on engineering practice, 
it could be argued that it is an arbitrary invention. Undoubtedly the authors of the 
AASHO manual did not have these particular elements in mind when they wrote the text, 
and there is no reason why they should have had. We do not condemn them for failing 
to use just the kinds of elements we happen to have chosen. Our objection to the manual 
is that it looks as though its authors did not have any clearly distinguished kinds of ele­
ments in mind when they developed it, which makes its organization meaningless. 

An example of the use of the most important two elements , "requirements" and 
"requirement interactions," in an analysis of the problem of highway interchange design 
follows. 

PROCEDURE IN ANALYZING THE PROBLEM 

Before discussing interchange design at all, we must be able to say how we would 
decide that a particular design is good or bad. A simple way of deciding is with a 
checklist of performance standards associated with the requirements. However, it is 
not always possible to see every aspect of a design problem in terms of quantitative 
performance standards; there is a danger that the checklist fails to account for many 
requirements which we know to be important, but cannot quantify. 

For this reason the checklist which follows is not simply a list of measurable stand­
ards, but a list of all aspects of an interchange which could be said to have "gone 
wrong." To make this list of requirements comprehensive, it contains such items as 
"lack of consistency in signs," for which there is no quantifiable standard, as well as 
items like "traffic lanes too narrow" which can very easily have quantities associated 
with them. In this fashion each item on the list describes some way in which a design 
can fail to meet our approval. 

Each item refers to a way in which an actual design can fail to fit its specification: 
these "misfits" are the requirements which we must satisfy. 

This list of requirements is our third. Briefly, the procedure was as follows: We 
made up a list of words which suggested problems in the design of interchanges (e.g., 
"safety," "construction costs," and "snow removal"). Then we refined this list, try­
ing to make it as complete as possible, and trying to get as little overlap between re­
quirements as we could. Accordingly, requirements were not listed as separate, if 
they referred to substantially the same physical aspects of the form. And then we re­
combined them to provide as parsimonious a description of the problem as possible. 
For example, at one state we had these three: 

a. Erosion of the side slopes excessive, 
b. Water and water-borne debris are carried on to roadway, and 
c. Stones can roll off side slopes on to roadway. 

These three issues refer essentially to two aspects of the interchange: the resistance 
of the side slopes to erosion, and the protection of the roadway from water, stones and 
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debris. Therefore, the new list of misfits includes the two items 64 and 66 instead of 
the three a, b, c. 

In addition to the list of requirements, we also ueeu Lu itleuliiy Llie ialeraciions be­
tween them. When we say that there is a link between misfits 46 and 89, we mean that 
decisions which we make about the form of the intersection when we try to satisfy only 
misfit 46 will probably affect those we make when we consider misfit 89 as well. We 
call the link "negative" if the attempt to satisfy one conflicts with the attempt to satisfy 
the other. We call the link "positive" if the two complement each other. (It is assumed 
that links are not directional, i.e., if 46 is linked to 89, then 89 is linked to 46.) In the 
analysis, it is not necessary to distinguish positive interactions from negative inter­
actions-both are represented by w1signed links. 

It was decided not to attempt a definitive enumeration of the links in this first pre­
liminary analysis. Since there are 112 misfits in the final list, the number of possible 
links is 112 x 111 7 2, or about 6, 000. Allowing any significant amount of time (even 
five minutes) to decide whether or not a link exists between each pair of misfits would 
have taken too long. Therefore, we decided to make the link decisions very quickly. 

We sat at an IBM card punch, reading down the list of misfits, and punched the data 
deck directly as each link decision was made. Each link decision was made twice, 
once for each side of the diagonal in the 112 x 112 matrix corresponding to the set of 
possible links. The computer program used (7) corrected the data to produce a sym­
metric matrix, by eliminating all those links which were not defined twice, i.e.' from 
A to Band vice-versa. 

The average time taken for each link decision was (20 hours) / (12, 000 decision::;) , ur 
about 5 seconds per decision, The solution, or tree, which was obtained is all the more 
remarkable evidence of the power of the method, therefore, because it is thoroughly 
reasonable, in spite of the very rapid definition of links. 

The listing of links which follows is this corrected version. 

Misfits-List No. 3 

1. Lanes too narrow. 
2 . Lanes too wide . 
3. Vertical sight· distance not sufficient. 
4. Horizontal sight distance not sufficient. 
5. Inadequate acceleration distance. 
6. Insufficient lateral clearance to the right. 
7. Inadequate deceleration distances. 
8. Superelevation, radius, and design speed and material are not consistent with 

safety. 
9. Excessive downhill slope on roads entering the intersection or within it. 

10. Downhill slope too long. 
11. Curves too long. 
12. No waste of land; every square foot used to the maximum. 
13 . Not enough length of roadway to merge. 
14. Not enough length of roadway for weaving when preparing to diverge. 
15. Visibility at point of entry is dangerously low. 
16. Insufficient illumination. 
17. Lack of consistency in signs. 
18. Drivers do not receive adequate information as to how they should proceed to 

destination. 
19. Too much information for the driver to take in (number of signs or information 

per sign). 
20. Distance between successive signs too small for adequate reactions. 
21. Too much stimulation (advertising, flickering, lights, visual noise). 
22. Driver does not know what other drivers in his own traffic stream are doing 

(movement patterns are inadequately defined and controlled). 
23. Driver does not know what course of action he should take (movement patterns 

inadequately defined and controlled) . 
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28. 
29. 
30. 
31. 
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63. 
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Driver does not know what drivers in other traffic streams are doing (movement 
patterns inadequately defined and controlled) . 
Movement paths are counter-intuitive (because they are not oriented towards their 
ultimate destinations and are misleading in their functions as signals). 
Median acts as lateral obstruction (psychological crowding). 
Median provides insufficient separation of traffic. 
Excessive headlight glare from comfort and safety. 
Sun in your eyes. 
Too many driver actions required. 
Too few driver actions required-monotony dangerous. 
Lack of consistency in actions demanded of the driver. 
Access for police and emergency vehicles to all possible accident and breakdown 
points is not assured. 
Power line , emergency telephone, etc., connections are not accommodated. 
No access to service facilities. 
Paths for pedestrian movement through interchange area are not defined. 
Pedestrians and animals are not safely separated from vehicles. 
Vehicular access to adjoining land is upset by the interchange. 
Through flow on existing roads is upset by the intersection. 
Process of construction interferes with traffic over existing facilities. 
Construction periods too long financially-capital tied up, and prices liable to 
change. 
Design of intersection is not standardized and so does not allow the use of standard 
or prefabricated components . 
Traffic flow gets interrupted by regular events (pedestrians, traffic signals, 
policemen, swivel bridges , unlimited access). 
Speed of interchange inconsistent with highway in speeds. 
Number of lanes in interchange inconsistent with number of lanes on highways. 
Location and arrangement of interchange disturbs linear continuity of intersecting 
highways. 
Bridge structures disturb linear continuity of the roadways . 
No provision for emergency breakdown-so that a driver does not interrupt traffic 
flow. 
No provision of service facilities-gas, food. 
Peak-hour congestion unacceptable. 
No parking provided for service area. 
Travel time too great. 
Interchange interferes with watercourses on surrounding land. 
Transitions between paths of different horizontal curvature and too abrupt. 
Change of radius is so gradual as to deceive the driver. 
Water falling on to roadway cannot drain. 
User costs (wear and tear on the vehicles, and gas and oil) are too high. 
Total cost of material too high. 
Total construction cost (man and equipment hours) too high. 
Cost of land too high (including the cost of litigation, etc.). 
No rest area provided. 
Cost of design too high (specialized work: skew bridge design, etc.). 
Design does not permit maximum use of facility under variable traffic conditions. 
Wind, water, and gravity-borne debris can get onto the roadway. 
Internal stability of earthwork sideslopes is not assured. 
Surface stability (erosion, etc.) of earthwork sideslopes is not assured. 
Cost of replacement and renewal (pavement materials, etc.) is too high. 
Cost (to maintenance department) of clearing snow, vegetation, garbage, etc., is 
too high. 
Operation of snow clearance itself interferes with the operation of the highway. 
Snow removal is too slow and leaves highway obstructed for long periods. 
Maintenance of paint and pavement markings (channel markings), vegetation con­
trol, etc., sign changes and re-painting obstruct traffic. 
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72. Time for which road is closed for pavement renewal is excessive. 
73. Process of pavement renewal itself interferes too much with operation of the 

!1ighway. 
7 4. Original load-carrying capacity too low. 
75. Wear and tear on structure due to weathering (heat, water, ice, cold, wind, etc.) 

reduces original load-carrying capacity too quickly. 
76. Loads carried themselves reduce original load-carrying capacity too quickly. 
77. Surface too rough for comfort. 
78. Surface such that it retains an excessive film of water. 
79. Material of surface too highly reflectant, causes sun and headlight glare. 
80. Possibility of improvements in terms of changed design standards, technological 

innovations, etc., is hampered. 
81. Expected life is too long for its role in regional development. 
82. Facility does not meet demands of expected future use. 
83. Bm:ndaries for administrative responsibilities (maintenance, policing, liability, 

etc.) are not clear. 
84. Too few visual stimuli along roadside to avoid monotony. 
85. Path of road pavement ahead of vehicle does not hold drivers' attention. 
86. Road path unrelated to the topography. 
87. Road path unrelated to buildings and distant objects. 
88. Destruction of existing trees, vegetation, top-soil. 
89. No coordination (simultaneous or sequential) of horizontal and vertical movements. 
90. Physical presence of interchange (or of some part of it) is objectionable to social, 

political, or cultural institutions. 
91. Some specific movement not provided for. 
92 . Intersection would be a greater benefit to regional economics in a different 

location. 
93 . Too many high embankments. 
94. Too many deep cuts. 
95. Number of lanes does not accommodate desired traffic volume and composition. 
96. Interchange fails to provide for bus-bus and bus-auto transfer, if buses occur in 

the traffic composition, and for connection to rail transit. 
97. Maneuver areas do not accommodate desire volume at design speed. 
98. Conflicting movements are possible. 
99. Rate of change of grade too great-causes oscillation (2nd derivative). 

100. Rate of change of superelevation too great-causes oscillation (2nd derivative). 
101. Vertical clearance in underpasses is too little. 
102. Inadequate ventilation of exhaust from semi-closed spaces-underpasses, deep 

cuts, etc. 
103 . Uphill grades are too long for trucks. 
104. Snow drifts dangerously on to roadway. 
10 5. Fog can build up-dips in roadway, valleys, etc. 
106. Windborne smoke can interfere with driver vision. 
107. Sudden changes in wind pressure are dangerous, especially at high speed. 
108. High cross winds a nuisance. 
109. No opportunities for vehicles to change order (for instance, as in passing). 
110. Actions demanded of driver are not well articulated-no rhythm, driving not a 

structured pattern of action. 
111. No way in which a driver can rectify a wrong turn. 
112. Interchange does not have unique identifying character. 
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RESULTS OF ANALYSIS 

The list of 112 misfits and the list of links (see Appendix) representing pair-wise 
interactions among the misfits described the structure of the interchange problem as 
a linear graph, This information was punched on IBM cards and used as input to a 
computer program, HIDECS 2, which was run on the IBM 709 at MIT and the IBM 7090 
at the Smithsonian Observatory in Cambridge. 

The result of each computer run was a hierarchical decomposition of the graph, which 
yielded an arrangement of the requirements into clusters in a tree (Fig. 4). As pre­
viously described, this tree can be used as a program for the design of a highway inter­
change. The tree which is presented here was obtained as output from these computer 
analyses. 

It is important to note that the results of each of the three runs were identical as far 
as the third level of the hierarchy. In view of the well-known difficulties associated 
with hill-climbing analyses (7), this indicates a remarkable degree of stability. We 
take it as evidence that the structure of the problem really does have the character-­
described by the analysis, in some very deep sense. The slight differences from run 
to run, which appeared in the lowest levels of the tree, were reconciled by hand. (See 
2·) 

In the following pages, a number of clusters of requirements, as identified by the 
analysis, are discussed. Each cluster has specific implications for the design of an 
interchange; these implications are presented graphically and are discussed in text. Un­
fortunately, we have not had time to make these diagrams in detail, or to work them 
out for all the sets of requirements , or to demonstrate the process of combination de­
veloped in the higher levels of the program. (See~.) 
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THE TREE 

The "Tree" (Fig. 4) is presented on pages 60-66. To reconstruct this diagram use 
two copies or trace pages 61, 63, and 65 and follow diagram of complete chart shown 
on page 66. 
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DIAGRAMS FOR SOME CLUSTERS OF REQUIREMENTS 

Diagram A: Requirements 110, 136, 12. 

··-- ·~-. . ...... ... 
... !!!!~=--- - . 
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Actions demanded of driver are not well articulated: no rhythm, driving not a struc-
tured path of action. 

We identify five stages in changing roads in an interchange: 

1. Preparation for exit from first major road, 
2. Exit, 
3. Transition-passage between major roads, 
4. Preparation for entrance onto second major road, and 
5. Entrance. 

In each of these five stages, there are particular kinds of things which the driver 
should be doing: 

1 . Slowing down to prepare for turning off; 
2. Controlled exit-slower speed than main road or transition road; 
3. Transition roadway is fairly indeterminate as to speed and control; 
4. Low relative speed, maximum control to allow driver adequate inspection of 

stream into which he is merging; and 
5. Maximum buildup of speed to obtain zero relative speed for actual merge. 

These stages have implications for the vertical profile of a path through the inter­
section which are expressed in Diagram A. The slowing-down required in the prepara­
tion stages 1 and 4 call for upgrades: the maximum buildup of speed required in stage 
5 calls for a downgrade; the turning movement of stage 2 calls for a level roadway, and 
stage 5, the transition, is indeterminate insofar as grade is concerned. 

In addition to grade, other physical devices might have been used to achieve this 
articulation: textures in the roadway (rumble strips), exaggerated superelevation, etc. 
However, manipulation of grade seems to be the most effective, and grade is a more 
basic feature of the interchange than the others . 

Diagram B: Requirements 25, 46, 47, 86, 87, 89, 94, 100. 
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Requirements 46 and 89 suggest strong separation of that part of the interchange 
dealing with turning movements from the roadways which carry the main streams of 
traffic straight through the interchange (illustrated in the left-hand part of Diagram B). 

Requirement 25 states that movement paths should not be counter-intuitive; this calls 
for designs in which movements to roadways heading left of the main roadway should 
be entered with left turns, straight-through movements should be made without major 
turns, etc. Together with 100, 25 also states that zig-zag movements should be avoided. 

Requirement 46 requires that the occurrence of the intersection not cause the main 
roadways to deviate markedly from their general paths toward their ultimate destina­
tions . This does not require dogmatic adherence to a straight path, only that the path 
have a general trend toward its ultimate destination, without zig-zags, as 25 suggests. 
It may even be a good idea for these paths to sweep clear of the mixing and turning 
functions, as illustrated in the left-hand diagram. 

In the right-hand part of Diagram B, these mixing functions are shown in detail. 
Once the through paths are removed, this is made of two independent sections. If we 
interpret the diagram of the mixing functions as a bridge structure, we avoid extensive 
cuts (94). Although this may be expensive in its use of bridges, note that the require­
ment concerned with bridge costs (59) is not included in this set. 

Diagram C: Requirements 3, 9, 10, 93, 99, 101, 103. 

This group of requirements deals principally with grades. Ideally, it calls for a 
solution with no grades or bridges. Examples of such a form would be a rotary or an 
at-grade intersection. However, 57, user costs, calls for as little starting and stopping 
as possible, and makes these solutions unacceptable. Also, clearly, other require­
ments are going to call for bridges and grades, and make it important to study the less 
extreme implications of 3-103. 
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It is not imperative for the through roads to be level. It is the turning maneuvers 
which are especially dangerous if they contain grades; and 3-103, therefore, do callfor 
an interchange in which all the turning takes place at one level. We solve this, in the 
Diagram C, by interlacing the four main roadways in "basketweave" fashion. This 
means that each roadway, as it comes out from under the first bridge, is "down." If 
the turning movements provided by the rotary all connect to this point, on the four road­
ways, respectively, the turning movements can all be at the same level. 

The set of requirements has another interpretation: all these kinds of restrictions 
about grades, clearances, etc. , call for a form which is not too "tightly packed." For 
instance, the same general form as the basketweave diagram shows might have this 
kind of flexibility, if the distances between the overpasses is of the order of 1, 000 ft. 
Then, the grades and clearances of the main through roads can be adjusted independently 
over a fairly wide range, and the same form is adaptable to a variety of topographic 
conditions . 

Diagram D: Requirements 4, 6, 13, 14, 38, 39, 44, 45, 48, 82, 90, 91, 96. 

The number of requirements in this cluster is large (13). It is therefore interesting 
that a diagram was developed which satisfies almost all of these. 

The single ring for all turning movements makes it easy to provide sufficient space 
on all roadways for emergency breakdowns ( 48), and for bus-auto transfer points (96). 
In this simple design, the fact that all turning movements use the same wide ring path 
makes less critical the possibility that the predicted volume for some particular move­
ment may actually turn out to be very wrong (82). All movements can be provided for 
equally easily (91). 

The design provides great flexibility with regard to grades. If the loop is elevated, 
instead of the through roads, accessibility to land uses within the loop can be preserved 
(38), and there can be a minimum disruption of through traffic on existing roads (39). 

In this design, all exit movements are at opposite ends of the interchange from the 
point at which the roadway enters the interchange area. This allows the full crosswise 
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length of the interchange to be used for acceleration and deceleration in merging and 
diverging movements. Similarly, although the ring volumes are high, the length of the 
ring allows adequate mergmg and d1vergmg distances (13, 14). 

The main through roadways have the same speed and number of lanes within the 
interchange as without, retaining their straight-through character ( 44, 45). 

Diagram E: Requirements 1, 2, 5, 7, 12, 35, 37, 50, 95. 

Requirement 12 calls for the maximum use of land-no waste. In making a diagram 
for this set we come to a point that has not, perhaps, been given sufficient attention in 
current highway design practice. If the speed of the individual highways is very great, 
we must expect to slow down in making the transition from one to another. We do not 
expect to transfer from a limousine to an airplane at high speed. Similarly, we feel 
that the transition from one highway to another should not necessarily be possible at 
high speed. 

If we accept this premise, it becomes possible to reduce the amount of land used, 
drastically (Diagram E). A horizontal circular platform is built, above one roadway 
and below the other. All transition between the roadways comes straight to this plat­
form, where flow stops almost dead. Circulation on the platform will probably be 
rotary; slow speeds allow a very tight radius. 

This solution allows lanes of any desired width (1, 2); and provides ample accelera­
tion and deceleration, since this can be tucked between the opposing paths of each road­
way, where the median usually is (5, 7). Service facilities can be provided most simply 
in the middle of the transition zone; note that this is almost impossible on a cloverleaf 
(35). Congestion of this zone will only occur if opposing types of turn occur simultane­
ously ( 50) . At peak hours this rarely happens; flow in one direction will predominate­
and can be given priority by traffic-light control, etc., in the transition zone. 

Diagram F: Requirements 83, 92, 111, 112. 
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Requirements 83, 111 and 112 call for a neutral zone, intermediate between the two 
main highways. This neutral zone will contain everything (including turning movements) 
which does not belong explicitly and functionally to one of the highways or the other. It 
will clarify administrative responsibility (83), and will give the interchange a substance 
capable of identifying it (111, 112). 

The need for regional development (92) calls for an easy way of obtaining access to 
the interchange. Because of weaving distances, present designs such as cloverleafs 
make it very hard to provide access from the nearby land to the interchange itself. The 
neutral zone, however, allows it easily. 

Diagrams G and H: Requirements 43, 52, 62, 63, 97, 98 

Requirement 43 calls for steady flow without interruption. Requirements 63 and 
97 call for a design which is homogeneous and continuous with the main roadways, and 
contains no narrow, tightly-curved connecting roads which are liable to bottleneck and 
slow maneuvering. 

Diagram G is conceived on the basis of a single centrifugal flow, in which entering 
movements come in to the center, and all weaving is outward, away from the center. 
This satisfies 98, though not ideally, since it still makes for weaving which contains 
conflicts; 62 is not resolved. It is worth observing that it occurs just here, where 
skew bridges suggest themselves naturally. 

A much better solution, derived from this one, is based on the need to avoid con­
flicting movements completely (98). Conflicting movements occur at places where 
merging precedes diverging. To avoid it, we must insure that diverging always pre­
cedes merging. The use of this principle leads to Diagram H. For the sake of clarity, 
it is shown without the right-hand turns, which are easily added. 
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Diagram I: Requirements 16, 17, 18, 19, 20, 84. 
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This set of requirements deals principally with the fact that the driver has to find 
out ·.vhere he is going as he drives through the interchange. The principal conflict which 
needs resolution is that between 18, 19, 20. On the one hand, 18 calls for as many 
signs and destination names as possible; on the other hand, 19 and 20 call for as little 
information as possible, so that it should not confuse the driver who can, after all , only 
digest a limited amount of information without slowing down. The resolution of this 
conflict suggests two things. 

First of all, the information on the signs should be reduced to a minimum, and a 
parking place provided in which the driver may consult maps for further details. 

Second, in view of this limited in.formation, the signing for the left-hand turn and 
the right-hand turn should be presented to the driver simultaneously-if possible, also 
at the same time as the signs for the through path. Otherwise, when looking for an un­
familiar name, the driver may pass one exit, only to find, when he gets to the other, 
that it was the first he wanted. 

These two matters, as shown in the bottom Diagram I, call for a form which contains 
a central parking space, from which any exit may be made, and for an interchange in 
which all possible turns are presented simultaneously , so that signs may be presented 
as shown at the top of the diagram. 

CONCLUDING REMARKS 

Some Comments on Design 

These notes summarize the major ideas which we have been able to develop to date. 
Although we have by no means solved the interchange design problem completely, we 
can see emerging a possible solution in the diagrams described here. 
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The dominant theme seems to be the use of a central space or neutral zone, between 
the major through roads, for the mixing function, for transition between the through 
routes, and for information, emergency and service facilities. This represents a highly 
efficient use of the land usually wasted between turning roadways, and offers flexibility 
with regard to possible changes in traffic and in transportation technology (automatic 
control, rapid transit, ground-effect vehicles, etc.). 

It is also important that this neutral mixing area can support regional development 
by providing access to surrounding land. Where two limited-access highways meet, 
weaving problems do not allow further interchanges for access to nonlimited-access 
roads. Therefore, for an area of several square miles about the interchange of the 
limited-access highways, potential growth is hampered by the distance traffic must go 
to get access to either of the roads: a pocket of dead land is created, and the great 
potential of the major highway interchange as a power in economic development is re­
duced. 

We should perhaps mention the standard and widely used cloverleaf pattern. This 
type of interchange is cheap to build, does not consume too much land, and is easy to 
construct over an existing facility. Where cost and land are the major considerations, 
this type of interchange may still be a wise choice. 

However, the cloverleaf has many noticeable defects. It provides very bad weaving, 
and offers only short acceleration and deceleration lanes. Its turns, which involve 
simultaneous change of grade and direction, are dangerous. It offers no opportunity 
to rectify a wrong turn, and yet presents the driver who wants to turn off with two 
sequential decisions, so that he does not know until he comes to the second one, which 
one was right; at that, the left-hand turn is counter-intuitive, and makes a 270° turn. 
It tends to waste the land inside its turning circles; and also tends to make access to 
neighboring land difficult, if both intersecting highways are of the limited-access type. 
Expansion is difficult (since inner turns cannot easily be widened) and opportunities for 
connection with other types of transportation, as part of a wider system, are non­
existent. 

SOME CONCLUSIONS FOR ENGINEERING PRACTICE 

The computer analysis indicated that the highway interchange design problem had 
four major components. As a result of our attempts to diagram the implications of 
several of the subsystems of this problem, these four components can be described as 
follows: 

1. The roadways in the interchange. Each of the roads in the interchange has 
characteristics as a path-both plane and vertical profile, in general and in relation to 
the topographical surface. Most of the kinds of things with which these requirements 
are concerned are characteristic of highways in general, and are not peculiar to inter­
changes alone . 

2. The interchange ap a system with particular characteristics and functions. 
These requirements describe the interaction of the interchange with its environment­
its ecology: the relation to the system of vehicular flow-the properties of streams of 
vehicles; the demand for movement-various forces in the socio-economic system as 
expressed in terms of flow patterns; the ecology of the natural environment- trees, 
watercourses, weather; the interaction with the administrative structure of society­
maintenance, control, emergencies, etc. These become explicit in the physical part 
of the interchange which carries on its unique functions-the mixing area. 

3. The interchange as it concerns the driver. The driver's perception of where he 
is, where he is going, his place in the stream of vehicles-the provision of adequate 
information, comfort including avoidance of monotony, a clear view, provision for 
emergencies, etc. 

4. The material structure of the interchange. These requirements concern the 
elements of the physical system which require local treatment. In a sense, they do 
not concern the basic functional organization (though they may have implications for it), 
but the gingerbread, the trimmings: decisions about materials, cross-sections and 
details of construction-the barriers to keep off snow, water, debris, wind, smoke; 
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the wearing surface and its base courses; etc. They are the kinds of things one would 
find dealt with in a table of specifications for standard designs. 

By way of conclusion, we return again to the theme with which we introduced this 
discussion: the AASHO manual. Although this analysis is only preliminary, it has re­
sulted in a way of looking at the interchange design problem which is distinctly different 
from the approach taken by the AASHO manual. The discussion of the diagrams and of 
the principal components of the problem have illustrated this. As we expected, even 
this preliminary analysis has suggested the way in which a manual for the design of 
interchanges should be constructed. For example, a division of the manual into four 
major sections, corresponding to the four major components of the problem outlined 
above, is not only theoretically justified (by our analysis) but also seems to make good 
senseonanintuitive basis, now that the analysis has pointed it out. Of course, the way 
in which each of these four sections is broken down into subsections should also reflect 
the structure of the problem as revealed by an analysis such as this; however , the 
analysis so far accomplished is not detailed enough to provide any well-founded basis 
for such further subdivision. 

We do not plan to rewrite the AASHO manual; this is a task which is best handled by 
those who have had long experience with the detailed problems of designing real inter­
changes. Our analysis here has not been extensive, and should be considered only a 
first experiment. We have, however, demonstrated the kind of approach which we be­
lieve should be used to write a manual. 

ACKNOWLEDGMENTS 

The research of which this report is a part was supported by the Bureau of Public 
Roads of the U.S. Department of Commerce and by the Massachusetts Department of 
Public Works. Computer and associated facilities were made available by the M. I. T. 
Computation Center. 

This work was performed at the Civil Engineering Systems Laboratory at M. I. T. The 
authors gratefully acknowledge the suggestions and criticism freely offered by Profes­
sors A. Scheffer Lang, Charles L. Miller, and Paul 0. Roberts; however, full re­
sponsibility for all statements made herein remains with the authors. 

REFERENCES 

1. Leisch, Jack E. Adaptability of Interchange Types on the Interstate System. 
Journal of the Highway Division-Proceedings of the American Society of Civil 
Engineers. Vol. 84, No. HWl (January 1958). Paper 1525. 

2. Alexander, Christopher. Notes on the Synthesis of Form. Unpublished Ph.D. 
thesis, Harvard University, 1962. 

3. Newell, Allen, Shaw, J. C., and Simon, H. A. Elements of a Theory of Human 
Problem Solving. Psychological Review, Vol. 65, pp. 151-166, 1958. 

4. Polya, G. How to Solve It. Doubleday-Anchor, A-93, Garden City, N. Y. 
5. American Association of state Highway Officials (AASHO) . A Policy on Geometric 

Design of Rural Highways. Washington, D. C., 1954. 
6. AASHO, A Policy on Arterial Highways in Urban Areas. Washington, D. C., 1957. 
7. Alexander, Christopher, and Manheim, Marvin L. HIDECS 2: A Computer Program 

for the Hierarchical Decomposition of a Set Which Has an Associated Linear 
Graph. Research Report R62-2. Cambridge, Mass. Civil Engineering Systems 
Laboratory, M. I. T. , 1962. 

8. Alexander, Christopher, and Manheim, Marvin L. The Use of Diagrams in High­
way Route Location: An Experiment. Research Report R62-3. Cambridge, 
Mass. Civil Engineering Systems Laboratory, M.I.T., 1962. 



REQUIREJolENT 
0 2 0 4 

n 38 39 o 
73 0 0 76 

109110 0 0 

REQUIREJotENT 
l 0 0 4 

37 38 39 40 
0 0 0 0 

10911 0 0 0 

REQUIREMEN T 
0 0 0 0 
0 3 8 39 40 
0 0 0 0 

109 0 0 0 

REQUIREMEN T 
l 2 0 0 

37 38 39 40 
0 0 0 0 

109 0111 0 

REQUIREMENT 
1 2 3 4 

37 3 8 39 0 
0 0 0 7 6 
011 0 0 0 

REQUIREMENT 

1 2 0 " 
3 7 38 39 40 

0 0 0 0 
109 0 011 2 

REQUIREMENT 
1 2 0 4 

37 38 0 40 
0 0 0 0 
0110 0 0 

REQUIREMENT 
1 0 0 0 
0 0 39 0 
0 0 0 76 

109 0 0 0 

REQUIREMliNT 
0 0 3 0 
0 38 39 40 
0 D 0 0 

109 0111112 

0 0 1 
5 6 
0 0 
0 0 

002 
5 6 
0 0 
0 0 

Appendix 
LINKS AMONG THE REQUIREMENTS 

IS CONNECTED T0--
7 8 0 0 ll 12 13 0 0 0 0 
0 44 45 0 u 48 Q ,0 0 52 53 
0 80 0 82 0 0 85 0 87 88 0 

0 
u 
0 

IS CONNECTED 
7 0 0 0 
0 44 45 0 
0 0 0 82 

T0--
0 12 

47 48 
0 0 

0 14 J 
(J 50 51 

8~ G 87 

c 
0 
(} 

c 0 
0 c 
0 9C 

0 
0 
0 

(l () (, 23 0 0 26 27 
~ 57 5~ a 60 o a o 
n o 94 ~s 96 97 o u 

u n 30 
0 65 66 
0 0 0 

0 0 0 22 £3 24 0 
o So 57 58 o9 60 o 
0 u 0 94 95 96 97 

c 27 0 0 30 
0 0 0 65 66 
o 0100 nlo2 

0 
a 
0 

0 33 
0 69 
0 l vS 

c 35 0 
0 71 0 
0107108 

0 0 0 0 35 0 
0 68 0 7 0 0 0 
0 0105 0 0108 

0 0 3 IS 
5 0 0 

41 0 43 
0 0 0 

CONNECTED 
0 9 10 

44 0 46 
80° 0 82 

T0--
0 0 

47 48 
0 84 

u l4 15 
0 0 0 

85 86 fl7 

0 0 19 2~ 0 22 0 24 
53 0 0 c 0 0 ~9 0 
89 90 Yl 0 93 94 0 ?6 

0 
0 
0 

0 0 
0 0 
0 99 

0 ;_>q 0 0 
o 65 o a 
010ll02103 

0 
0 
0 

0 
0 
0 

0 35 
0 0 
0 0 

0 
0 
0 

004 
5 6 
0 0 
0 0 

IS CONNECTED TG--
7 0 0 0 11 0 13 14 15 16 0 0 19 

43 44 45 ~6 47 48 49 0 0 52 53 54 55 
0 80 C 82 o 84 RS 86 87 86 89 90 91 

n 
0 
0 

0 22 0 24 0 
0 G ~q 60 0 
0 94 95 96 97 

a 
a 
G 

0 28 29 0 
0 0 65 0 
0 0 0102 

005 IS CONNECTED TG--
0 6 7 0 0 0 11 12 13 0 15 16 
0 0 0 44 45 46 47 0 0 50 0 52 
0 0 0 80 0 62 0 0 0 0 0 83 

0 0 0 0 0 
r 54 55 56 57 
0 (J 91 0 93 

c 23 0 0 0 0 
0 59 60 61 0 63 
0 95 96 97 98 0 

0 0 30 
0 65 66 
0 0 0 

006 
5 0 

41 0 
0 0 

007 
5 6 
0 0 
0 0 

008 
0 0 
0 0 

17 78 

TS CONN EC TED 
7 0 0 0 
0 44 45 46 
0 80 0 8£ 

T0--
0 12 

47 48 
0 84 

lS CONNECTED T0--

13 14 15 0 
49 50 .,1 0 

0 0 0 88 

0 0 0 20 21 0 23 0 
u c j5 0 0 0 59 60 
U 90 Yl 0 0 9~ 0 96 

0 26 27 28 0 0 
(j 62 63 64 65 66 
0 G 0 0 G 10 2 

0 0 9 10 11 12 13 14 0 16 0 0 0 20 0 0 23 0 0 
0 44 45 0 47 48 4~ 50 51 52 O j4 55 56 0 jH 59 60 61 
0 80 0 82 ~ 0 0 J6 87 88 89 0 91 0 93 94 95 96 97 

c 27 
c 63 
c 0 

0 0 30 
0 65 66 
0 0 0 

15 CONNECT~D TG--
00 00ll0 
0 44 0 0 47 0 

79 0 0 0 0 0 

D 0 0 
0 0 0 
0 86 87 

0 lJ 

0 (j 

0 89 

0 0 
0 0 
n 91 

0 
0 
0 

0 
0 
0 

0 0 
u 59 
0 0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 0 
0 0 
0100 

0 
0 
0 

0 
0 
0 

0 0 0 
0 0 69 
0104105 

0 0 33 
0 68 69 
0 0 0 

u 35 
0 0 
0 0 

0 
0 
0 

0 35 36 
0 7l 0 
0107 0 

0 0 33 34 0 36 
0 G 69 70 71 0 
0104105 0107 0 

0 0 
0 68 
0 0 

0 
0 
0 

0 
0 
0 

0 0 35 36 
0 70 71 0 
0 0107 0 

0 
0 
0 

0 0 c 
0 0 0 
0107108 

009 
0 0 
0 0 
0 0 

IS CONNECTED T0--
7 0 0 10 11 0 

43 44 0 0 47 0 
o o a o o o 

0 0 15 
0 0 0 

85 86 0 

0 0 0 0 
o 53 o a 
0 89 90 91 

0 0 0 0 0 25 
O 57 S8 59 60 O 
0 'l 3 0 0 0 0 

0 0 0 29 
0 0 0 0 
0 99100101 

0 0 
0 0 
0103 

0 
0 
0 

0 34 35 
0 0 0 
0 0 0 

0 
0 
0 

-J 
CJl 



R~QUIREMEl;T 
0 0 ] 0 
0 38 39 0 
0 0 0 0 

109 Olllll2 

REQUIREMENT 
l 0 0 4 
0 38 39 0 
0 0 0 0 

109 0 OllJ 

REQUIREMENT 
l 2 () 0 

31 38 0 (1 

13 14 0 0 
109 0 0 0 

REQUIREMENT 
l 0 3 4 

31 38 39 40 
0 c 0 1tl 
OllL 0 U 

REQUIREMENT 
0 2 ] 4 

31 38 39 4-0 
0 0 0 111 
0110 0 0 

REQUIREMENT 
0 0 J 4 

31 0 0 0 
0 0 0 '1 
0 0 0 0 

REQUIREMENT 
0 0 0 4 

31 0 0 0 
0 0 0 0 
0 c 0112 

REQUIREMENT 
0 0 0 I) 

0 0 0 0 
o o o n 
0 0 Olt~ 

REQUIREMENT 
0 0 0 0 
0 0 0 0 
0 0 0 () 
0 Ollilla 

OlO•IS 
0 0 1 
0 0 0 
0 0 0 

CONN EC TED T0--
090ll0 
0 0 0 41 0 
0 0 0 0 0 

T0--

0 0 0 0 0 0 0 
0 0 0 52 0 0 0 

85 86 81 0 89 90 >l 

011 
5 0 
0 0 
0 0 

IS CONNECTED 
1 B 9 10 
0 44 0 46 
0 0 0 0 

0 0 0 0 0 
47 0 0 0 0 

0 0 B5 86 81 

0 0 0 0 
0 0 54 55 
0 B9 90 0 

0 0 0 0 
0 0 58 39 
0 93 94 0 

0 25 
0 0 
0 0 

0 
0 
0 

0 u 0 0 25 
O 58 5'l 60 0 
0 94 0 0 0 

0 0 
0 0 
0 99 

0 0 0 0 
0 0 0 0 
0101102103 

0 
0 
0 

0 0 
0 0 
0100 

0 
0 
0 

0 31 
0 0 
0 0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 35 
0 0 
0 0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

012 
5 6 
0 0 
0 0 

IS CONN EC TED 
1 0 c 0 

43 44 45 46 
0 80 0 87 

TO­
O 0 
0 48 
0 0 

13 l4 0 0 
49 50 51 0 

0 0 0 88 

0 0 0 0 
0 0 55 56 
0 90 91 92 

0 0 0 0 25 0 27 
0 58 59 60 61 62 0 
0 0 'l5 0 97 98 0 

0 
0 
0 

0 
0 
0 

0 0 0 33 
0 67 68 69 
0 0 0 0 

0 35 36 
0 0 72 
o o n 

013 
5 6 
0 0 
0 0 

014 
0 6 
0 0 
0 0 

015 
5 6 
0 0 
0 0 

JS CONNECTED T0--
1 0 0 0 0 12 

43 44 45 46 47 48 
0 0 0 82 0 0 

u 14 15 0 0 0 0 
0 50 0 0 53 54 0 
0 O 0 BB 89 90 91 

000000 
0 57 58 59 0 0 
0 93 94 ?5 96 97 

IS CONNECTED 
7 0 0 0 
0 44 45 0 
0 0 0 82 

IS CONNECTED 
0 0 9 0 
0 0 0 0 
0 0 0 0 

T0--
0 12 
0 48 
0 0 

T0--

13 0 
0 50 
0 0 

0 0 13 0 
0 0 0 50 
0 8.4 0 0 

0 16 0 0 0 20 0 0 0 0 0 
0 52 53 0 0 0 57 58 59 0 0 
0 EB 89 ,0 91 O 0 ~4 95 'l6 97 

0161718 
0 0 0 0 
0 88 0 90 

0 
0 
0 

rJ 21 22 
0 0 58 
0 0 0 

0 24 0 
0 0 0 
0 0 97 

0 27 
0 63 
0 0 

0 0 
0 63 
0 0 

0 0 
0 63 
0 0 

0 
0 
0 

0 
0 
0 

0 30 0 0 
0 0 0 6B 
n 0103 O 

0 3(' 
0 0 
0 0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 35 
0 0 
0 0 

0 0 30 
0 0 0 
0101 0 

0 
0 
0 

0 33 0 
0 0 0 
0 0106 

0 
0 
0 

016 
5 0 
0 42 
0 0 

IS CONN EC TED 
7 0 0 0 
0 44 0 0 
0 0 0 0 

T0--
0 0 
o a 
0 8't 

0 14 15 
0 0 0 
0 0 0 

0 17 18 n ~u 

0 0 0 0 0 
0 0 0 0 0 

21 22 
0 58 
0 u 

0 
0 
0 

0 0 
0 c 
0 97 

0 
0 
0 

0 28 29 
0 0 0 
0 0 0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 34 
0 0 
0 0 

0 
0 
0 

011 JS 
0 0 0 
0 42 0 
0 0 0 

CONNECTED 
0 0 0 
0 0 0 
0 0 82 

018 
0 0 
0 0 
0 0 

IS CONNECTED 
0 0 0 0 
0 0 0 0 
0 80 0 B2 

TG--
0 0 0 
0 48 0 
0 B4 8j 

0 15 16 
0 0 0 
0 0 0 

0 l B 19 20 
0 0 0 0 
0 90 0 c 

0 u 23 
0 58 0 
0 0 0 

T0--
0 0 
0 0 
0 84 

0 0 15 16 17 0 19 20 21 
49 0 0 0 0 0 0 0 0 

0 86 97 0 0 ?O 0 0 0 

0 23 
0 59 
0 0 

0 u c 0 
0 0 0 63 
0 97 98 0 

0 25 0 0 
0 0 62 63 
0 0 0 0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 30 
0 0 
0 0 

0 32 
0 0 
0 0 

0 32 
0 0 
0 0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 34 35 
0 0 71 
0 0 0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

-.J 

°' 



REQUIREMENT 
a a 3 4 
a a a a 
a a a o 
a 0111112 

REQUIREMINT 
a a 3 u 

31 o a o 
a a o o 
OllO Olla 

REQUIREMENT 
a o o o 
0 0 0 0 
0 0 0 0 
0 0 011"> 

REQUIREMENT 
0 2 3 4 
a a o o 
a o o u 

109110 a u 

REQUIREMENT 
1 2 a o 
o a a {1 

o a o u 
109ll0111 llt! 

R~QUIRENENT 

0 2 3 .. 
a a a u 
o a o o 

109 a a o 

KEQUIRl:NENT 

019 
0 0 
0 42 
0 0 

IS CONNECTED T0--
0 o a o o o o 
0 0 0 lJ 0 0 0 
0 0 0 82 0 84 85 

0 
0 
0 

0 16 17 18 
0 0 0 0 
0 0 u 90 

a 20 
a o 
on 

0 G 
0 58 
a o 

0 
0 
0 

0 
0 
0 

0 () 0 
0 62 63 
0 0 0 

0 
0 
0 

I) 

0 
0 

0 
0 
0 

0 32 
o o 
o o 

0 
0 
0 

020 
0 6 
0 42 
0 0 

1 S CONNECTED 
7 0 0 0 
0 0 0 0 
0 30 0 J2 

T0--
0 0 
0 0 
c 13~ 

0 14 
0 0 
l) 0 

0 16 17 18 19 
0 0 0 0 0 
0 0 0 0 0 

a n 
ei a 
0 0 

0 23 
0 0 
u 0 

0 25 
0 0 
Q 0 

0 0 
0 63 
o o 

0 
0 
D 

0 30 
0 0 
0 0 

0 32 
0 0 
0 0 

0 
0 
0 

IS CONNECTFn T0--n71 
0 6 
0 0 
0 0 

0 0 0 0 0 0 0 
43 0 0 0 0 0 49 
79 30 0 c 0 84 0 

022 
0 0 
0 0 
0 0 

IS CONNECTED 
0 0 0 L 
0 0 0 0 
0 0 0 0 

023 IS 
5 6 7 
0 0 0 
0 c 0 

024 IS 
0 0 0 
0 0 0 
0 0 0 

CONNECTED 
0 c 0 
0 0 0 
0 0 82 

CONNECTED 
0 0 0 
0 0 0 
0 0 8} 

TG---
0 0 
a a 
0 0 

TO-­
a o 
0 0 
0 0 

TD--
0 0 
() 0 
u 0 

i) 

G 
0 

0 
0 
0 

0 
0 
0 

0 15 16 f) 16 
0 0 0 lJ 0 
0 87 0 89 0 

0 15 lo 
0 0 0 
c 0 0 

0 0 
0 54 

AU G 

0 
0 
0 

0 
0 
0 

0 17 16 
0 l) 0 
u 0 0 

0 15 
0 0 
0 0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 20 
0 I) 

0 0 

0 
0 
0 

0 
0 
0 

0 20 
u 0 
0 0 

() 

0 
0 

0 
a 
0 

0 
0 
0 

0 
0 
c 

0 
0 
0 

0 
0 
0 

o 
0 
0 

o 21 28 
0 0 0 
0 99 0 

0 
0 
0 

0 
0 
0 

0 
o 
0 

0 
0 
0 

0 
0 
0 

a 
u 
0 

u 23 24 
a o o 
c 0 0 

0 c 
0 62 
0 98 

0 
0 
0 

0 29 
0 0 
0 0 

o 31 32 
0 0 \.) 
o o o 

0 
0 
0 

0 22 
lJ G 
0 () 

0 24 25 
o o o 
0 0 0 

0 0 
0 63 
o o 

0 29 30 
o o o 
0 () 0 

0 2Z 23 
0 0 0 
0 lJ 0 

0 25 0 0 20 29 30 
o o o 63 o o o 
o o 98 o o o o 

0 32 0 
o u8 o 
0 0105 

0 32 0 
0 0 0 
o 0105 

0 0 
0 71 
0 0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 36 
0 0 
o o 

0 
0 
0 

0 
0 
o 

0 
0 
o 

0 
0 
0 

0 
0 
u 

0 
0 
0 

a o a v o 
37 38 311 40 41 

0 0 0 0 0 
Oll0lllll2 

025 IS 
0 0 
0 0 
0 0 

CONN EC TED TO­
O 9 10 11 12 
u 45 46 47 48 
0 0 0 0 84 

0 0 0 0 0 18 0 20 0 0 23 24 
4~ 50 0 0 53 ~4 55 G 0 58 59 6C 
85 66 87 88 89 ~n 91 92 93 q~ o 96 

o o o o o 30 31 32 o 
0 62 0 0 0 0 0 0 0 
0 96 99100101 0103 0105 

0 
0 
0 

0 0 
0 0 
0108 

REQUIREMENT 
1 0 0 0 
0 0 0 0 

73 0 0 " 
0 Ollllld 

REQUIREMENT 
1 2 o a 
0 0 39 40 

73 0 0 0 
0 0 0 0 

026 IS CON"JECTED 
0 6 0 0 0 0 
0 42 0 44 0 0 
0 0 0 80 81 0 

T0--
0 0 0 
0 48 0 
() 84 85 

IS CONNECTED ro--

0 
o 
0 

0 
0 
0 

0 
o 
0 

0 
0 
0 

0 0 
0 0 
0 91 

027 
0 6 
0 0 
0 0 

7 0 0 0 0 12 13 0 0 0 l) 0 0 
0 44 45 0 47 48 lJ 0 51 0 53 0 0 
a ao a a2 J o o 86 o ed o ~u il 

(} 

0 
l) 

0 
0 
0 

o o o 
0 0 60 
o 95 96 

0 
0 
o 

0 27 28 
0 6J 0 
0 0 0 

Q 

0 
0 

o 
0 
0 

0 21 0 0 0 0 26 0 28 0 0 
0 0 () 59 60 61 0 63 0 65 66 
o 93 94 95 96 o o o o o n 

0 
0 
0 

o 33 34 o 36 
0 69 70 71 12 
o 0106101 o 

o o 33 34 o o 
0 08 0 0 71 72 
0104 0 0 0108 

-.::i 
-.::i 



REQUlllEMENT 
0 0 0 .. 
0 0 0 0 
0 0 0 0 
0 0 0 0 

REQUIREMENT 
0 0 3 4 

37 0 0 c 
0 0 0 0 
0 0 0 u 

REQUIREMENT 
1 2 0 0 
0 38 39 40 
0 0 0 0 

l0911G1Il G 

REQUIREMENT 
0 n 0 0 
0 0 39 0 
0 0 0 0 

109110 0 0 

REOUIRENENT 
0 0 0 0 

37 38 39 0 
0 0 0 0 

109110 0 0 

REQUIREMENT 
l 0 0 0 

37 38 39 40 
73 74 0 7b 

0 Clll o 

REQUIREHENl 
0 0 0 0 
0 0 0 40 
0 0 0 0 
0 0 0 l) 

REQUIREMENT 
l 2 3 4 

37 38 39 40 
O 74 0 7o 
o 011111a 

REQUIREMENT 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 u 

028 JS CONNECTED T0--
0 6 0 O D D 0 0 
0 D 0 44 0 46 47 D 
D D 79 G 0 82 0 a4 

l) 0 
0 5ll 
l) 0 

0 16 
0 0 
0 88 

0 0 0 
D 54 55 
0 90 91 

0 21 
0 D 
0 0 

0 0 24 
D 59 60 
0 0 96 

0 26 27 
0 0 63 
0 0 0 

0 0 30 31 0 
0 65 0 0 68 
0 0 0 0 0 

0 
0 
0 

0 0 0 
0 71 0 
0107 0 

029 IS CONNECTED 
000090 
O 0 D 44 0 46 
0 O 79 D 0 D 

T0--
0 0 
D 0 
0 84 

0 0 
u 0 
ll 86 

0 16 
D 0 
D 88 

0 0 (, 
0 54 55 
0 I) 91 

0 
0 
0 

0 22 23 24 
0 D 0 60 
0 0 0 0 

0 
0 
0 

0 
0 
0 

030 
5 0 
0 0 
0 D 

031 
I) n 

0 0 
0 0 

IS CONNELTEU T0--
7 0 0 0 0 0 13 14 15 

43 0 0 46 47 48 0 0 0 
79 80 D 0 0 O 85 0 D 

IS CONNECTEO ro--

0 0 ld 
0 0 54 
0 B'i 0 

0 o o o 11 o n n n n o o 
D 0 0 46 0 0 49 0 0 52 0 54 
0 0 81 0 0 84 0 86 87 0 89 0 

TO-

0 20 0 
0 0 57 
0 0 0 

0 23 24 25 0 
0 59 60 0 0 
0 0 96 0 98 

0 
0 
0 

0 
0 
0 

0 2.2 
0 0 
0 0 

0 
0 
0 

0 25 
0 0 
0 0 

0 
0 
0 

0 
0 
0 

0 
0 
D 

0 28 
0 0 
0 c 

0 28 
0 0 
0 0 

0 
0 
0 

0 
0 
0 

n 
0 
c 

0 
0 
0 

0 
0 
a 

0 
0 
0 

0 
0 
0 

a 
0 
0 

0 32 
0 0 
0 0 

n 32 
0 0 
0 0 

0 
0 
0 

0 
0 
a 

0 
0 
0 

0 
0 
0 

0 
a 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 36 
a o 
0 0 

n 
0 
0 

0 

0 
0 

032 
0 0 
0 0 
0 0 

IS CONNECTED 
0 D 0 0 

43 0 45 46 
0 80 0 82 

O G 0 0 0 
47 48 49 0 0 

D 0 0 86 b7 

0 17 18 19 20 
0 u 0 55 0 
0 0 O 91 D 

0 22 23 24 25 0 0 
0 0 0 0 0 62 63 
o o o a o o o 

0 
0 
0 

a 30 31 
0 0 0 
0 0 0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

G 
0 
0 

IS CONNECTED ro--033 
5 6 
0 0 

77 78 

0 0 0 0 0 12 0 0 
43 0 45 0 0 48 49 50 

0 BO 81 82 83 u 0 86 

034 IS 
0 6 0 
0 0 0 
0 (' 0 

CONNECTED 
G 9 G 
0 45 c 

80 0 0 

T0- -
0 0 0 
0 0 49 
0 0 D 

0 
0 
0 

15 0 
~l 0 

0 88 

0 0 0 
C G 0 
D 9C 91 

0 16 0 lb 
D 0 53 0 
D 88 0 90 

a 
0 
0 

0 0 0 0 0 0 26 27 0 0 0 
0 0 58 ~9 60 61 62 63 64 65 66 
0 93 94 95 96 0 c 0 0 0102 

0 0 
0 0 
c 93 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 26 27 
0 0 0 
o a o 

0 
0 
0 

0 0 
0 66 
0 0 

035 IS 
5 0 7 

41 0 43 
0 0 0 

CONNECTED 
0 9 10 
0 45 0 
0 0 0 

ro-­
o 12 

47 48 
0 '.) 

u 14 o u o le o o 
49 so 51 a 53 c o a 

o a o RB 89 ~e 91 ~2 

a 
0 
0 

c 0 0 0 
0 59 60 61 
() 95 96 0 

0 c 
0 63 
0 0 

0 
0 
0 

0 
0 
0 

D 
0 
0 

036 
5 6 
0 0 
c 0 

IS CONNECfED ro--
7 0 0 0 0 12 
0 44 45 0 0 0 
0 0 0 82 83 0 

0 0 
a ~a 

G 0 

0 
0 
0 

0 
0 
a 

0 
0 
0 

0 
0 
l: 

0 
0 
0 

0 
0 
0 

0 ~l 

0 c 
0 c 

0 0 0 26 
o o o a 
0 % 97 0 

a o o 30 
0 64 65 66 
0 0 0 0 

o o o a 35 a 
0 68 69 70 71 72 
000000 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 0 33 
0 68 0 
0 0 0 

0 0 
0 71 
0 0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
u 

0 
0 
0 

0 D 0 0 
0 70 71 72 
0 0 0 0 

-.J 

°" 



REQUIRENENT 
l 2 0 4 
0 38 0 40 
0 0 0 0 

109 011111~ 

REQUl~EMENT 

l 2 3 4 
37 0 39 <I 
07400 

109 0111112 

037 
5 6 

41 0 
0 0 

IS CONNECTED T0--
7 0 0 0 0 12 

43 44 45 46 47 48 
0 0 81 82 83 0 

038 IS 
5 6 1 
0 0 43 
0 0 0 

CONNECTED T0--
0 9 10 11 12 

44 45 46 47 48 
0 81 82 83 0 

IS CONNECTED T0--

13 14 15 16 0 G 0 20 
0 50 0 0 53 c 0 56 
0 86 0 88 89 9C 91 0 

0 
0 
0 

0 0 0 25 0 0 0 2, Q 
u ~9 0 0 0 63 64 65 66 
0 95 96 97 98 0 0 u 0 

0 32 33 0 35 0 
0 68 l9 70 71 72 
0 0 0 0107 0 

13 14 0 0 0 0 0 0 0 0 0 0 25 0 0 0 0 30 0 32 33 
49 50 51 0 53 54 0 0 0 58 0 60 61 0 0 64 65 66 0 0 6i 

0 86 &7 88 Bi 90 91 92 93 94 95 9~ 97 98 99 0101 0103104 0 

0 35 0 
0 0 72 
0107 0 

REQUIREMENT 
l 2 3 

039 
4 5 6 

4() 41 0 
0 0 0 
;') 

0 38 0 
0 0 0 

0 a 9 10 11 o 13 14 o o o o a o o o a o 25 o 21 
43 44 45 46 47 48 49 50 51 52 53 54 55 0 57 58 59 0 0 62 0 

0 0 0 82 0 0 8~ 86 67 88 89 iO 91 92 93 94 95 i6 97 98 99 

0 0 30 31 32 33 
0 65 66 0 0 0 
0101 0103 0105 

0 35 
0 0 
0107 

0 
0 
0 

109110 0 

REQUIRENENT 040 TO--
0 2 3 4 0 6 

37 0 39 0 41 0 
000000 

109 OllllU 

IS CONNECTED 
1 0 9 0 
0 0 45 0 
o ao o a2 

'l 0 13 14 0 0 0 0 0 
41 48 49 0 0 52 53 54 0 

0 0 0 86 87 &a 69 ~G 91 

0 0 0 0 0 25 0 27 
0 57 u 59 60 0 62 63 
0 93 94 95 96 0 0 99 

0 0 30 
0 65 66 
0101 0 

0 
0 
0 

0 33 34 35 
0 0 10 0 
0105 0107 

0 
0 
0 

REQUIREMENT 
0 0 3 0 

37 0 39 40 
0 14 0 76 
0 0 0 Q 

REQUIREMENT 
0 0 0 ') 
0 0 0 t) 

0 7't 75 u. 
0 0 0 0 

REOUIRENEIH 
0 0 3 4 

37 38 39 0 
0 0 0 0 

109 0111112 

REQUIREMENT 
l 2 3 4 

37 38 39 0 
0 0 0 0 

109UOUl11J 

REQUIREMENT 
1 2 0 4 

37 38 39 40 
73 0 Cl 0 

109 0 Otl2 

041 IS 
0 6 0 
0 42 43 

77 78 0 

CONNECTED 
0 0 0 
0 0 0 

80 81 0 

042 IS 
0 0 0 

41 0 

CONNECTED 
0 0 0 

0 0 0 46 
o ao a1 a2 77 78 

T0--
0 0 
0 0 
0 0 

ro-­
o 0 
0 0 
0 0 

043 
0 0 

41 0 
0 0 

IS CONNECTED T0--
0 0 9 0 0 12 
0 44 0 0 0 48 
0 0 0 82 83 0 

044 IS 
5 6 1 
0 0 43 
0 0 0 

CONNECTED T0-
8 9 0 11 12 
0 45 0 47 48 

80 0 82 0 0 

U45 
5 6 
0 0 
0 0 

IS CONNECTED 
1 0 0 0 
0 44 0 0 
0 80 0 82 

TO­
O 12 

47 48 
0 0 

0 0 0 
0 0 0 
u 86 87 

0 0 
0 53 
0 89 

u 
0 
0 

0 
0 
0 

0 16 17 
0 0 0 
0 0 il 

13 0 0 0 0 
J 50 0 52 53 
0 86 67 86 69 

0 0 () 0 0 0 0 25 
0 0 0 0 58 59 0 0 
c 91 92 93 94 0 96 0 

0 
0 
0 

0 19 20 
G 0 5& 
0 91 0 

(J Q 0 0 
0 58 59 0 
0 0 0 96 

0 26 
0 62 
0 0 

0 
0 
0 

0 c 0 0 
0 65 0 67 
0 0102 0 

0 0 
0 64 
0 0 

0 0 0 
0 66 67 
0102 0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 0 
0 0 
0 91 

() 21 
u 57 
0 0 

o o o o o o 
0 59 0 0 62 63 
0 0 96 97 96 0 

0 
0 
0 

o 30 
0 0 
0 0 

0 32 33 
0 0 0 
0 0 0 

13 14 
o 5o 
0 86 

0 16 0 0 0 0 0 0 0 0 0 26 27 28 29 
0 52 53 54 55 56 0 G 59 0 0 0 63 0 0 
0 0 89 90 91 0 93 94 95 96 97 98 0100101 

0 0 
0 0 
0103 

0 
0 
0 

0 
0 
0 

0 35 
0 0 
0 0 

0 0 
0 71 
0 0 

0 35 
0 0 
0 0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 0 36 
0 0 0 
0107108 

13 14 0 0 0 0 0 0 0 0 0 0 25 0 27 0 0 0 0 32 33 34 35 36 
49 50 0 0 53 54 55 56 0 0 59 60 61 0 63 64 65 66 0 0 0 0 71 72 

o a6 a7 ea a~ 90 91 o 93 94 95 96 97 98 o o o 0103104 o 0101100 

-1 
<O 



REQUIRENENT 
0 0 3 4 

37 38 39 .(.) 
0 0 0 u 
0110 0 112 

REQUIRENENT 
0 2 ! 4 

37 38 39 4(J 

0 0 0 tl 
0110 c u 

RECUIRENENT 
l 2 3 4 

37 38 39 4 0 
73 7'1 0 II 

109 0 01 1£ 

RECUIRENENT 
0 0 0 4 
0 38 39 4 0 
0 0 0 0 
011011111 2 

REQUIRENtNT 
l 2 0 0 

37 38 39 0 
73 0 0 l) 

109 o cua 

REQUIREMENT 
0 2 0 0 
0 38 39 •l 
0 7'1 0 0 
0 0 0112 

RECUIREMENT 
l 0 0 4 
0 0 39 40 
0 0 0 () 

l09llOllllU 

REQUIREMENT 
l 0 3 4 

37 38 39 4 l) 
0 0 0 0 

109 011111a 

REQUIRENENT 
0 0 0 4 
0 38 39 40 
0 0 0 0 
0110111112 

046 IS CONNECTED T0--
5 b 0 0 0 0 11 12 13 0 0 (j 0 0 0 
o 42 o o o a 47 48 49 J a o 53 ;4 o 
a a o 80 o 82 o 84 85 86 87 88 8• 90 ~1 

047 IS CONNECTED TG--
5 6 1 8 9 lo 11 c lJ a a a a a a 
o o o 44 45 46 o a o o 51 o 53 54 ss 
0 0 0 &O 0 82 0 0 85 86 87 ~8 89 0 91 

048 
0 l 
0 0 
0 78 

IS CONNECTED 
1 a o o 

43 44 45 46 
a ao o a2 

ro--
o 12 lJ 14 
o a 49 so 
o a a 86 

a a 17 c a 
51 52 53 a o 

0 68 89 YU 91 

0 0 0 0 0 25 
0 0 58 59 60 61 
0 93 94 95 96 0 

0 
0 
0 

0 0 0 
0 0 59 
0 94 0 

0 25 
0 0 
0 0 

0 0 28 29 30 31 32 
o o o a o o o 
0 99100101 0 0 0 

0 27 28 0 30 
0 0 0 0 0 
0 99100101102 

0 32 
0 0 
0 0 

0 
0 
0 

0 
0 
0 

0 
I) 

0 

0 
0 
0 

0 0 0 25 26 27 
u 59 60 61 0 63 
c 95 96 97 0 0 

0 0 30 
0 65 66 
0101 0 

0 32 33 
0 68 69 
0 0 0 

0 0 0 
0 0 0 
0 0108 

0 35 0 
0 0 0 
0 0108 

0 35 0 
0 0 72 
0 0 0 

0 4 9 
a 6 
0 0 
0 0 

IS CONN EC TEO 
1 o a a 
o a '< 5 46 
a o 81 82 

TG--
0 12 
IJ 48 

83 94 

u a a o o 18 
l) 0 ~l 0 5J 0 
u 86 87 88 89 90 

0 0 21 c 0 0 25 0 0 
0 D 57 G 59 60 61 62 63 
0 92 9~ 94 95 96 0 0 0 

0 
0 
0 

c 0 31 32 33 34 35 
0 66 67 0 0 0 0 
0 0 0 c 0 0 0 

a 
0 
0 

ro--050 IS 
5 6 7 
a o 43 
0 0 0 

CONNECTED 
a o a 

4'< 45 a 
a o a2 

o 12 13 14 
ll 4& o a 
.J 0 u a 

15 o o o a a 
o 52 a ~4 a o 
0 83 89 YO 91 92 

0 
0 
0 

u 0 0 25 u v ~~ 0 0 0 
G 0 0 61 0 63 0 0 0 0 
0 95 96 97 98 99 0101102103 

0 33 0 35 36 
0 0 70 0 0 
0105 0 0 0 

051 JS CONNECTE D 
a 6 1 o o o 
OOO OvCJ 
O 0 0 O Al 0 

052 IS 
5 a 1 
a a 43 
o a a 

CONN~C TED 
a a lo 

44 0 0 
a a 02 

ro--
o 12 u 

47 48 49 
0 0 Q 

a 
a 
0 

0 0 0 0 0 
a o 53 o o 
I) AA 0 QO 'Jl 

ro-­
o (J 

IJ 48 
o a 

o 14 o o a o 
u so 0 0 53 .5 4 
u 86 87 88 89 9 U 

c 
0 
0 

IS CONNECTED ro--

0 0 
0 57 
0 0 

0 0 0 0 
0 59 60 61 
0 0 96 0 

0 27 
0 63 
0 0 

0 0 0 0 0 0 0 (J 

0 57 u 59 60 0 62 63 
0 93 94 0 96 97 98 0 

0 0 
0 65 
0 0 

0 0 
0 65 
0101 

0 
0 
0 

0 
a 
0 

0 31 
0 0 
0 0 

0 33 
0 69 
0 0 

0 35 
0 0 
0 0 

0 
0 
a 

0 0 
0 70 
0 0 

0 
0 
0 

053 
o a 

41 a 
a a 

0 a 9 o a a 13 14 
43 44 45 46 47 48 49 0 
a o o 92 93 a 0 86 

0 0 0 0 0 0 0 (J 0 0 2 5 0 27 0 0 0 0 0 0 34 35 
51 52 o S4 0 56 57 ,8 59 60 61 62 0 0 65 66 o 66 69 0 O 
87 aa 89 90 91 92 93 9 4 95 o o c 99100101 0103 o o o a 

054 IS CONNECTED T0--
5 0 7 0 0 O II 0 13 0 0 0 0 
0 0 0 44 45 4 6 47 0 0 so 0 ~2 53 
0 0 0 80 0 0 0 0 u 86 87 88 89 

0 0 
0 55 
o n 

0 0 22 0 
0 5 7 0 0 
0 9 3 94 ·0 

0 2 5 
n o 
0 0 

0 0 28 29 30 31 
o uoooo 
0 0100 0 0 0 

0 
0 
0 

0 
0 
0 

0 0 
0 0 
0 0 

0 
0 
0 

0 
0 
0 

()' 

0 
0 

a 
0 
(l 

co 
0 



(_ 

REQUIREMENT 
0 0 0 4 
0 0 39 0 
0 0 0 0 
0110 0112 

REQUIREMENT 
0 2 0 0 

37 u 0 0 
73 0 0 0 

109 0 0 0 

REQUIREMENT 

055 IS 
5 6 7 
0 0 0 
0 0 0 

CUNNECTED T0--
0 0 0 11 12 

44 45 0 't7 0 
80 0 B2 0 0 

056 
5 0 
0 42 
0 78 

IS CONNECTED 
7 0 0 0 
0 44 45 0 
0 0 el 0 

T0--
0 12 
I) 0 
0 0 

057 

oooouo 
I) 0 0 0 u 54 
0 86 87 BS B9 0 

0 
0 
0 

I) 

0 
0 

0 
0 
0 

0 
0 
0 

0 0 
0 53 
0 0 

0 0 
0 0 
0 91 

0 
0 
0 

a 
0 
0 

0 
0 
0 

0 
0 
(J 

0 
0 
0 

0 0 0 
0 58 59 
0 94 0 

0 25 
a o 
I) 0 

0 
0 
0 

0 
0 
0 

0 0 28 29 
0 0 0 0 
0 99100 0 

0 
0 
0 

0 
0 
0 

0 0 0 0 
0 64 65 66 
0100 0 0 

0 32 
0 0 
0 0 

0 
0 
0 

0 0 0 
0 68 69 
0 0 0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 0 
0 12 
0 0 

l 2 0 0 5 
0 0 39 40 0 
000077 
0110 0 0 

IS CONN EC TED 
0 9 0 
0 0 0 
0 0 ez 

0 0 
0 43 
0 0 

T0--
0 0 
0 0 
0 0 

13 14 0 0 
49 0 51 52 

•J 86 01 ea 

0 0 
53 ~4 

0 90 

0 0 0 0 0 0 0 0 0 0 0 30 0 
0 0 0 58 59 0 0 62 0 0 0 0 0 
0 92 93 94 0 96 97 0 99100101 0103 

0 
0 
0 

0 
a 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

REQUIREMENT 
l 2 0 0 
0 3B 39 0 

73 H 75 Ho 
109 0 0112 

REQUIREMENT 
0 2 3 " 

37 0 39 40 
0 74 75 0 
0110111117 

REQUIREMENT 
l 2 0 4 
0 3e 0 40 
0 0 0 0 

109 0111 0 

REQUIREMENT 
c 0 0 0 
0 38 (j 0 
0 (, 0 g 

109 0 011? 

REQUIREMENT 
0 0 0 0 
0 0 39 40 
o H 75 76 
0110 0 0 

REQUIREMENT 
0 G 0 0 

H 0 0 40 
0 11 0 0 

109 0112 

058 
0 0 

41 42 
17 78 

059 
5 6 

4•1 42 
77 78 

060 
5 6 
0 0 
0 0 

061 
5 0 
0 0 
a o 

062 
a 6 
a 42 
0 0 

IS CONNECTED T0--
7 0 9 lU ll 12 13 14 15 16 17 u ,~ U 0 
0 0 0 46 0 0 0 0 0 0 53 0 0 56 57 

79 BO Bl gz a 84 8~ 0 0 0 0 90 91 c 93 

0 0 0 25 
0 0 0 0 
0 95 96 97 

IS COMNECTED T0-
7 8 9 10 11 12 

43 44 45 46 41 4e 
79 80 81 82 0 0 

IS CONNECTED T0-

13 14 0 0 c 18 0 0 0 0 
49 0 51 52 53 0 0 56 57 0 

0 e6 87 BB 89 90 91 92 93 94 

o a 25 
0 60 61 
0 96 c 

0 0 0 0 0 0 0 33 0 0 0 
0 0 64 0 66 67 0 69 0 0 72 
0 99 0101 0 0104 0106107108 

0 27 28 0 30 0 0 33 
0 0 64 65 66 0 68 69 
0 99100101102103104105 

0 35 0 
0 7l 72 
0 0108 

7 0 9 0 11 12 0 0 0 0 0 0 0 0 
0 0 45 46 0 4e 49 0 51 52 53 0 0 0 
o o o ez o o c 86 e1 ea 89 90 91 92 

0 0 0 0 25 26 27 2e 29 30 0 0 33 
0 0 59 0 61 0 0 0 65 66 0 68 0 
0 94 95 96 97 0 99 0101 0103 0 0 

0 35 
0 0 
0 0 

0 
0 
0 

IS CONNECTED 
1 a a a 
a a 45 46 
0 0 81 82 

IS CONl~ECTEO 
a o a a 

43 0 0 c 
o eo o B2 

T0--
0 12 
a 4B 
a o 

0 0 0 G 0 c 0 
0 0 
0 91 

49 50 51 0 53 
85 0 B7 BB 0 

T0--
0 12 0 
0 0 49 
0 0 85 

0 
0 
0 

a o o lB 19 
o 52 53 c a 
0 0 89 90 91 

0 
0 
0 

0 
0 
0 

0 0 0 
0 59 60 
0 95 96 

0 
0 
0 

0 27 
0 0 
0 0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

o o 33 a 35 
J 68 0 10 0 
0 0 0 0 0 

0 0 22 
0 57 0 
0 0 0 

0 0 25 0 0 0 0 0 0 32 33 
0 0 0 0 63 64 65 66 67 0 69 
0 96 0 98 0 0 0 0 0 0 0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

063 IS 
5 6 7 
0 0 43 

77 0 0 

CONNECTED 
0 0 0 

44 45 0 
BO 0 82 

T0--
0 a 
a 48 
a a 

13 14 15 a 17 IB 19 20 
49 5o 51 52 o o o a 

0 0 0 0 0 c 91 92 

0 
0 
0 

0 23 24 0 26 27 2e 
0 0 0 0 62 0 0 
o 95 96 97 90 a o 

0 0 
0 66 
0 0 

0 32 33 
0 68 0 
0 0105 

0 35 
0 0 
a o 

0 
0 
0 

co 
...... 



REQUIREMENT 
0 0 0 0 

37 38 0 0 
73 0 0 0 

0 0 0 0 

REQUIREMENT 
1 2 3 4 

37 38 39 40 
0 0 0 0 

109 o ona 

REQUIREMENT 
1 2 0 0 

37 38 39 40 
0 0 0 0 

109 0 0112 

REQUIREMENT 
0 0 0 0 
0 0 0 0 

73 74 75 76 
0 0 0 0 

REQUIREMENT 
0 z 0 0 

37 0 0 0 
0 74 75 0 
0 0 0 ll 

064 IS 
0 6 0 
0 "2 0 
0 0 0 

CONNECTED T0--
0 0 0 0 0 0 
(J 45 0 0 0 0 
0 0 0 83 0 85 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

065 
5 6 

41 0 
0 0 

IS CONNECTED TO~ 
7 0 0 0 0 0 
0 0 45 0 0 48 
0 0 0 0 83 " 

0 0 0 0 0 
0 0 51 52 53 
0 86 0 88 0 

066 
5 6 
c "2 
0 0 

IS CONNECTED T0--
7 0 0 0 0 0 
0 0 45 c 0 48 
0 0 0 0 83 0 

0 0 
49 0 
85 86 

067 IS 
0 0 0 

41 42 0 
77 78 79 

CONNECTED 
0 0 0 
0 0 0 
0 81 82 

068 
5 0 
0 0 

77 78 

1 S CONN EC TED 
7 u 0 0 
0 0 0 0 
0 0 0 82 

T0--
0 12 0 
0 0 49 
0 0 85 

T0--
0 12 13 
Ll 48 0 
0 0 0 

0 
0 
0 

0 
0 
0 

0 0 0 
0 0 53 
0 88 0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 0 
0 53 
0 0 

REQUIREMENT Ob9 IS CONNECTED 
0 0 0 
0 0 0 

80 0 82 

TQ--
0 12 
J 48 
0 () 

l 0 0 4 5 6 0 
37 38 0 0 0 0 0 
73 0 0 0 77 7~ 0 

0 0 0 0 

REQUIREMENT 
0 2 0 0 

37 0 0 40 
0 0 0 0 

109 0 0112 

070 
0 6 
0 0 
0 78 

IS CONNECTED 
7 0 0 0 
0 0 0 0 

79 0 81 82 

T0--
0 0 
0 0 
0 84 

ro--

0 
0 
u 

0 0 
0 51 
0 0 

0 0 
0 53 
I) 0 

0 0 
0 50 
u 0 

0 0 
0 52 
0 0 

n 
(J 

L) 

0 0 0 
0 0 56 
0 91 0 

0 0 0 
0 58 59 
0 94 95 

0 
0 
0 

0 0 
0 62 
0 0 

0 
0 
0 

0 0 0 0 0 33 0 0 36 
0 65 66 67 68 69 70 71 72 
0 0 0 0104105106107108 

0 
0 
0 

0 
0 
0 

0 
c 
0 

0 
0 
0 

000000 
0 56 0 0 59 60 
0 0 93 94 95 0 

000000 
0 56 0 ~8 59 60 
0 0 93 '14 95 0 

0 
0 
0 

(1 0 0 
0 0 58 
0 93 0 

0 0 
0 0 
0 % 

0 0 27 28 
0 62 0 64 
0 0 0 0 

0 0 
0 66 
0 0 

0 027 0 0 
0 62 63 64 65 
0 0 99 0 0 

0 0 
0 62 
0 •J 

0 0 0 
0 64 0 
0100101 

0 
0 
0 

0 
0 
0 

0 0 0 
0 56 0 
0 0 93 

0 23 0 0 
0 59 60 61 
0 0 0 0 

0 27 28 0 0 
0 63 64 0 66 
o n 0101 0 

0 0 0 
0 0 56 
0 91 0 

0 0 0 0 
0 58 ~9 0 
0 94 0 96 

0 25 
0 62 
I) 0 

0 0 0 0 
(l 64 65 66 
0 0101 0 

0 
0 
0 

0 
0 
0 

0 0 
0 0 
0 9) 

0 0 
0 0 
0 95 

0 0 26 
0 61 0 
0 0 0 

0 0 0 0 
0 64 b5 0 
0 0 0102 

0 0 33 0 0 36 
0 0 69 70 71 0 
0104105 0 0 0 

0 0 33 34 0 36 
0 68 69 0 71 0 
0104 0 0 0 0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 0 0 
0 71 72 
0 0 0 

o o n o 35 o 
0 0 b9 70 71 72 
0104 0 0 0 0 

0 0 33 
0 b8 0 
01"'- 0 

0 0 33 
0 68 0 
n O o 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 3b 
0 0 
0108 

REQUIREMENT 
l 0 0 0 

37 O O <l 
73 0 7'5 7d 

109 0 0 u 

071 
~ 6 
0 42 
0 c 

IS CONNtCTED 
7 0 0 0 
0 0 45 0 
0 80 0 37 

o 0 0 
0 0 u 
0 0 85 

0 
0 
0 

0 0 
0 0 
0 88 

0 18 19 
0 0 0 
0 0 0 

0 
0 
0 

0 
0 
0 

0 0 
0 59 
0 0 

0 
0 
0 

0 26 27 28 0 0 0 0 33 34 
0 0 0 b4 65 66 b7 b8 0 0 
0 0 0 0 0 0 0 0 0 0 

0 36 
0 72 
0 0 

RECUll(EHENT 
0 0 0 c 0 

37 38 0 0 0 
73 74 75 H 77 

0 0111 I) 

072 T <; f.r)NNFCTFrl Tri--

0 0 0 0 0 0 12 
0 0 0 45 0 0 48 

78 79 ~o o 82 o o 

0 
0 
0 

0 
0 
0 

0 
0 
0 

J 
0 
0 

0 
0 
() 

G 
0 
0 

0 0 
0 56 
0 0 

0 0 0 
0 58 59 
0 0 95 

0 
0 
0 

0 26 27 0 
0 0 0 64 
0 0 0 0 

u 
0 
0 

0 0 0 33 
0 67 b8 0 
0 0 0 0 

0 0 36 
0 71 0 
0 0 0 

co 
Nl 



(_ 

REQUIREMENT 073 
l 0 0 0 0 0 
000000 
0 74 75 71> 77 78 
0 0 0 0 

REQUIREMENT 
0 0 0 0 
0 38 0 ') 

73 0 75 76 
109 0 0112 

074 
0 0 

"1 42 
77 78 

075 
0 0 
0 42 

IS CONNECTED 
0 0 0 0 
0 0 45 0 
0 0 81 82 

IS C'.JNNtCTEC 
0 0 L' 0 
0 0 0 0 

79 80 81 82 

REIJUIREME'-T 
0 0 0 0 

0 0 0 " 
73 74 o 7o 

0 0 0 () 

IS CDll.NECTED 
0 0 0 0 
0 0 0 0 

0 81 82 77 70 79 

REQUIREMENT 
l 0 0 
0 0 0 

13 74 75 
109 Gill 

076 
c 5 0 
0 41 42 
0 77 7€ 
() 

IS COl';M:CTED 
0 8 G O 
0 0 0 0 

79 0 81 87 

REQUIREMENT 077 IS 
0 0 0 0 0 c 0 
0 0 0 u 41 42 0 

73 74 75 76 0 78 79 
0 0 0112 

REQUIREMENT 
0 0 0 0 
0 0 (1 0 

73 74 7~ 7f> 
0 0 0 0 

078 IS 
0 0 0 

41 "·2 0 
71 0 79 

CONN~CHD 

D 0 O 
0 c (' 
0 81 87 

CONNECTED 
8 0 c 
0 ~ 0 
0 81 c 

REOUIRE'IENT 
o o o o 
o o o o 
o 14 75 76 
o o o o 

079 
0 G 
0 0 

77 78 

IS CONNE:CTED 
0 8 0 0 
0 0 c 0 
0 0 81 0 

rn-­
o 17 
0 48 
0 0 

T0--
0 u 
0 4U 
o o 

T0--
0 0 
0 0 
0 0 

TC--
0 0 
0 0 
0 0 

TD--

0 0 
0 50 
0 0 

0 
0 
0 

0 
0 
0 

0 0 
0 51 
0 0 

0 
u 
u 

o 
0 
0 

u 14 
(J 0 
0 0 

0 
0 
0 

0 
0 
0 

0 0 u 
0 0 0 
0 0 80 

0 
0 
o 

() 

0 
0 

T0--
0 0 
n 48 
u 0 

T0--
0 0 
l) c 
u 84 

G 
r 
(J 

0 
(J 

(J 

0 
0 
0 

c 
0 
0 

0 
(1 

0 

0 
0 
I) 

0 
0 
0 

0 
0 
o 

0 
0 
0 

0 
0 
cl 

0 
0 
o 

I) 

I) 

0 

v 
0 
0 

0 
0 
0 

0 
0 
'J 

0 
() 

0 

0 
(1 

u 

0 
0 
0 

0 
0 
0 

0 
0 
(J 

--
0 
0 
0 

0 
(J 

0 

0 
0 
c 

c 
(J 

0 

G 
L 
0 

c 
l) 

(; 

L 
0 
0 

0 0 
0 56 
0 0 

0 
0 
G 

c 
0 
0 

0 
0 
0 

'l 
0 
0 

0 
') 

0 

0 
0 
a 

0 (J 0 
o >a o 
0 o. '15 

0 0 0 
0 58 59 
0 0 0 

0 0 0 
0 5~ 59 
0 c 0 

0 0 0 
O 'i8 O 
0 G 95 

0 
0 
0 

c 0 c 0 
0 5 7 5 8 ~9 

() 0 0 0 

0 () 
0 56 
0 0 

0 0 0 
0 ~6 ~9 

0 0 0 

0 
0 
0 

c 21 c 0 
0 0 ~ 8 59 
() 0 v 0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 26 21 0 
0 0 0 64 
0 0 0 0 

0 0 
0 62 
0 0 

0 0 
0 62 
0 G 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 0 0 0 0 
0 0 6~ 0 0 
0 97 0 99100 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 0 
0 63 
0 G 

0 
0 
0 

0 
(J 

0 

u 
0 
0 

0 
0 
0 

11 
0 
0 

0 
0 
0 

0 
I) 

(J 

0 
0 
0 

() 

0 
() 

G 
c 
c 

0 0 
0 67 
0 0 

0 33 
0 69 
0 0 

0 0 0 33 
0 67 68 0 
0 0 0 0 

0 I) 0 
0 67 68 
(\ 0104 

0 
0 
0 

0 0 
0 67 
0 0 

0 33 
0 0 
0 0 

0 0 c 33 
0 67 68 69 
0103 0 0 

0 0 0 
0 11 12 
0 0 

0 35 0 
0 0 12 
0 0 0 

0 0 0 
0 7l 72 
0 0 0 

0 ~5 0 
(J 71 72 
0 0 0 

0 0 0 
0 0 72 
0107 0 

0 ll 0 3'.l 0 
0 67 (,8 69 70 
0 0 0 0 0 

0 0 
0 72 
0 0 

I) 

0 
0 

0 
0 
0 

0 
0 
0 

0 28 29 30 0 
0 0 0 0 67 
0 0 0 0 0 

0 
0 
I) 

0 0 
0 70 
0 0 

0 0 
0 72 
0 0 

REOUIREr4ENT 
l 0 3 4 
o o o 40 
o 74 o o 

080 
5 6 

41 42 
0 0 

IS CONNECTED TO~ 
7 0 0 G 0 12 
0 44 45 46 47 48 
0 0 81 82 (! 3 0 

0 
(J 

(J 

0 0 0 0 18 0 20 71 0 0 0 0 26 27 0 0 30 
o o o o ~~ 55 o o 58 o9 o o 62 63 o o o 
o 67 es 89 c Gl o 93 94 o 96 97 o 99100101102 

o 32 33 34 o o 
0 0 69 0 11 72 
0 (j 0 0 0108 

109110 0112 

REQUIREMENT 081 
ooooco 

37 38 0 0 41 42 
73 74 75 76 77 78 

109 Olllll2 

IS CONNECTED T0--
0 0 0 G 0 0 0 
0 0 0 0 0 0 49 

79 80 0 82 03 0 85 

0 0 
o s1 
0 0 

0 
0 
0 

(J c 0 0 c 0 0 0 0 26 
11 0 0 56 0 58 59 0 61 0 
o ~u 91 92 93 94 95 96 o o 

,, 
0 
0 

0 
0 
0 

0 
0 
0 

0 31 
0 67 
0 0 

0 33 0 
0 0 10 
0 0 0 

o o 
o o 
0108 

co 
C..:> 



REQUIREMENT 
1 2 3 4 

37 38 311 40 
73 74 15 1b 

109110111112 

REQUIREMENT 
0 0 0 0 

37 38 0 0 
0 0 0 0 

109 011111~ 

REQUIREMENT 
0 0 3 4 
0 0 0 l) 

0 0 0 0 
0110 011;! 

REQUIREMEN T 

1 2 ' 4 
0 0 39 0 
0 0 0 0 

lO'lllO OtH 

REQUIREMfNT 
0 0 3 '• 

37 38 39 40 
0 0 0 0 

l09110lllll2 

REQUIREMENT 
1 2 3 4 
0 38 39 40 
0 0 0 0 
Oll0lllll2 

REQUIREMENT 
1 0 0 4 

37 38 39 4ll 
0 0 0 f) 

109 0111112 

REQUIREMENT 
0 0 3 4 

37 38 39 4ll 
0 0 0 u 
ouo o n 

REQUIREMENT 

0 2 3 " 
37 38 39 40 
o a o o 

10911C 1111 ll 

082 IS CONNECTED T0--
5 6 7 0 0 0 0 12 
0 lt2 43 44 45 46 47 48 

77 0 0 80 ~l O H3 0 

13 14 
49 50 
85 86 

~ 0 17 16 19 20 0 0 23 24 0 0 27 28 0 
0 52 53 0 55 0 57 58 59 60 61 62 63 0 0 
Q 0 89 9C 91 92 9 3 94 95 96 97 98 0 0101 

0 0 32 33 0 0 3t 
0 67 68 69 70 71 72 
0103 0 0 0 0 0 

TD--083 
0 0 
0 0 
0 0 

IS CD:ll~EC TE O 

0 0 0 0 
43 0 0 0 

0 808 1 82 

Q 0 0 
0 0 49 
') 0 0 

0 0 
0 0 
0 87 

0 '.) 0 0 0 
I) 53 0 0 () 
o o 90 n qz 

0 
u 
0 

0 
0 
0 

0 0 
0 0 
0 96 

0 
0 
0 

0 
0 
0 

0 0 0 0 
I) 64 65 66 
I) 0 0 0 

0 
0 
0 

0 33 
0 0 
0 0 

0 
0 
c 

0 36 
0 0 
0 0 

0 84 I S 
0 6 0 
0 0 0 
0 0 79 

CONNECTED 
0 0 0 
0 0 '• 6 
0 c 0 

T0--
0 0 
0 0 
a o 

o a 15 16 17 18 19 20 21 u 
49 a o o o o o u a 58 

o 86 87 88 89 o a o o 94 

0 ~ 

0 lJ 
0 96 

25 2 6 
0 0 
0 0 

o 2a 2 9 
0 0 0 
0 0 0 

Q 3 1 
0 0 
0 0 

0 
0 
0 

()' 0 0 
o 1 0 a 
0 0 10 7 

0 
0 
0 

085 
0 0 
0 0 

77 0 

0 86 
0 0 

"1 0 
0 0 

0 87 
0 0 

41 0 
0 0 

IS CONNEC TF D ro--
0 0 9 10 l l 0 
0 0 0 46 47 0 
0 0 81 8<' 0 0 

IS CON~EC TED T0--

0 0 0 0 17 0 19 
0 0 0 0 0 0 0 
O 86 87 A3 89 90 0 

7 8 9 1 0 ll 0 J 
43 44 4 5 46 47 48 49 

0 0 0 82 I) 84 85 

0 0 u 0 18 0 
0 0 52 53 54 55 
0 87 86 89 ·JC 91 

I~ CONNEC TE~ ro~ 

, 8 0 10 11 0 
4 3 0 45 46 4 7 0 

0 80 0 0 t< 3 84 

0 0 
49 0 
8> 86 

0 0 0 lrl 0 
0 52 53 34 55 
0 89 89 90 91 

OAS IS CONNEC TED TO- -
~ 6 7 0 0 0 0 lZ 1 3 14 15 0 IJ C 0 
u n 43 o 45 46 47 48 49 50 5 1 52 5~ '4 ~5 
0 lJ 0 RO 0 0 0 84 8C, 96 87 0 8'l '>O 91 

089 IS CONNEC TE D T O~ 

0 lJ 7 8 9 10 11 0 13 l4 0 u I) 0 0 
41 0 4 3 44 45 46 47 48 49 50 0 52 ~, r,4 55 

o o o 80 o 02 o 84 05 e6 ~ 7 es o qo 9 1 

IS CUNNEC TED T0--

0 0 0 
0 0 ~8 

1_1 93 94 

0 
0 
0 

0 25 2 6 0 0 
n 6 l 62 o 64 
0 0 0 99100 

0 30 0 
l' 66 67 
n c o 

0 
0 
0 

0 
0 
0 

0 0 
0 71 
0 0 

0 
0 
0 

0 0 0 0 0 25 
0 · 57 0 59 60 0 
0 93 94 0 96 0 

2 7 0 29 0 3 1 32 33 0 0 0 
c 0 0 65 66 0 0 0 0 0 0 
0 9910010 1 0103104 105 1 06107108 

J 21 0 0 0 25 
I) 57 0 •;9 60 61 
() 93 94 95 96 0 

0 
0 
0 

0 0 0 
0 0 I) 

0100101 

0 31 32 0 0 0 0 
0 0 0 0 0 0 0 
0 103104 105 106 107 108 

u 0 0 0 0 25 0 27 28 29 0 0 0 33 34 35 
o 5 7 o ~9 60 61 a n o 65 6A o o o o 11 
0 0 94 15 0 97 9~ 99 100101 0103104 0 0 0 

0 21 ?2 0 0 25 c u 0 
~ 0 u ~9 60 0 62 0 0 
o 93 94 95 n o 9c 99100 

·~ 30 3 1 
0 0 0 
0102103 

0 0 
0 u 
0105 

0 35 
0 0 
0 0 

0 
0 
0 

0 
0 
0 

090 
0 6 
0 0 
a o 

0 0 9 10 1 1 12 13 14 15 0 1 7 
0 44 45 46 0 48 4~ 50 51 52 53 
0 0 8 1 82 83 0 85 86 97 88 89 

I~ 19 O 0 O O n 25 u 27 28 O 
0 0 I) 57 '>8 59 60 0 6<: 0 0 0 
0 ~l 9L 93 94 0 96 0 D I) 0101 

0 0 
0 0 
0103 

0 33 34 15 
0 0 0 0 
0 0 0 0 

0 
0 
0 

CX> 

""" 



REQUIREMENT 
0 0 3 

37 38 39 

091 
4 5 6 

'•0 41 42 
0 0 0 0 0 0 

109110111 

IS CONNECTED TO~ 
7 8 9 10 0 12 

43 44 45 46 47 48 
0 80 81 82 H3 0 

0 

REQUIREMENT 092 IS 
0 0 0 0 0 0 0 
0 38 39 0 41 0 0 
0 0 0 0 0 0 0 
0 0111112 

cmJNEL TEO ro--
u 0 0 0 12 
0 0 0 Q 0 
0 8 l 82 83 0 

TO~ 

-
lJ 14 0 0 u u 

() 50 51 0 SJ 54 
U d 6 ii 7 9 B 9 9 1 'l 

0 Q 0 0 0 0 25 26 27 28 29 
0 5S Q 58 )9 60 61 62 63 64 O 
0 92 93 94 ~5 96 97 98 9~100101 

u 0 
4 'I 50 

0 0 

0 
0 
0 

0 0 
0 53 
0 0 

0 19 
0 0 

90 91 

'l 0 
'J 5 7 
0 93 

0 0 0 25 
0 59 60 0 
0 0 96 0 

0 0 
{l 6j 

0 0 

0 c 
0 0 
0101 

0 0 32 33 
0 0 0 69 
0103 G V 

0 0 
0 0 
0103 

0 
(J 

0 

0 
0 
0 

0 35 
0 0 
0 0 

0 35 
0 0 
0 0 

0 
c 
0 

0 
0 
0 

REQUIREMENT 
0 0 ~ 0 
0 38 39 40 
0 0 0 u 

093 IS 
5 0 7 

41 0 G 
G 0 0 

cormioc TEL! 
0 ') 10 

44 45 46 
80 Bl 8? 

0 0 13 0 0 0 0 0 0 0 0 0 0 
o o 4~ a o s2 53 54 o a 57 58 59 
0 C 85 66 87 0 89 JO 91 9l 0 ~4 15 

0 25 
o a 
() 0 

0 27 0 0 0 0 0 33 34 0 0 
C 0 0 65 66 67 6H 0 70 0 0 
O 991001Gl 0 103 0 0 0107108 

109 0111112 

Rt:QUIREMENT 
l 2 3 4 
0 38 39 40 
0 0 0 I) 

109110111112 

REQUIREMENT 
l 2 0 4 

37 38 3'1 41) 

73 0 0 76 
109 0 0 I) 

REQUIREMENT 
l 2 3 4 

37 38 39 40 
0 0 0 <) 

109 0 0112 

Rt:QUIRENrNT 
l 2 0 4 

37 38 39 0 
0 0 0 76 
Oll011Ul2 

REQUIRENENT 
0 0 0 0 

37 38 39 0 
0 0 0 0 

109110111112 

REQUI~ENENT 

0 0 3 0 
0 38 39 'tO 
0 0 0 76 
0110 021.2 

0'14 
0 6 

41 0 
I) 0 

095 
5 0 
0 0 
0 0 

IS CUN!14ECTED 
7 0 0 10 
0 44 45 46 
0 80 81 82 

IS CONNECTED 
7 0 0 0 
0 44 45 46 
0 0 81 82 

096 IS CONNECTED 
~ 6 7 0 0 0 

41 42 43 44 45 46 
0 0 0 80 81 82 

097 
5 0 
0 0 
0 0 

IS CONN EC TED 
7 0 0 0 

43 44 45 0 
o ~o o 02 

on 1s 
5 0 0 
0 0 43 
0 0 0 

CONN EC TED 
0 0 c 

44 45 0 
0 c 82 

099 
0 0 
0 0 
0 0 

IS CONNECTED 
0 0 9 10 
0 0 0 46 
0 80 0 0 

TO-­
ll 0 
47 0 

0 84 

IJ 14 C 0 0 0 0 0 0 
4~ 0 0 52 53 54 0 56 '>7 
65 86 87 86 89 JO 91 0 93 

0 0 c 25 
o 59 60 a 
0 95 0 0 

027000 
0 0 64 65 66 
c QJ1Q0101102 

0 0 33 
0 0 69 
010410~ 

0 0 
0 0 
0107 

0 
0 
(l 

T0--
0 12 
0 4b 
o a 

13 14 0 0 0 
4~ 50 0 0 53 

0 0 ~7 88 89 

0 0 
r, 0 
0 91 

0 0 0 
0 0 5ti 
() 93 94 

0 0 Ci 26 27 0 0 G 0 
0 60 61 0 63 64 65 66 0 
0 96 97 98 0 O Gl02103 

T0--
0 Ii 
0 48 

1'3 a~ 

u 14 0 0 
4 ·J 50 51 52 

0 86 IH 0 

0 0 0 0 0 0 0 0 25 26 27 28 G 30 0 
0 0 0 il 57 58 59 60 61 62 63 0 L 0 67 
o 90 91 92 o c ~5 o 97 98 o 0101 o a 

T0--
0 12 
0 48 
0 0 

T0--
0 12 
0 0 
0 c 

ro--

lJ 14 15 16 1 7 
I) 50 0 52 0 
u o a ea o 

0 0 
u 50 
0 0 

0 0 17 
0 '>2 '] 
0 Re 89 

o 0 0 0 
47 0 0 50 

0 0 85 86 

0 0 () 
o a 53 
0 98 6., 

0 0 
0 0 
0 91 

0 0 
0 0 
o n 

0 0 
0 55 
c 91 

0 0 0 0 0 
0 57 58 0 60 
I) 0 0 95 96 

0 0 0 
0 0 63 
0 96 0 

0 
0 
0 

0 22 0 24 ?5 0 0 
0 0 0 0 c 62 63 
0 ~ 95 96 97 0 0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

G 
0 
0 

o ~o 
0 0 
G 0 

0 
0 
0 

0 
0 
0 

o 21 o a o 2s 
0 57 56 59 60 0 
0 93 94 0 0 0 

a 
0 
c 

0 0 0 0 0 
0 0 '.) 6/o 0 
0100101102103 

0 33 0 35 0 
L' 0 70 0 72 
0 0 0 0 0 

0 3.l 
0 69 
0 0 

0 
0 
•J 

0 
0 
0 

0 
0 
0 

0 
0 
a 

() 0 
0 0 
01C5 

() 35 36 
a a o 
0 0 0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 36 
0 0 
0 0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
a 
u 

co 
01 



REQUIREMENT 
0 2 0 l) 

0 0 0 0 
0 0 0 76 
0110 0 0 

100 
0 0 
0 0 
0 0 

IS CONNECTED T0--
0 0 9 u 11 o 
0 44 0 46 4 7 0 
0 60 0 (\ 0 0 

REQUIREMENT 
o o 3 o 
0 38 39 40 
o c o o 
0110111112 

101 
0 0 
0 0 
0 0 

IS CONN~CTED 
0 0 9 10 
0 44 0 4~ 
o ea o 02 

TO­
() 0 

47 48 
:> 0 

REQUIREMENT 
0 2 3 
o o o 
n o o 

102 
4 0 6 
() 41 42 
() 0 0 
0 

IS CONNECTED T0--
0 0 0 10 0 0 
0 0 0 c 47 0 
o ~o n n o o 

109 o o 

REQUIREMENT 103 IS CONNECTED 
o r 9 10 
0 44 45 0 
o o o 02 

o o 3 ·i o o 
0 38 39 '-' (i 0 
0000770 

109110 0 0 

REQUIREMENT 
0 0 0 4 
0 38 0 0 
0 0 75 () 

109 0 0 0 

REQUIREMENT 
l 2 0 4 
0 0 39 40 
0 0 0 ,) 
0 0 0 0 

REQUIREMENT 
0 0 0 0 
0 0 0 0 
0 0 0 0 

109 0 Olll 

104 IS 
0 6 0 
0 0 0 
0 0 0 

CONN EC TED 
0 0 0 
(J 45 0 
0 0 0 

105 IS CON'1t:CT ED 
06000() 
00000 0 
0 0 0 0 0 c 

lC6 IS 
0 0 0 
0 0 0 
0 0 0 

CUN~ECH D 

0 c 0 
0 0 0 
0 0 0 

REQUIREMENT 107 IS CONNECTE D 
7 8 0 0 
0 44 45 0 
0 0 0 0 

l 0 0 J 5 6 
37 38 39 40 0 0 

0 0 0 ~ 77 0 
109 o o o 

REQUIRENE"T 
l 2 0 0 
0 0 0 0 
0 0 0 0 

109 0111 0 

108 IS 
0 0 0 
0 0 0 
0 0 0 

CONNECTED 
8 0 0 

'44 45 46 
80 81 0 

T0--
11 0 
0 0 
0 0 

T0--
0 0 
0 c 
0 0 

T0--
0 0 
0 0 
0 0 

T0--
0 0 
0 0 
0 0 

T0--
0 0 
0 0 
0 84 

TU--
0 0 

47 0 
0 0 

u o o o o r o o o o o 
0 ) 0 0 53 34 55 56 57 0 59 

85 86 e1 ~b 89 o 91 o 93 94 o 

0 25 
0 0 
0 0 

0 0 15 0 0 0 0 0 0 0 0 0 25 
0 50 0 52 53 0 0 0 57 5d 59 60 0 
o 86 01 Ha o ~o 91 92 93 94 o 96 o 

0 0 
0 50 
l) 0 

0 
0 
0 

0 l) 

(, () 

(, 89 

0 
G 
0 

0 
0 
0 

0 
0 
0 

0 0 0 
o u ~9 
0 94 45 

0 
0 
0 

0 
0 
0 

13 o o u J n o n o 0 0 0 25 
(j •;9 60 0 0 50 0 n SJ 0 0 U 57 

U 86 ~7 HH 69 9 U Jl 92 93 U 'IS 0 0 

0 0 0 u 
il 0 0 (l 

•) 86 87 Rb 

0 
0 
0 

0 0 0 
ll 50 0 
0 86 87 

0 0 
G O 
0 89 

ll 
0 
c 

0 
0 
0 

0 
0 
0 

0 
0 
c 

l) 

() 

0 

0 
0 
0 

0 0 0 
0 Sd 59 
0 94 0 

0 
0 
0 

0 
0 
0 

0 Q 23 24 25 
0 0 59 0 0 
0 14 0 0 0 

G 0 
oJ 0 
I} 99 

0 G 0 0 
o a o 67 
0101102103 

0 0 
0 Ll 
0105 

I] 0 0 
0 0 0 
0 99100 

0 () 0 0 0 
0 0 67 68 69 
010210311J4l05 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
u 
0 

(J 

0 
0 

0 c 0 0 
0 0 0 0 
0 99100101 

0 0 
0 0 
0103 

0 33 0 
0 0 70 
0105 0 

0 
0 
0 

0 
0 
0 

0 0 0 ') 0 
0 0 11 '.l (1 

c 99100101102 

v27000 
0 64 6? 66 

0 0 0101 0 

0 0 0 0 0 
!J 63 64 65 0 
0 9}1C01 0\102 

0 
0 
0 

u 
0 
0 

0 
0 
0 

0 0 0 
0 6P. 69 
0 0105 

0 0 
0 0 
0104 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 0 
0 0 
0107 

0 
0 
0 

0 
0 
0 

0 
u 
0 

0 0 
0 0 
0108 

0 0 15 
0 0 0 
0 86 87 

0 
0 
v 

0 
0 
11 

0 
0 
0 

0 
0 
(j 

0 
I) 

0 

0 0 
0 58 
0 0 

0 
0 
0 

c 
0 
0 

o 2o 
(J c 
c 0 

0 0 
0 64 
u 0 

c 
0 
c 

c 
0 
0 

0 
0 
0 

(J 

G 
0 

0 
0 
0 

0 
0 
0 

a o 
0 0 
0108 

ll 0 0 
0 0 0 
u 86 87 

0 0 0 
0 0 0 
0 86 R7 

0 
0 
0 

0 
0 
0 

u 
l) 

0 

0 
0 
0 

0 
0 
0 

0 
c 
c 

0 
0 
0 

0 
0 
0 

() 0 0 
o o ~a 
0 93 ~4 

0 
0 
0 

'l 0 0 0 
o o ; e 59 
'J 93 0 0 

0 
0 
0 

0 lb 
0 c 
c c 

0 28 
0 64 
0 0 

0 25 
0 0 
0 0 

0 27 0 
0 0 64 
0 0 0 

0 
() 

0 

0 
0 
0 

0 
c 
0 

() 

0 
0 

0 0 
0 0 
0104 

0 
0 
0 

0 
0 
0 

0 0 
0 0 
0108 

G 
0 
0 

0 0 0 0 
0 0 70 0 
0 105106107 

0 
0 
0 

00 
C1> 



~ . 

(_ 

REQUIREMENT 
1 2 ! 4 0 

37 38 39 40 0 
-0 74 0 76 0 
0110111112 

REQUIREMENT 
l 2 0 0 5 
0 0 3~ 0 0 
0 0 0 0 0 

109 0111112 

REQUIREMENT 
0 0 0 4 0 

37 38 0 40 0 
0 0 0 76 0 

109110 0112 

REQUIREMENT 
0 0 0 D -0 

37 38 0 40 0 
0 74 0 0 77 

109110111 () 

-
109 IS CONNECTED TO~ 

6 0 8 9 10 11 12 0 0 0 0 0 0 0 0 0 22 23 24 0 0 0 0 c 30 31 32 0 0 0 0 
0 43 44 45 0 0 48 0 50 0 52 53 0 0 56 0 58 0 60 61 0 63 0 65 66 0 0 0 70 71 0 
0 0 80 81 82 83 0 8 5 86 0 88 0 9 0 91 0 93 94 95 96 0 9R 0 0 Cl07103104 0106107100 

110 IS CONNECTED TO--
0 7 0 0 0 0 0 l) 14 0 0 0 0 0 20 0 22 23 0 25 0 0 0 0 30 31 32 c 0 0 G 
0 0 44 0 46 47 0 49 0 0 52 0 54 55 0 57 0 59 0 0 62 0 0 0 0 0 0 0 0 0 0 
0 0 80 0 82 0 84 85 86 87 I'! 89 90 91 0 0 94 0 c 97 98 99100101 0103 0 0 0 0 0 

111 IS CONNECTED TO--
0 0 0 9 10 0 0 0 0 0 0 0 18 19 0 0 () 23 0 25 26 0 0 I) 30 0 0 33 0 35 0 
0 43 44 0 0 0 0 49 0 0 52 53 54 0 0 () 0 59 60 0 0 0 0 c 0 0 0 0 0 0 72 
0 0 0 81 82 83 0 0 86 87 88 0 90 91 92 93 94 0 0 97 98 0 0101 0 0 0 0 0 0108 

112 IS CONNECTED TO--
6 0 0 9 10 11 0 0 0 0 16 17 18 19 20 21 0 23 0 25 26 0 0 0 0 0 0 Li 0 35 0 
0 43 44 45 46 0 48 49 50 51 52 53 54 55 0 0 5i:I 59 0 l>l 0 63 0 65 66 0 0 0 70 0 0 
0 0 80 Bl 82 83 84 85 66 87 88 0 9 0 0 92 93 94 0 96 97 98 ~9 •JlOl (! 0 0 0 106 0 0 

) 

00 
-J 



Engineering of Location: The Selection and 
Evaluation of Trial Grade Lines by an 
Electronic Digital Computer 
JOHN H. SUHRBIER and PAUL 0. ROBERTS, respectively, Research Engineer, and 

Assistant Professor of Civil Engineering, Massachusetts Institute of Technology 

One aspect of the highway route location problem, vertical profile selec­
tion and evaluation, has been chosen to show how digital computer hard­
ware and software advances now under development can be used to 
improve the decision- making capabilities of the engineer. 

The large number of variables involved complicates the total highway 
location and design problem. lt is difficult to identify all pertinent vari­
ables for any particular problem; it is even more difficult to identify 
their interrelationships. However, these complications are somewhat 
fewer for the vertical profile phase of the location portion of this prob­
lem. In the usual problem, just three cost variables will primarily be 
a function of the choice of vertical profile. These are the earthwork 
portion of the initial capital investment and the user fuel and time por­
tions of the continuing costs. The relationship between these variables 
is such that an increase in earthwork costs usually results in a decrease 
in user fuel and time costs. One possible criterion for profile selection 
is to select that profile for which the increase in earthwork cost just 
equals the decrease in user costs. 

A system of computer programs has been formulated and tested which 
has as its basic input a digital model of the terrain, the horizontal align­
ment of the road, the typical roadway cross-section, the predicted traffic 
volumes, and a description of the types of vehicles that will use the road. 
A vertical profile suitable for project planning and preliminary engineer­
ing is automatically selected and evaluated. 

The profile selection process is based on a method where a weighted 
average of the elevations of a range of terrain points, both in front of 
and behind a given point, is used to determine a trial elevation of the 
profile at that given point. This trial elevation is then adjusted to ac­
count for any control points within the range. The program marches for­
ward from one end of the alignment continuously selecting profile eleva­
tions. At each point, the selected elevation is checked against grade, 
rate of change of grade, and control point restrictions. If these restric­
tions are not met, the program "backs up" and sequentially adjusts pre­
viously selected elevations until all restrictions are met and possible 
phase errors eliminated. A point elevation is accepted as final only when 
it is indexed out of the range of points then under consideration. Earth­
work volume and user cost computations are performed as the profile 
elevation for each station is accepted as final. 

The vertical alignment generated by the system can be controlled by 
adjusting either the "look ahead" and "look behind" distances or the shape 
of the weighting function. In this way, the profile can be varied until the 
difference in volumes cost just equals the difference in user costs. 

Paper sponsored by Committee on Geometric Highway Design and presented at the 44th 
Annual Meeting. 
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The automatic selection and evaluation of vertical alignments repre­
sents one phase of a problem at a particular level in the hierarchy of the 
complete highway location and design problem. Testing has indicated that 
not only is a system of this nature feasible and valuable, but also that 
computer models at the higher levels of analysis are a requirement if an 
engineer is to perform his work in a professional and responsible manner. 

89 

•ONE aspect of the highway route location problem, that of vertical profile selection 
and evaluation, has been chosen to show how mathematical techniques, when used in 
conjunction with electronic digital computers, can be used to improve the decision­
making capabilities of an engineer. A system of computer programs has been formu­
lated and tested which has as its basic input a digital model of the terrain, the horizon­
tal alignment of the road, the typical roadway cross-section, the predicted traffic vol­
umes, and a description of the types of vehicles that will use the road. With this infor­
mation, along with certain cost and economic analysis measures, a vertical profile 
suitable for project planning and preliminary engineering is automatically selected and 
evaluated. 

This paper presents a general discussion of the research which has been performed 
and of the resulting system of computer programs. Major emphasis is placed on a def­
inition of the profile selection problem, a description of some of the problems which 
have been encountered in previous attempts to machine-select grade lines, a descrip­
tion of the basic system methodology, a summary of the various computer hardware 
configurations which might be used to implement the existing system of computer rou­
tines, and a brief description of the field tests which have been performed. The paper 
does not describe the detailed logic of each of the computer routines, nor does it give 
precise using and operating instructions. It is also not now possible to give a complete 
discussion of how the system might be used in the solution of a highway location and 
design problem. Obviously, any research concerned with "computer aided engineering 
design" has many deep and complicated effects on the way in which engineering will be 
performed in the future. The full implications of this work cannot be fully known until 
extensive field utilization of the system has been achieved. The possible uses of these 
programs will, therefore, be described only in sufficient enough detail to give an idea 
of the sort of analyses which might be performed. 

STATEMENT OF THE PROBLEM 

The Highway Engineering Process 

In developing a definition of the profile selection problem, it is useful to examine 
briefly the total highway engineering process in order to place the problem into a real 
world context and to develop a motivation for its actual solution. 

The process of highway engineering is essentially one of decision-making, involving 
operations upon information and culminating in a selected course of action. These 
operations include identifying goals and decision criteria, searching for a set of alter­
natives, predicting the physical consequences of each alternative, evaluating these 
consequences according to a value scheme, and deciding by means of some decision­
making scheme to either accept an existing alternative or to continue the search process 
(Fig. 1). 

{GOALS . SEARCH 
SET OF 

ALTERNATIVES 
PREDICTION 

PHYSICAL 
CONSEQUENCES 

OF EACH 
ALTERNATIVE 

VALUED 

ALTERNATIVES 

Figure 1. Schematic representation of' the engineering process . 

SELECTED 

ALTERNATIVE 
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Cost 
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Total Cost 

Construction plus User Costs 

Number of Alternatives Investigated 

Figure 2 . The cost and benefits of improved engineering . 

Further examination of the highway location and design problem shows that it is 
hierarchical in structure. Typical of the higher levels of analysis are decisions such 
as choice of mode and geographical areas to serve. At somewhat lower levels, there 
are the questions of optimum network configuration involving the selection of bands of 
interest between individual nodes of the network. Still lower decision levels are con­
cerned with the planning of specific projects and with the preliminary location of links 
within these bands of interest. The lower levels of this hierarchy are represented by 
preliminary engineering design and by the preparation of design plans and specifications . 
A characteristic of each level in this hierarchy is that it can be broken down into the 
five engineering phases. Each level is concerned with goals, search, prediction of 
consequences, evaluation, and decision. 

An efficient and economical transport system is achievable only by good engineering 
at each level in this hierarchy. Highway engineers must employ engineering methods 
which produce designs which are consistent between the various levels and whose re­
sults at any one level can be directly and usefully presented to other levels in the design 
sequence. Suboptimization is meaningless unless there is feedback, involving both re­
view and re-evaluation, at each level of the design process. 

There are; at each stage in the hierarchy, an extremely large number of alternative 
courses of action open to an engineer. There is virtually no way to investigate them 
all, nor do they all necessarily need to be investigated. Figure 2 shows an idealized 
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form of the relationship between engineering, construction, and user costs. Although 
the plot is hypothetical, it indicates what is felt, and hoped, to exist in the engineering 
world. As more alternative designs are investigated, higher engineering costs are 
incurred, but the payoff for these higher engineering costs is a lower "total cost" solu­
tion. One of the difficulties with current engineering methods is the impossibility of 
predicting with any certainty the quality of an alternative which is produced by additional 
search activity. This quality, or "cost," is a function of the particular problem under 
investigation, the amount of search activity already completed, the skill of the engineer, 
and the methods by which these additional alternatives are being generated. The devel­
opment of new means for rapidly and selectively generating, evaluating, and improving 
alternative alignments, particularly at the higher analysis levels, would increase the 
productivity of an engineer and would increase his ability to examine systematically 
more of the literally millions of possibilities which do exist (11). 

The highway design phases have received the majority of recent research efforts. 
Systems of digital computer programs now exist which permit the detailed analysis of 
earthwork quantities and which facilitate computation of right-of-way, interchange, and 
superelevation geometrics. On-line plotters are beginning to be used for the automatic 
preparation of plans. Vehicle operating costs and travel times can be examined by 
means of either tables or charts or by simulation programs. However, the analysis 
levels concerned with project location and planning and also with overall system design 
have received somewhat less attention. Simple cost per mile figures are often used to 
evaluate construction cost. Vehicle operating and travel time costs are still only rarely 
considered. Very few alternatives are typically investigated because of the limitations 
imposed by hand methods. Since the costs of a project are almost completely deter­
mined at these higher analysis levels, it is these levels that should receive future re­
search interest and to which attention is turned in this paper. 

The Profile Selection Problem 

} A highway can be described as a curve in three dime11siu11al space. Tu ue1:>cribe 
this curve fully, it is necessary to specify, either explicitly or implicitly, three co­
ordinates for every point on this curve. In usual highway engineering practice, this 
is done by identifying a series of horizontal lines and curves defining a vertical cu.rved 
surface on which a set of vertical lines and curves can then be defined. These two 
sets of lines and curves are known as the horizontal and vertical alignments, respec­
tively. 

The selection of a spatial location for this three dimensional curve, along with the 
decision as to the volume level of traffic to serve, determines the costs associated 
with transportation along this highway. These costs can be separated into capital, or 
first, costs and into operating, or continuing, costs. Capital costs include the initial 
expenditures for land, structures, earthwork, pavement, drainage, and interchanges; 
continuing costs consist of the expenses to the highway user and the expenses required 
to operate the facility. In order to use a road, a user incurs time, fuel, tire, oil, as 
well as vehicle maintenance and depreciation costs. Continuing costs associated with 
the highway itself include maintenance, snow removal, police patrol, and administra­
tion. 

The relationships of these cost variables to the horizontal and vertical locations and 
to traffic volume, while not being completely defined, are understood well enough to 
permit some general statements to be made. The decision as to the level of traffic to 
serve specifies pavement width and number of lanes. Right-of-way ·and pavement costs 
are primarily a function of horizontal location only. In addition, such cost variables 
as structures , drainage, and road maintenance, although affected by vertical align­
ment, are largely determined by the horizontal location. This leaves earthwork, ve­
hicle fuel, and user time costs as the cost variables that have a large dependence upon 
vertical alignment. These same three cost variables generally constitute the largest 
percentage of the total "cost" of a highway project. A summary of these cost relation­
ships is given in Table 1. 

Vehicle fuel and user time costs can be combined into a single term called "user 
cost." The implication of the preceding paragraph is that if traffic volumes are as-
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TABLE 1 

COST VARIABLE RELATIONSHIPS 

Function Function 

Cost Variable 
of of 

Horizontal Vertical 
Alignment Alignment 

Earthwork x x 
Structures x CP1 
Pavement x 
Drainage x ?2 

Interchange x CP 
Relocation x 
Right-of-way x 
Fuel x x 
Tire x 
Oil x ? 
Vehicle mainte-

nance x 
Vehicle depre-

ciation x 
User time x x 
Road mainte-

nance x ? 
Accident x ? 
Political x 
Social x 
Aesthetic x 

1 Cost variable is usually accolU1ted for 
through use of a contro~ point. 

2 Effect of vertical alignment is consider­
ably less than that of the horizontal 
alignment. 
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Figure 3. The relationship of ear th~·rork to 
user time and fuel cost for a horizontal 

alignment alternative. 

sumed fixed and once a single horizontal 
alignment is selected, the various vertical 
alignments which might be designed over 
this alignment may be ranked by consider­
ing only these two major variables, earth­
work cost and user cost. The vertical 
alignment for which the sum of earthwork 
and user costs is minimum might be con­
sidered to be the "optimum" profile. At 
least the grade line is balanced in the sense 
that increased money spent on earthwork 
will not produce a corresponding savings 
in user cost. 

This decision criterion can be demon­
strated in a slightly different fashion. A 
theoretical plot of annual earthwork cost 
vs annual user cost for a range of various 
vertical alignment possibilities is shown 
in Figure 3. Points with high user costs 
and low earthwork costs correspond to 
highway profiles that follow the ground 
quite closely, while points having low user 
costs and high earthwork costs correspond 
to relatively smooth or flat grade lines 
that tend to deviate rather markedly from 
the existing ground profile. This plot in­
dicates that for any one horizontal align­
ment, there is a point for which the de­
crease in user cost exactly equals the in­
crease in earthwork cost. In theory, the 
vertical alignment selected by the engineer 
should correspond to this point, or at least 
be very close to it. 

The highway profile must generally meet 
certain engineering restrictions. These re­
strictions are commonly associated with 
grades, rate of change of grade, and control 
points. Grade restrictions determine the 
maximum positive and negative grades that 
can exist on a road. The purpose of these re­
strictions is, ordinarily, to account for the 
relationships shown in Figure 3; that is, to 
prevent grades which result in excessively 
high operating costs caused by vehicle slow 
downs or hazardous operating conditions . 
Rate of change of grade restrictions provide 
adequate passing and stopping sight distances . 
Bridge elevations, railroad crossings, and 
major river crossings are typical examples 
of points where vertical control might be 
imposed. Control points then represent 
locations along the profile where the road­
way should be at a specified elevation. 
The vertical alignment sought is that which 
results in the best balance of earthwork 
and user costs , yet meets the restrictions 
imposed by grade, sight distance, and 
control points . 
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The highway location and design problem has been described as being hierarchical 
in structure, and the earthwork and user costs have been shown to be critically related 
to the vertical profile. These two ideas can now be examined together to see what the 
role of a profile selection capability might be. Profile selection becomes important at 
that level where the actual link locations are being considered. At higher levels of 
analysis, decisions are more concerned with questions such as modal split and system 
planning. The vertical profile is ordinarily unimportant here. At the project planning 
or project location levels, link locations are considered in more detail. Within the 
band of interest of an individual link, there typically will be a large number of possible 
horizontal alignments, each having a large number of feasible vertical alignments. 
With present methods, an engineer either uses a simple cost per mile estimate which 
ignores the vertical profile altogether or he is forced to use basically the same method 
as at the final design level. A horizontal alignment is specified by hand and input to a 
computer program. The machine then calculates the horizontal geometry and plots the 
ground profile. After a vertical profile is chosen by hand, additional machine passes 
are required to complete the evaluation. Thus, almost the same amount of engineering 
effort is required to investigate an alternative alignment at the project planning and 
location phases as at the preliminary or final design phases. 

The method with which an engineer selects a vertical profile is quite complicated 
and, at present, not completely understood. For this reason, it may be best to continue 
to hand-select the final vertical profile. However, at the higher levels of analysis where 
accuracy requirements are not so tight, this essentially two-pass selection-evaluation 
procedure seems inefficient. It would be desirable to have a method of analysis which 
would permit the engineer, by merely specifying the horizontal alignment, to obtain a 
rapid and reasonably accurate evaluation of this alternative. 

Previous Work on the Profile Selection Problem 

The desire to select automatically a highway profile is not new. It has existed, in 
fact, since the introduction of electronic digital computers to the highway engineering 
field. A number of the past efforts in this area were examined to gain an idea of the 
various approaches that had been taken towards this problem and to learn and under­
stand the major problems that had been encountered. 

Most of the early work was directed toward the area commonly referred to as re­
connaissance or preliminary engineering. The majority of the approaches examined, 
in essence, made a least squares fit of a series of consecutive and continuous polynomial 
curves (first, second, or third degree and combinations thereof) to a set of terrain 
profile points subject to grade and control point restrictions . 1 This does not imply that 
these approaches are all similar in detail or even in basic method. They differ as to 
the objective function employed (if, indeed, one is used at all), the manner in which 
control points are handled, the method by which grade restrictions are satisfied, and 
the computer configurations required. Other studies have been performed in the area 
of automatic profile selection, the most notable of which is probably the application of 
the calculus of variations. However, these studies have not yet had completely accept­
able results, nor have they proven to be economically feasible for use by public highway 
departments . 

1 Basically, these procedures start from an origin point which has specified initial ele­
vation and slope condit ions. A least squares fit, taking account of control points, of 
a curve is made to the terrain points for a specified range of fit. This range of fit 
can extend either in front of and behind the origin point, or just in front of the 
origin point. The resulting curve is used to compute the highway grade at the station 
of the next terrain profile point ahead. If the slope does not exceed the designated 
limits, the curve is accepted and the elevation of the highway at this next station is 
computed, If the slope restrictions are not satisfied, the appropriate limiting slope 
is used and the curve corrected before the highway elevation is computed. The highway 
elevation and slope at the new station are then taken as the new initial conditions and 
the curve fitting process repeated at the new point. The computations systematically 
step ahead, yielding a continuous highway grade line. 
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Figure 4. Summary of major problem areas in the automati c selection of highway profiles . 

The following is a summary of the four major problems that have been encountered 
in the curve fitting type of profile selection techniques: 

1. The grade restriction problem. Relatively good results can be obtained in gently 
rolling terrain. However, as the roughness of the terrain increases and grade restric­
tions are imposed, the resulting highway profile is skewed or biased to the right. This 
bias occurs for several reasons. The hills and valleys are often "seen" too late by the 
range of fit ahead to permit the highway to alter its course in time. This problem is 
compounded when grade restrictions set in, because the highway can only rise or fall 
at a specified maximum slope. If the terrain condition is seen too late and the grade 
restrictions are such that the terrain is falling or rising at a slope which the highway 
profile cannot match, the selected highway profile is bound to be skewed to the right 
(Fig. 4A). 

2. The symmetric range problem. A second type of bias or skew is introduced when 
only terrain points ahead are taken into account in determining the highway grades and pro­
files. However, this will tend to skew the resulting profile to the left instead of to the right. 
This can be easily seen in the case of the "rectangular mountain" (Fig. 4B). By the 
time the roadway reaches the mountain, it will have already reached the highest eleva­
tion, since the only terrain points under consideration at this time will be those having 
elevations equal to the highest elevation. Similarly, the roadway elevation will have 
already returned to original ground level by the time the end of the mountain is reached. 

3. The inertia problem. Whenever previous roadway elevations and grades are 
taken into account in determining the elevation and grade of other stations, there is a 
tendency for the selected profile to be skewed to the right (Figure 4C). 

4. The resonant frequency problem. A "resonant frequency" type of problem can 
occur under special conditions. When the predominant wave length of the terrain pro­
file is approximately equal in length to the total range of terrain points under considera­
tion, an oscillation develops in the selected profile (Figure 4D). 

The System 

METHODOLOGY OF AN AUTOMATIC PROFILE 
SELECTION-EVALUATION SYSTEM 

The logic of an integrated profile selection-evaluation system is shown in Figure 5. 
The system calculates the horizontal geometry of an alignment, generates and plots the 
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Figure 5, Logic of an integrated profile selection-evaluation system . 

centerline ground profile, selects a tentative highway profile by means of a mathemati­
cal smoothing technique and plots it over the ground profile, calculates the earthwork 
volumes associated with this profile, simulates the operation of vehicles over this 
alignment to determine operating and time costs, summarizes the results in the form 
of total and annual costs, and finally asks the engineer whether he would like to try to 
improve the selected profile in order to obtain a better balance of earthwork and user 
costs. Calculations are based on the theory of the digital terrain model (DTM) and 
employ the routines and programs presently existing in the DTM location system. 

The profile selection process is based on a method whereby a weighted average of 
the elevations of a range of terrain points, both in front of and behind a given point, is 
used to determine a trial elevation of the profile at that given point. This trial eleva­
tion is then adjusted to account for all control points within the range . The program 
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Figure 6. Digit&l terrain model showing baseline and terrain cross-section lines . 

marches forward from one end of the alignment continuously selecting profile eleva­
tions. At each point, the selected elevation is checked against grade and control point 
restrictions. If these restrictions are not met, the program "backs up" and sequen­
tially adjusts previously selected elevations until all restrictions are met and possible 
phase errors eliminated. A point elevation is accepted as final only when it is indexed 
out of the range of points then under consideration (see Fig. 10). Earthwork volume 
and user cost computations are performed as the profile elevation for each station is 
accepted as final. 

The following sections describe each of the major computational blocks of Figure 5 and 
indicate how each is related to the overall goal of profile selection and evaluation. 

Digital Terrain Model 

Fundamental to an understanding of the complete profile selection-evaluation system 
is an understanding of how the terrain model is formed. The DTM is simply a sampling 
of the continuous surface of the ground by a number of selected terrain points with 
known X, Y, and Z coordinates in an arbitrary coordinate system. Terrain data are 
defined relative to a baseline (X-axis) and are taken along lines normal to this baseline 
called cross-section or scan lines (Y-axis) (Fig. 6). The reason for relating terrain 
data to a fixed bas~line rather than to a centerline is that, for a new trial horizontal 
alignment, it is relatively easy to re-establish the relationship of the new centerline to 
the baseline. This enables the model to be used repeatedly for the fast evaluation of 
many different trial lines during planning and location studies without the necessity of 
retaking data. 

Before the terrain data are taken, a band of interest is selected by the engineer. 
The width of this band varies with the amount of latitude that the location affords. This 
band of interest is then digitized for use by the computer. 

The first step in the digitization process is the definition of a bas eline within the 
band of interest. This serves as the X-axis of the data coordinate system and can be 
composed of either straight line segments or straight line segments connected by curves, 
depending upon the shape of the band of interest. Next , the surface of the ground is 
r epresented by a series of points (Fig. 7). Sample points are taken left to right across 
each cross-section and are referenced by giving the baseline station number (X-coordi­
nate) of the cross-section line, their offset distance from the baselinE:) (Y-coordinate), 
and their elevation (Z-coordinate). Points to the left of the baseline are recorded with 
a negative sign, while points to the right are considered to have a positive offset. 
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The spacing of the scan lines and the sample density of terrain points along a scan line 
depend upon the accuracy required, the maps available, and the nature of the terrain. 

Terrain data for the DTM can be taken directly from field notes, from topographic 
maps either by hand or by the use of special instrumentation, or directly from the 
stereo model using automatic take-off equipment. Terrain data are taken only once 
and can be used repeatedly for the evaluation of many lines. 
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Location Alignment Program 

The location alignment program calculates the geometry of the highway centerline 
alignment and determines its relationship with the baseline to which the terrain data 
are referenced. Once this relation has been established at each cross-section, an ap­
proximated terrain model for use in the actual profile selection-evaluation program 
can be interpolated from the real terrain model (Fig. 8). 

Both the baseline and centerline are defined by the state plane coordinates of each 
P. I. and one curve defining parameter given at each P. I. The location alignment 
program computes the geometry of the defined baselines and of corresponding center­
line alignments. This geometry information is then used in computing the offset dis­
tances from the baseline to the centerline. The approximated terrain model is generated 
by interpolating terrain data on each cross-section to find the ground elevation along 
the centerline of the roadway and along four parallel alignments whose offset distances 
from the centerline have been specified by the engineer. 

A more detailed description of the operations of the various program phases is given 
in the program manual of the DTM location system (19). 

Profile Selection 

The selection of a trial highway profile is done by a heuristic which may be lhought 
of as attempting to model or simulate the actions of an engineer by determining a 
weighted elevation of terrain points within a range of interest and then adjusting this 
elevation to account for the control points. The mechanics of the profile selection and 
grade adjustment procedure are indicated in Figure 9 and will be described as a series 
of iterative steps. The range of terrain points and associated terminology are shown 
in Figure 10. The range has been indexed so that point 0 is the middle point; it is re­
ferred to as the origin point. 

1. The search point is initially set equal to the origin point and a trial profile ele­
vation for the search point station is determined by calculating a weighted elevation of 
all terrain points within the current range of interest and then adjusting this elevation 
to account for each of the, control points within the current range. 

2. Both the grade and the rate of change of grade of the highway between the search 
point station and the station of the immediately preceding point are calculated. If both 
are acceptable and the current search point is point 0, go to step 3. If both are accept­
able and the search point is somewhere between point -n and point -1, go to step 4. If 
either is unacceptable and the search point is any point except point -n, go to step 5. 
Finally, if either does not satisfy the appropriate restriction and the search point is 
point -n, go to step 6. 

3. Since all grades and all rates of change of grade are acceptable, the profile ele­
vation of point -n is accepted as final and the total range of terrain points is indexed 
so that point -n passes out of the range of terrain points under consideration and point 
1 becomes the new point 0. Calculations are returned to step 1. 

4. All grades and rates of change of grade on the selected profile from the current 
search point station to the origin point station are checked. If all are acceptable, go 
to step 3. If any grade or rate of change of grade does not satisfy the restrictions and 
the search point is not point -n, go to step 5. If some grade or rate of change of grade 
is determined to be unacceptable and the current search point is point -n, go to step 6. 

5. If a particular trial grade or rate of change of grade does not satisfy the given 
restrictions, this is an indication that a terrain configuration in front of the search 
point was "seen" too late to permit the use of an acceptable design standard. To cor­
rect this, the sear ch point is moved back one point (from point 0 to point -1 or from 
point -j to point -(j + 1) and step 1 repeated. In effect, this throws out the previously 
accepted profile elevation for this station and a new adjusted elevation is determined. 

6. The search point has reached the back of the range and additional "backing up" 
is not possible. Therefore, any grade or any rate of change of grade between the 
search point station and the origin point station that exceeds the design restrictions 
must be set equal to the appropriate maximum positive or negative value. When all 
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unacceptable conditions have been corrected, the range of terrain points is indexed so 
that point 1 becomes point 0. The search point is again set equal to point 0 and a new 
iteration is begun with step 1. 

A profile selection procedure of the above nature must specify starting and stopping 
conditions. The manner in which these are handled is indicated in Figure 11. 

Case 1: The information for the range of terrain points ahead of the initial origin 
point is read in and stored in memory before any profile selection calculations are 
made . The lengths of the range ahead and the range behind are specified by the 
engineer. 
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Case 2: As the origin point moves away from the initial or origin station, the range 
of terrain points behind the origin point is slowly built up until it reaches its full length. 

Case 3: This is the normal operating procedure and is the case assumed in the de­
scription of the profile selection procedure. 

Case 4: As the front of the range ahead reaches the terminus point, additional ter­
rain information is not available to be read into storage. The origin point is indexed 
ahead in the normal manner, except the front of the range ahead stays fixed at the 
terminus point. 

Case 5: When the origin point reaches the terminus point, the algorithm has reached 
an end. The elevations and stations for the selected profile between the back of the 
range behind and the origin point are output. 

The initial selection of a tentative profile elevation is done by calculating a weighted 
elevation of the terrain points within the present range of interest. This initial eleva­
tion is then adjusted to satisfy the control point elevation constraints . A weight for each 
of the terrain point elevations is determined by the equation: 

w 
where 

1 xo: (1- x)A 
,B(a+l,A.+1) 

(o:,A.>-1;0.::x:;;l) 

,B(a+l,A.+1) 
r(o: + 1) r(>.. + 1) 

r(o: + >.. + 2) 
and 

r{n) denotes the generalized form of the gamma function 

r(n) = f'° xn-l e-x dx (n >O) 
0 

The variable x varies from 0 to 1. The back of the range behind the origin point is 
denoted as 0 and the front of the range ahead is denoted as 1. Stations between these 
two points have a fractional x value. The weighted elevations for the terrain points are 
added and their sum divided by the sum of the terrain point weights to determine a trial 
profile elevation. 

The equation used to determine the terrain point weights is identical in form to the 
probability density function of the beta distribution. The effects of the parameters on 
the shape of the terrain point weighting function curve are shown in Figure 12. The 
special case a, A = 0 yields the rectangular distribution, while if one parameter is 0 and 
tne other 1, the triangular distribution is obtained. The curve is U-shaped if both 
parameters are negative, J-shaped if only one is negative, and unimodal with the mode 
at x = a/(a+A.) if both are positive. For the latter case, the curve is symmetrical if 
a=>.., skewed to the left if a < >.., and skewed to the right if a>>... One of the major 
reasons for selecting this form of the terrain point weighting function was the large 
flexibility available in the shape of the curve. The effects of different shapes could be 
determined and the skew of the curve could be controlled so that the search point ele­
vation always receives the largest weight. 

The beta function cannot be integrated formally from 0 to x unless a and >.. are both 
integral multiples of % . The profile selection computational procedure assumes that 
the values input to the program meet this restriction. All adjustments of a,>.. within 
the program are made so that each will continue to be a multiple of % . 

Control point elevations are introduced by adjusting the weighted terrain point eleva­
tion once for each control point within the current range of interest. The equation used 
for this adjustment is: 

ADJUSTED ELEVA'TION (WEIGHTED TERRAIN POINT ELEVATION) x FACTOR 

+ (CONTROL POINT ELEVATION) x (1.0 - FACTOR) 
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a, b means a = a, A = b (From "Introduction to Probabili ty and Random Variables" by 

Wadsworth & Bryan, Copyright 1960, McGra.w-Hill Book Company, Inc . ) . 

where FACTOR equals the absolute value of the difference between the control point and 
the search point stations divided by the difference between the search point station and 
the front of the range of interest. A control point is thus given linearly increasing im­
portance as it nears the search point. As a control point enters the range of interest, 
its weight will be O; as the search point gets progressively closer to a control point, the 
control point weight increases to 1. 0; and when the stations of the control and search 
point are equal, the weighted terrain elevation will be ignored completely since the 
FACTOR value in this case will be 0 . If more than one control point is within the range 
of interest, they are accounted for in inverse order as their distance from the search 
point station increases. Thus, the farthest control point is accounted for first and the 
closest is accounted for last in adjusting the weighted terrain point elevation. 

This approach to the automatic selection of highway profiles eliminates three of the 
four major problems that have been encountered in previous work. The immediate 
history of the roadway is ignored in computing new profile elevations, thereby eliminat­
ing inertia effects and its associated right-hand skew. Grade and rate of change of grade 
restrictions are not satisfied by simply setting excesses to the appropriate maximum 
positive or negative value. When a restricted area is encountered, the selection algo­
rithm backs up until all grades and rates of change of grade have been adjusted to ac­
ceptable levels . Restricted values are used only if this backing up continues until the 
back of the range of terrain points presently under consideration is reached. This back 
up procedure will tend to eliminate the right-hand bias resulting from seeing a terrain 
configuration too late. Terrain points ahead and behind the search point are used in 
determining the profile elevations. Problems created by using an unsymmetrical in­
fluence zone are, therefore, eliminated. Problems associated with resonant frequency 
can still occur. However, if the length of the range of terrain points being considered 
is greater than the wave length of all objectionable oscillations in the profile, resonant 
frequency should not be a problem. Oscillations may still occur, but since their wave 
lengths will be greater than or equal to the length of the influence zone, these oscilla­
tions have been implicitly approved of by the engineer. 
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Figure 13. Example 01· an automatically generated highway profile . 

System criteria are satisfied by this selection procedure. If the selected profile is 
to be iteratively improved upon, it is necessary to have a way in which the smoothness 
or quality of the profile can be controlled. It is possible in this procedure to adjust 
both the lengths of the ranges ahead and behind the origin point and the parameters 
a and A. 

Examples of profiles generated by this routine are shown in Figures 13 and 14. 

Roadway Design and Earthwork Volumes 

As the selected profile elevation for each station is indexed out of the range of ter­
rain points under consideration, roadway design and earthwork volume computations 
are made for this cross-section. Using the approximated terrain model generated in 
the location alignment program and the profile grade chosen by the profile selection 
procedure, the roadway template is constructed from the defined template links and 
parameters, the slopes are selected according to specified design criteria, and the 
slope intercept and earthwork volume calculations made. Output consists of the total 
accumulated cut and fill volumes for the entire job with the slope stake and volume in­
formation for any particular station available at the option of the engineer. 

The template is composed of a series of links, each defined by dy and dz distances, 
and a series of low and high cut and fill slopes (Fig. 15). The five-point approximate 
terrain model from the location alignment program is used as the terrain description 
in the template construction and earthwork computations. This model contains five 
offsets and elevations for each cross-section. Normally, two of these are to the right 
of the centerline, two are to the left, and one is the centerline. An additional two 
points, which actually make this a seven-point terrain model, are defined internally by 
the routine. These are 500 ft outside each of the two exterior offset points and are at 
the same elevation as the corresponding exterior offset point. This approximate terrain 
model, rather than the actual DTM, is used for two reasons: first, it results in a large 
increase in running speed with only a slight reduction in accuracy over the more exact 
terrain model. This is important since this is only one routine of a much larger pro-
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gram system. In addition, it is felt that 
this lower accuracy is acceptable during 
preliminary location work. Second, by 
internally defining the two extreme points, 
the engineer can select arbitrary offsets 
from the profile grade line without having 
to worry about whether or not the template 
slopes will intercept within the defined 
terrain. 

Vehicle Fleet Operating and Time Costs 

An engineer, in performing an analysis 
of a particular highway alternative, is in­
terested in the operating and time costs 
incurred by the vehicle fleet for several 
reasons. In order to compare this alter­
native with others, the costs to the road 
user must be measured and compared with 
those of other alternatives. In the selec­
tion of a vertical alignment an engineer 
almost always, either implicitly or explic­
itly, makes an effort to balance construc­
tion and user costs. Lastly, if a highway 
is to serve as an efficient transport link, 
it must permit the individual vehicles using 
the facility to operate efficiently, i.e., 
vehicles, especially trucks, must be able 
to perform satisfactorily. While the out­
put necessary for the profile selection­
evaluation feedback loop is only the total 
annual user costs, it is also desirable to 
be able to obtain, at the option of the engi­
neer, information concerning the operation 
and performance of various types of vehi­
cles. 

A considerable amount of work has been 
done in the field of vehicle performance 
prediction. These efforts fall into essen­
tially three categories: (a) the tabulation 
of experimental data into tables and graphs, 
(b) the statistical analysis of data to con­
struct regression equations, and (c) the 
development of systems of performance 
equations which can be solved by either 
hand or computer to give vehicle perform­
ance and operation. 

In the usual table, cost per mile figures 
for fuel, oil, tires, maintenance, and de­
preciation are given as functions of profile 
grade, pavement condition, and vehicle 
class. These are generally empirical 
studies and give cost information only. 
Since these figures will not necessarily 
apply to vehicles manufactured outside 
the country in which the study was made 
and since an actual speed profile is not 
obtainable, this method of user cost pre-
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diction is not considered to be completely satisfactory for a profile selection-evaluation 
system. 

Because of the complexity of vehicle performance, statistical studies have neces­
sarily been limited to rather special cases. For example, the cost per mile is given 
as a function of velocity for various vehicle classifications or fuel consumption for the 
acceleration of gasoline or diesel trucks is given as a function of magnitude and length 
of grade. To date these studies have not been general enough in nature to permit them 
to be used for the prediction of vehicle fleet performance over a specific alignment. 

Simulation techniques have typically been of two types: those employing a digital 
computer to solve the system equations, and those employing a graphical or hand method 
of solution. Of necessity, the hand solutions have been significantly more limited in 
flexibility than the computer-oriented approaches. 

The basis of any simulation is a determination and calculation of all forces acting 
on the vehicle (Fig. 16). The forces resisting the movement of the vehicle are air 
resistance, rolling resistance, and grade resistance. Rolling resistances are those 
forces inherent in the vehicle itself that tend to retard its motion. The grade resistance 

Force Avai loble to Accelerate Vehicle = Tractive Effort 
Rolling Resistance - A i r Resistance - Grade Res i stance 

Tractive Effort Delivered from Engine 

Resistance 

y 
Force 

Grade Resistance 

Figure 16. Simplified free body diagram of vehicle and roadway. 
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TABLE 2 

FEATURES OF VEHICLE OPERA TING 
COST ROUTINE 

Cars and trucks 
Torque converter 
Shifting deceleration 
Gear shift oscillations 
Engine power curve 
Fuel prediction 
Speed changes and stops 
Chassis friction 
Turn around 
Independent variable 
Effect of temperature 
Horizontal curvature 
Vertical alignment 
Station equation 
S1'.mmary information 
Output comments 
Data control cards 
Program language 

Yes 
No 
Yes 
Yes 
Torque vs rpm 
Gen'l fuel map 
No 
oJ, Efficiency 
Yes 
Velocity 
No 
No 
Tangents only 
No 
Yes 
Yes 
No 
FORTRAN II 

is equal to that component of the vehicle's 
weight which is acting in a direction paral­
lel to the surface of the road. The force 
available to overcome these resistance 
forces and to move the vehicle forward is 
called the tractive effort force, which is 
equal to the force supplied by the engine 
minus certain internal friction losses. 
The difference between this motivating 
force and the total resisting force is the 
force available to accelerate the vehicle. 
All simulation techniques are similar in 
that they are concerned with the manipula­
tion of these forces. The logic of the tech­
nique, whether computer oriented or not, 
drives any vehicle over any selected align­
ment. The vehicle is accelerated, decel­
erated, stopped, upshifted, downshifted, 
and, in general, operated in the same 
manner as if it were Leiug ul'i ven by a 
normal driver. In this manner, the effect 
of such highway characteristics as vertical 
profile, superelevation, pavement type, 
and speed limits on vehicle road speed, 
engine rpm, vehicle tractive effort, and 
percent of full engine load can be deter­
mined. Since these vehicle performance 

characteristics are in turn directly related to the user costs, it is possible to study the 
sensitivity of these costs to changes in the highway design. 

In comparing existing methods of vehicle performance prediction to the criteria of 
the profile selection-evaluation system, no satisfactory solution is found to be currently 
available. The computer simulation techniques are the best; yet, even these are not 
completely satisfactory in their existing form. The vehicle simulation and operating 
cost system developed at M. I. T. is in effect too flexible and consequently too expensive 
to use. It was decided that a simulation method which combined some of the flexibility 
of the existing M. I. T. method with the logical advantages of some of the other vehicle 
simulation techniques presently available would produce an efficient predictor of user 
fuel and time costs suitable for all classes of vehicles in not only the United States, but 
also foreign countries. Such user cost items as tires, oil, depreciation, and vehicle 
maintenance are not sufficiently well understood to merit their inclusion into a simula­
tion routine on anything more than a cost per mile as a function of pavement type basis. 

The basic features of the proposed vehicle simulation routine are given in Table 2. 
The independent variable is velocity. Vehicle velocity is changed in 1-mph units during 
acceleration or deceleration. The model equations are recalculated only when the ve­
locity changes or when the resisting forces change due to a change in profile grade. 

Input data required for this routine, in addition to the fuel map, are essentially of 
three types: 

1. Vehicle data include such things as vehicle weight, frontal area, tire size, num­
ber of cylinders, engine bore and stroke, gear shift speeds and ratios, and full-throttle 
torque curve; 

2. Control data include the speeds at which the vehicle is to travel and the maximum 
acceleration and deceleration rates to be used by the vehicle; and 

3. Highway profile data are required in the form of a series of straight line seg­
ments. 

Output data consist of two types . The first is the cost information required for the 
feedback loop-the total annual user fuel and time costs for each of the vehicle types 
selected. The second type of output is optional and is under control of the engineer. 
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For any vehicle operating on a particular vertical profile, it would include such things 
as current vehicle speed, distance traveled en route, elapsed time, rate of fuel con­
sumption, and total fuel consumed to date. Areas where the vehicle was not capable of 
maintaining the desired road speed would be so indicated. 

The proposed vehicle fleet operating and time cost routine has not yet been pro­
grammed. The versions of the profile selection-evaluation system currently in use em­
ploy a table look-up procedure based on data published in the AASHO Red Book (:!.) . 
Direct operating costs (fuel, tires oil, maintenance and repairs, and depreciation) are 
obtained dil'ectly from the Red Book while time costs a.re calculated separately. Input 
data include the type or class of alignment, speed, user time cost, number of persons 
per car, truck factor, percentage trucks, present traffic volume, and projected traffic 
volume. Although no vehicle pel'formance information can be obtained with this ap­
proach and although the basic cost data that are incorporated in the routine prevent it 
from being meaningful to areas outside the continental United States, this procedure is 
still thought to be acceptable for the purpose of testing the basic system and its opera­
tion. 

Graphical Display of the Ground and Selected Highway Profiles 

The manner in which information is displayed is critically important for any profile 
selection scheme. As a mass of numbers, a highway or ground profile is difficult to 
comprehend or to picture, but as a graphical plot it is clear and concise. Routines 
are incorporated in the system to simultaneously plot the ground a11d selected highway 
profiles. Depending on the machine configuration being used, these displays are in the 
form of either continuous line plots (Figures 13 and 14) or character plots and are 
generat cl via either on-line digital plotters (either a California Computer Products 
incremental Digital Plotter, Model 565, or a Gerber Scientific Instrument Company line 
plotter, Model VP 600) or printers. 

) Engineer- Computer Communication and Feedback Loop 

The lower portion of Figure 5 indicates an engineer- computer feedback loop. This 
loop, by incorporating the concepts of a problem-oriented computer language, permits 
an engineer to use ordinary English and engineering terminology to change any of the 
initial input data and then to investigate the effects of these changes on the selected 
profile. He can modify such items as the roadway width, the grade restrictions, the 
sight distance or rate of change of grade restraints, the elevation of a particular con­
trol point, the predicted traffic volumes, or the expected percentage of trucks to deter­
mine how much a particular design standard or restriction is costing in terms of both 
construction and user costs . 

The "smoothness" of the vertical alignment generated by the system can be controlled 
via this same engineer-computer feedback loop through the adjustment of the program 
parameters which control the length of the range of influence ahead and behind the origin 
point. In this way, the profile can be varied until the most economic balance of initial 
and continuing costs is determined. This iterative improvement of the highway profile 
is not presently being automatically done by the program because of the lack of speeific 
knowledge concerning the exact relationship of user to construction costs. Past work 
in this area has been largely of a theoretical nature. Experimental data from a number 
of real projects will be necessary before this "learning type of behavior" can be con­
fidently accomplished without engineer intervention. 

COMPUTER HARDWARE CONFIGURATIONS 

The engineering problems under discussion are basically ones in information acquisi­
tion, processing, storage, and display. The selected computer hardware should per­
form these information handling operations in as efficient a manner as is possible. In 
addition, the chosen computer configuration must result in an overall profile selection­
evaluation system which is competitive with existing methods of profile selection and 
evaluation. In order for a method such as the one being proposed either to replace or 
augment present hand techniques, it must be approximately equal in cost. If not, it 
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must provide enough additional information in a short enough time period to merit the 
additional expense. Thus, the proper choice of computer hardware is an extremely 
important part of the development work of this system. 

Existing Equipment Requirements 

Three separate versions of the system have been developed. These have been for a 
small-scale computer (either a 20, 000 or a 60, 000 digit memory IBM 1620 data process­
ing system), a medium size computer (a 32, 000 word memory IBM 7040 data processing 
system with 6 magnetic tape drives and on-line card reader, card punch, and printer); 
and a large-scale computer (a time-shared IBM 7094). The 1620 and 7040 versions 
have been used primarily for program development and field testing, while the time­
shared 7094 version has been used for expedments in man-machine interaction and in 
the development of large and more sophisticated highway oriented programming sys­
tems. In the time-shared version, the engineer-user has essentially complete on-line 
control of a large-scale computer (currently an IBM 7094 under control of the M.I. T. 
compatible time-sharing system). The response time between input query and output 
result is such that entirely new and different approaches to engineering utilization of 
computers are possible. 

Input-Output and Information Display Developments 

A number of capabilities have recently been introduced which permit the performance 
of operations upon information in a more efficient manner than previously possible. 
One of these is the use of small-scale "satellite" computers to communicate with and 
to act as remote input/output consoles to a large computer. As a prototype develop­
ment, the M.I.T. Department of Civil Engineering's IBM 1620 computer is now con­
nected via a dataphone to an IBM 7094 computer. In this mode of operation, the 1620 
can be used as a rather complete remote console in the compatible time-sharing sys­
tem. The terrain vertical profile and the selected highway vertical profile data can be 
transmitted directly from the 7094 into the 1620 core or disc memory. A plotting pro­
gram stored in the 1620 could then plot both the ground and highway profiles on a plotter 
attached on-line to the 1620. Because of the length and size of plots required, this 
means of plotting would most likely be preferred to either a scope attached directly to 
the 7094 or the teletype remote console produced character plots. 

SYSTEM TESTING 

Profile Selection 

An important phase in the development of any new engineering technique is the testing 
to which this technique is subjected before it is actually placed into full production use. 
In addition to the tests being performed by the M. I. T. Department of Civil Engineering 
in cooperation with the projects sponsor, the Massachusetts Department of Public Works, 
a series of field experiments are being conducted by the Maine State Highway Commission. 
Both of these series are of a continuing nature and have been under active study by one 
or the other of these state highway departments. They differ principally in that the 
M. I. T. -Massachusetts series is being conducted primarily at M. I. T. while the Maine 
tests are being performed and evaluated by actual state highway department personnel. 
In both test series, the conclusion has been that the profiles generated by the program 
are generally satisfactory for the purpose of preliminary engineering location and they 
are at least equal to the first or second trial profiles chosen by engineers. Although it 
is not possible to describe all of the details and all of the results of the various tests 
which have been performed, the general conclusions can be summarized. 

The three bias problems which existed in some of the earlier attempts at automatic 
profile selection appear to have been eliminated. Testing in both smooth and rough 
terrain has produced a profile that is "in phase" with the terrain; that is, the peaks and 
valleys of the profile occur at the same points as those for the terrain. Operation in 
grade restricted areas has been examined and the results indicate that the backing up 
procedure generally results in grades below the maximum allowable grade and that the 



) 

109 

problems associated with seeing a major terrain configuration too late have been elimi­
nated or considerably reduced. If the engineer selects a look ahead and look behind 
range that is too short for the existing terrain, resonant frequency can still become a 
major problem. However, it is felt that this is more the result of poor input data than 
of the profile selection technique itself. 

One of the criteria specified for the selection technique was an ability to change the 
quality of smoothness of the selected profile. If improvements are to be iteratively 
made in the profile selected for any one alignment, it must be possible to alter the pro­
file in some manner. This is currently done either by changing the length of the look 
ahead and look behind ranges or by adjusting the a, >.. parameters in the terrain point 
elevation weighting function. Testing has shown that as the length of the range is in­
creased, the selected profile becomes significantly smoother. The majority of the test­
ing has been conducted with both a and A = 3 . However, in tests where these parameters 
were decreased toward 0, the profile tended to become somewhat flatter. Although for 
a, A = 0 (equivalent to a rectangular weighting function), the profile had many small dips 
and rises superimposed on the selected profile. A value of 3 for a and >.. seems to give 
the best results . 

A number of variations of the basic control point handling technique have been inves­
tigated. No single method has yet been found to be completely satisfactory for all cases. 
When the elevation of a control point is near the elevation of the desired profile, the 
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transition is both smooth and satisfactory. However, when the control point elevation 
is considerably different from the normal desired profile elevation, the selection tech­
nique does not account for the control point in a completely satisfactory manner. The 
conclusion of these tests is that the method of handling control points needs additional 
investigation. 

The final and in the long run the only test of this technique is whether it produces a 
profile acceptable to the engineer. Present testing indicates that this goal can be 
reached. 

Earthwork and User Cost Relationship 

An extremely critical part of the selection-evaluation scheme is the curve (Fig. 3) 
showing the theoretical relationship of earthwork to us er cost. Whether the proposed 
feedback loop is to be automatically included in the computer complex or is to be hand 
controlled by the engineer, real data must be collected to confirm the theorized shape 
of this cost relationship. If it turns out that these cost variables are not related or if 
their relationship is different than presently thought, it is doubtful that a profile selec­
tion-evaluation technique which attempts to ·balance earthwork and user costs will be 
either feasible or valuable. 

A preliminary series of experiments that examined two separate test conditions has 
been performed to determine the relationship between these two cost variables . The 
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first is the case of the so-called rectangular mountain. It is easy in this relatively 
simple example to define a series of progressively smoother vertical alignments and to 
evaluate both earthwork and user costs by standard hand methods. The results (Fig. 17) 
indicate that, at least for this very simple case, the theoretical relationship holds. 

The second test series was performed on a seven-mile portion of highway near 
Franklin, Mass. The actual alignment chosen was one of those considered in the loca­
tion of Interstate 495 and passed through two rather large hills. Eight separate vertical 
alignments were investigated; the "roughest" of which followed the terrain quite closely, 
while the smoothest was a constant 0. 2 percent grade from beginning to end. Geometry, 
roadway design, and earthwork volume computations were made with the DTM location 
system, while user operating and time costs were estimated with the M. I. T. vehicle 
simulation and operating cost system. The traffic volumes predicted by the Massa­
chusetts Department of Public Works were used as a means of obtaining equivalent 
annual user costs. The resulting plot of earthwork cost vs total user cost is shown in 
Figure 18. Although the hypothesized relationship appears to hold, at no point is the 
decrease in user costs large enough to merit the corresponding increase in construction 
cost. This is an indication that because of the low traffic volumes being used in this 
particular example, the chosen profiles represent points only at one extreme of the 
hypothetical curve. 

These tests have been of a preliminary nature and their results do not constitute 
enough evidence to say that this relationship is either valid or not valid. A much more 
P.xtensive test series is needed to definitely confirm this cost variable relationship. 

CONCLUSIONS 

Basic System Approach 

In mathematical and operations research terminology, this approach to the solution 
of the profile selection problem would be classed as a heuristic and opposed to a math­
ematically rigorous optimization procedure. It is a strategy, a simplification, or a 
rule which attempts to produce a solution which is "good enough most of the time;" it 
is not necessarily producing an "optimal" solution. The procedure is trying to select 
a profile which would be classed as acceptable, satisfactory, or intelligent if the same 
profile had been chosen by a human engineer the first or second time he had examined 
a problem. In brief, it is simply a device "which drastically limits search for solutions 
in large problem spaces" (6). 

An example of a more mathematically rigorous approach to this problem is the 
dynamic programming solution, which could produce a solution whichwouldguaranteean 
optimum balance of earthwork and user costs. Although this approach has not yet been 
fully formulated by the authors, two general comments can still be made. First, the 
solution appears to break down to an exhaustive search of the decision space. This type 
of search with its corresponding high number of required evaluations of the objective 
function would probably require a class of computer which is not yet available to the 
typical state highway department. Second, the selection of a highway vertical profile 
is not a neat, tidy, and clean problem which directly lends itself to an optimum solution. 
Any profile selection technique can at best make suggestions to the location engineer. 

Possible System Applications 

An important question that should be investigated in the early stages of development 
of any system dealing with "computer-aided engineering design" is, "What is the de­
mand by the engineering community for a system of this nature?" This is extremely 
difficult to determine; however, it is felt that a profile selection and evaluation system 
as described has a wide variety of uses. 

To the student, it could serve as a valuable educational tool for studying the engi­
neering of location. Certain real life subtleties, which are extremely difficult to teach 
in the classroom, would become immediately obvious after a few minutes of investiga­
tion into an actual problem. 

To the researcher, such a system represents a powerful tool for studying and 
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analyzing the engineering process. Certain insights may be gained into intricate cost 
variable relationships . 

To the highway engineer of a developing or emerging nation, it could represent a 
means of greatly increasing engineering capabilities. In these areas, the flexibility of 
locating a transport system link is generally much greater than in the United states, 
and hence the decision-making problems associated with location are compounded. 

To a highway engineer in the United States, a profile selection and evaluation system 
could have a number of direct applications. It could help to provide a uniformity of 
vertical design standards. Unbiased vertical design would allow different horizontal 
alignments to be more directly and fairly compared since the same set of restrictions 
and the same design procedure had been used on each. It could provide a means of 
speeding up the processing of horizontal alignments. One of the current restrictions 
on the number of horizontal alignments which can feasibly be investigated by an engi­
neering team is caused by the number of computer passes required for even a pre­
liminary evaluation. There is presently a human selection of the horizontal alignment 
which is followed by one or more machine passes to produce a centerline ground profile 
plot. After human review and human selection of a vertical alignment, additional com­
puter passes are required to obtain earthwork computations, slope limit plots, and, if 
desired, vehicle performance and user cost data. The automatic selection of a vertical 
profile would allow the entire computer sequence of operations to occur without inter­
ruption. If the profile selection-evaluation system is iteratively solved for each of a 
number of horizontal alignments, with each iteration on a particular alignment using a 
different combination of the smoothing parameters and projected traffic volumes, it 
becomes possible to generate a complete set of transportation production curves. These 
curves could then be used to provide the necessary construction and user cost input 
data for a regional transportation network analysis. 

Long-Range Research Objectives 

The ultimate objective of this work is an integrated system of computer programs, 
computer and computer related hardware, and engineering procedures which can be 
used to solve highway location and design problems. The automatic selection and evalu­
ation of vertical alignments represents one phase of this larger problem, at one partic­
ular level in the design hierarchy. Although much computer-oriented work has already 
been directed towards the final design aspects of this overall system, investigations 
are only beginning in such areas as regional network analysis, horizontal alignment 
selection, drainage, interchange design, and guidance or management of the total engi­
neering process. Many more areas exist where mathematical selection, evaluation, 
and analysis models need to be built. The formulation, design, construction, and im­
plementation of the individual models required to fill in these "gap" areas and of the 
ultimate man-machine system represents a fertile area for future research. 
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Effect of Guardrail in a Narrow Median Upon 
Pennsylvania Drivers 
WILLIAM LOUIS SACKS 

Research and Studies Section, Bureau of Traffic, Pennsylvania Department of 
Highways 

A study has been performed to identify and evaluate changes in traffic 
behavior resulting from the erection of a barrier on a 4-ft median of 
a divided highway. 

Using the Traffic Analyzer, vehicular speed, lateral placement and 
clearance were measured both before and after the erection of a median 
barrier on the Schuylkill Expressway. 

Analysis of "before" and "after" data showed that median lane vehic­
ular placements were shifted to the right by as much as 0. 5 ft after 
barrier installation. As a result, clearance between adjacent vehicles 
was reduced by as much as 0. 4 ft. 

The presence of the median barrier did not cause any reduction in 
vehicular speeds or densities; therefore, the median barrier did not 
cause a reduction in capacity. 

A hypothetical model was used to determine the effect of the ob­
served clearance reduction on the safety or allowable tolerances af­
forded the driver in the passing or lane-changing maneuver. The re­
sults of this investigation coupled with other observations led to the 
conclusion that although the median barrier does have a measurable 
effect on traffic flow characteristics, it is not of an adverse nature 
with respect to the movement of vehicles. 

To investigate the safety aspect in this work an accident study was 
conducted to determine further the implications of median barrier in­
stallation. The accident study results present a guide to possible out­
comes of median barrier construction. Due to the approximations and 
assumptions inherent in the analysis, all conclusions should be care­
fully examined before applied to any particular expressway. 

•MODERN HIGHWAY design standards emphasize the importance of providing adequate 
clearance to any fixed objects along the traveled way. One major exception to this 
practice is the installation of a raised barrier on narrow medians separating opposing 
flows of traffic. This study identifies and evaluates changes, if any, in traffic behavior 
resulting from the erection of a median barrier. Although the virtues and warrants for 
median barrier installation are not treated in this paper, the results herein presented 
may shed additional light on the subject. 

FLOW CHARACTERISTICS 

Description of Study 

At the inception two basic study approaches were considered. The first examined 
facilities similar in geometric design and traffic load but different in that one had a 
median barrier and the other did not. The second approach studied the same facility 
both before and after median barrier construction. Since erection of a median barrier 
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was already scheduled on the Schuylkill Expressway, a heavily traveled divided high­
way with a predominantly narrow median, connecting the Pennsylvania Turnpike and 
the western suburbs of Philadelphia with downtown Philadelphia, the latter approach 
was selected as the study technique. 

After a preliminary survey, four sites were selected for study, three on four-lane 
divided sections, and the fourth on six-lane divided. All lanes were 12 ft wide, com­
posed of portland cement concrete. In each case the median was 4 ft wide and of the 
mountable concrete type. Figure 1 is a typical median cross-section showing the steel 
median barrier with broken lines. 

For the remainder of this study all reference will be made by location number, each 
site being composed of two locations, one in each direction of traffic. A description of 
each location is given in Table 1 and illustrated in Figures 2 through 5. 

With the cooperation of the U. S. Bureau of Public Roads "before" data were suc­
cessfully obtained at five locations during March 1962 using the Traffic Analyzer. In 
August 1962, several weeks after the median barrier installation was completed, "after" 
data were collected at the same locations. All measurements were performed during 
daylight hours and in fair weather. Several thousand vehicles were observed in each 
traffic lane incorporating either the AM or PM peak movements. 

The Traffic Analyzer is an instrumented van capable of automatically recording in 
digital form on printed paper tapes by means of detectors placed across the roadway. 
It recorded the arrival time, speed and lateral placement for each vehicle in one to 

INSIDE E OGE OF 
WESTBOUND MEDIAN 
LANE 

- ------- 4' - o"----------i 
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EASTBOUND MEDIAN 

/ LANE 

Figur_e l. Typical median cross-section . 

TABLE 1 

Direction Median Lanes Shoulder 
Speed Limit (mph) Location Station 

of Width 
No. of 

Width 
Align- Edge 

No. No. Traffic (fl) 
Lanes (ft) ment Width Type of Shoulder 

Car (ft) Truck 

219+00 EB 4 12 Tangent 12 Gravel 3- cable guard- 60 50 
rail 

2 467+00 WB 12 Tangent 12 Gravel Slight embank- 60 50 
ment 

467+00 EB 12 Tangent 10 Gravel Steep embank- 60 50 
ment 

110+00 EB 12 Curve, Gravel 3-cable guard- 50 50 
2° 20' rail 

523+00 WB 2 12 Curve, Gravel 3-cable guard- 60 50 
2° 20' rail 
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Figure 2. Location 1, setting up the equipment . 

Figure 3. locations 2 and 3. 
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Figure 4. Location 4. 

) 

Figure 5. Loc ation 5. 
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Figure 6. Different traffic maneuvers . 

four separate lanes of traffic. In addition, vehicle classification is accomplished by 
manual recording and coding by means of push buttons. For vehicles other than pas­
senger cars, recording is made on the same printed line as the other data for the vehi­
cle as each vehicle crosses the detectors. The data for each lane of traffic are recorded 
on a separate tape, one line per vehicle (1). 

After the field data were edited in the offices of the U. S. Bureau of Public Roads 
to confirm accuracy of the data recording, they were forwarded to the Pennsylvania 
Department of Highways along with two IBM 650 computer programs. Basic data cards 
were then punched from the data on each roll of tape. The first program used the basic 
data cards as input and produced as output a deck in which the speed and placement data, 



119 

originally recorded in coded format, were presented in true form. The intermediate 
output decks for each lane at each location were merged in ascending arrival time se­
quence and then used as input for the second program. In this program, traffic in each 
lane was examined with respect to traffic in the other lane(s) at the location. The final 
output deck, one card for each vehicle in each lane at each location, contained the speed, 
placement, clearance between adjacent vehicles and traffic maneuver. 

Each vehicle was classified (Fig. 6) in one of five types of traffic maneuvers with 
respect to nearby vehicles, as follows: 

1. Free moving-vehicles more than 20 units of time (7. 2 sec) behind a vehicle in 
any lane and more then 10 units of time (3. 6 sec) ahead of a vehicle in the other lane(s). 1 

2. Adjacent, not trailing-vehicles more than 20 units of time (7. 2 sec) behind a 
vehicle in the same lane but within 4 units of time (1. 4 sec) either ahead of or behind a 
vehicle in the other lane(s). 

3. Adjacent and trailing-vehicles within 10 units of time (3. 6 sec) behind a vehicle 
in the same lane and also within 4 units of time (1. 4 sec) either ahead or behind a vehi­
cle in the other lane(s). 

4. Trailing, not adjacent-vehicles 10 units of time (3. 6 sec) or less behind a vehi­
cle in the same lane but more than 4 units of time (1. 4 sec) either ahead or behind a 
vehicle in the other lane (s). 

5. All others-vehicles not classified in any of the previous categories. 

For purpose of analysis, vehicle classification recorded in the field using nine sepa­
rate categories was simplified, yielding two basic types of vehicles: all automobiles 
and two-axle, four-wheel, single-body trucks were classified as passenger cars (PC); 
all three-, four- and five-axle trucks, cars pulling trailers, buses, etc., were clas­
sified as commercial vehicles (CV). 

Analysis of Data 

In a first investigation an IBM 407 accounting machine was used to prepare frequency 
distributions separately for passenger cars and commercial vehicles in each lane studied 
for all vehicle placements and the average speed in each placement group. Similarly 
frequency distributions of vehicle speeds and average placement in each speed group 
were also constructed. In addition, average speeds and average placements were cal­
culated for vehicles in each type of traffic maneuver. All sites are summarized in 
Table 2. All placement values tabulated are the distance from the center of the vehicle 
to the right-hand lane line measured to the nearest 0. 01 ft. 

As can be seen from Table 2, the presence of the median barrier did not have a 
uniform effect at all locations. Differences in the values of average speed and average 
placement, statistically significant at the 0. 01 level except for commercial vehicles 
traveling in the median lane at two-lane locations, ranged from +5. 0 to -0. 5 mph and 
from +O. 5 to -0. 4 ft, respectively (a positive difference in speed indicating an increase 
in speed after the median barrier was installed and similarly a positive difference in 
placement representing a shift to the right). Statistical significance was ascertained 
by comparing the difference between means with the standard error of the difference. 

In general, the "after" studies revealed higher average speeds and higher 85 per­
centile speeds than the "before" studies. A feeling of increased security induced by 
the presence of the median barrier may explain the speed increase. A lack of consis­
tency between change in speed and change in placement discourages any general rela­
tionship to be formed although it would be possible to find the best straight-line fit. 

At four locations the change in placement was more pronounced for vehicles traveling 
in the median lane than for that of vehicles traveling in ~he shoulder lane. The exception 
was Location 3 at which the average passenger car plal' ement in the shoulder lane 
shifted 0. 2 ft to the left after median barrier construction and the average passenger 
car placement in the median lane remained constant. At Location 3, an additional 

l One lmit of time equals one - ten-thousandth of an hour . 
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TABLE 2 

SUMMARY OF SPEED-PLACEMENT DATA 

Before Barrier After Barrier 

Location Lane Vehicle Avg. Avg. Avg. Avg. 
Type Speed Placement Speed Placement 

(mph) (ft) (mph) (ft) 

1 Shoulder PC 52,8 6.7 57.0 6 . 7 
1 Shoulder CV 49.4 6.1 51. 8 6 . 1 
1 Median PC 61, 8 5.9 63.6 5.7 
1 Median CV 59. 21 5.3 1 58. 71 4. 91 

2 Shoulder PC 49.2 6.6 54.2 6.7 
2 Shoulder CV 43.1 6.2 47.2 6.1 
2 Median PC 55.3 6.0 59.7 5 . 6 
2 Median CV 51. 01 5. 81 54.9 5.4 
3 Shoulder PC 53.2 6.3 53.9 6.5 
3 Shoulder CV 47.5 6 . 0 48.8 6.3 
3 Median PC 58.0 5.7 57.8 5.7 
3 Median CV 53. 21 5. 51 54.8 5.7 
4 Shoulder PC 43,5 7.4 45. 7 7 . 4 
4 Shoulder CV 40.4 6.9 43.2 7.0 
4 Middle PC 45.2 7.0 48.4 7.4 
4 Middle CV 44.5 6.6 47.1 6.7 
4 Median PC 46.9 6.8 49.3 6.3 
4 Median CV 46.0 6.4 48.0 5.9 
5 Shoulder PC 51 . 4 5.8 54.2 5.7 
5 Shoulder CV 47,l 5.5 49.5 5,6 
5 Median PC 56.4 5.2 58.1 4 . 8 
5 Median CV 53. 5 5.2 55.4 5.0 

1 Sample size less th<:L'1 50 . 

1Y2 hr of data for the "after" study were used (4-hr "after" compared to 2?'2-hr "before"). 
Lighter volumes during much of this period might account for some of the shift to the 
left. The increased opportunity for passings to occur might also be a factor. Com­
mercial vehicle placements in each lane also shifted to the left. A possible explanation 
for this initially unexpected behavior lies in the fact that the location is in cut with an 
embankment rising at approximately 60 degrees from the edge of the 10-ft shoulder. 
The security of the median barrier separating opposing traffic may have caused the 
leftward shift away from the more "constriction-inducing" embankment. 

Both Locations 2 and 5 experienced a 0. 4-ft average placement shift to the right for 
passenger cars in the median lane. This represented the maximum placement shift 
at two-lane locations. At Location 2 passenger car placements in the shoulder lane 
shifted 0.1 ft to the left and at Location 5, 0. 1 ft to the right. Location 2 had ll'2 hr 
more data in the "after" phase than in the "before," and also the time period 4:24 - 4:42 
PM appears to show the effect on the shoulder lane of a police car and a truck parked 
on the shoulder. Removing these data probably would change the result noted. 

The most unexpected change in placement occurred in the middle lane of Location 4. 
After median barrier construction, average placements for passenger cars and commer­
cial vehicles shifted 0. 4 and 0. 3 ft to the left, respectively. At the same time both 
passenger car and commercial vehicle average placements in the median lane shifted 
0. 5 ft to the right. A careful examination of the placement distribution for this lane 
revealed that one of the placement detector sections was not functioning. If the distri­
bution is smoothed, it is evident that the tabulated placement change represents a sys-
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tematic e rror and should be dis counted . Therefore , only speed data have been inter­
preted as valid at this loca tion and lane . 

The data for all locations support the conclusion that rightward shifts in the m edian 
lane vehicle placements have little effect in inducing similar displacements in the adja­
cent lane. 

Separate frequency distributions of clearance between vehicle bodies and average 
speed in each clearance group were then prepared for passenger cars and commercial 
vehicles in each lane that were classified in an adjacent traffic maneuver with respect 
to vehicles in the contiguous lane . In the case of the middle lane of the three -lane 
location a vehicle was classified as adjacent to either a vehicle in the median or shoulder 
lane according to which was closer in time. For each lane the average speeds , place ­
ments and clearances were ca lculated for vehicles adjacent to other vehicles and then 
s eparately for each of the two types of adjacent traffic maneuvers. Sample clearance 
data are summarized for all sites in Table 3. Clearance values are measured to the 
nearest tenth of a foot. A positive change in placement indicates a shift to the right; 
a negative change in cleara nce indicates a decrease . Small sample sizes should be 

TABLE 3 

SUMMARY OF CLEARANCE DATA FOR ALL VEHICLES ADJACE NT TO OTHER VEHICLES 

Before Barrier Aft er Bar rier Change in 

Location Lane Description Avg. 
Avg. Avg. 

Avg. 
Avg. Avg. Place- Clear-

Place- Clear- Place- Clear-Speed 
ment 

Speed 
ment a nee 

ment a nee 
(mph) a nee (mph) (ft) (ft) (ft) (ft) (ft) (ft) 

i Shoulder PC adjacent to PC in median lane 51 . 6 6. 5 5. 5 55. 1 6. 4 5. 6 +O . 1 +0.1 
1 Shoulder P C adjacent to CV in median lane 49 . 7a 6.2a 4. 2a 49 . 3a 5. sa 4. oa +0.4a -o.2a 
I Sltoulder CV adjacent to PC in median la11e 49. 3 6. 1 5 . 3 51 . 3 6. 0 5. 0 +0. 1 - 0. 3 
t Shoulder CV adjacent to CV in median lane 49 . 9a 6.o• 1. 5a 46 . 9a 5. 7a 3. 7a +o.3• - o.s• 
I Median PC adjacent to PC in shoulder lane 61. 6 6. 0 5 . 6 63. 6 5.8 5. 5 +0. 2 - 0 . 1 
I Median PC adjacent to CV in shoulder lane 61.4 6 . 2 5 .3 63 . o 6.0 4.8 +0.2 - 0. 5 
l Median CV adjacent to PC in shoulder lane 59. 6a 5. 6• 4 . 3a 61 . l a 4.3a 3 .4a +1.3a -0 . 9a 
l Median CV adjacent to CV in shoulder lane 61. sa 5. 5a 3.9a 57 . 3a 5. 5a 3. 6a +o.1a - 0. 3a 
2 Shoulder PC adjacent to PC in median lane 47. 2 6 . 3 5 . 9 52 . 7 6. 5 5. 4 -0. 2 - 0. 5 
2 Shoulder PC adjacent to CV in median lane 41.Ba 6.oa 5 . 3a 49. 5a 6.o• 5.2• o . oa - 0.1• 
2 Shoulder CV adjacent to PC in median lane 42 .1 6.1 5. 2 47 . o 6. 0 5, l +0.1 - 0. 1 
2 Shoulder CV adjacent to CV ill median lane 4o. oa 6. 6a 3. 7a 45. la 6.0a 5. 2a +o.a• +i.sa 
2 Median PC adjacent to PC in shoulder lane 55 .1 6.1 5. 9 60.1 5 . 7 5 . 5 +O. 4 - 0.4 
2 Median PC adjacent to CV in shoulder lane 54. 3 6.2 5. 2 58. 1 5 . 9 4. 9 -t-0. 3 - 0.3 
2 Median CV adjacent to PC in shoulder lane 52,9• 5. 9a 5.3a 56.Ba 6.o• 4.Ba - 0. l a -0 . 5a 
2 Median CV adjacent to CV in shoulder lane 51. oa 5. 9a 3.Ba 53. l a 5 .Ba 3.9• +O. l a +o. 1a 
3 Shoulder P C adjacent to PC in median lane 50,8 6. 1 5 . 9 51.3 6. 3 5 . 7 - 0. 2 -0.2 
3 Shoulder PC adjacent to CV in median lane 46.9a 5.9• 1 . 5a 47 .6a 5.9a 5. l a o .oa -o.6" 
3 Shoulder CV adjacent to PC in median lane 47 . 1 6. 1 4 .9 47 .3 6.2 4. 9 - 0 . 1 0. 0 
3 Shoulder CV adjacent to CV in median lane 45.oa 5. 7• 1 . 6a 43. 4a 6.0a 4.2• -0.3a -0. 4• 
3 Median PC adjacent to PC in shoulder lane 56 . 9 5. 9 5 . 8 57 .0 5 . 8 5. 7 +0.1 -0 . 1 
3 Median PC adjacent to CV in shoulder lane 58 .1 6.0 5.0 57 . 3 6 .0 4. 9 0.0 -0.1 
3 Median CV adjacent to PC in shoulder lane 53. 4a 6. 2• 5 . 7a 55. 3a 5 . 9a 5.2a +O. 3 -0. 5 
3 Median CV adjacent to CV in shoulder lane 52. la 5 . 4a 3. 7• 53. 3a 5. 6a 3. s• -0 . 2• +0. la 
4 Sl10ulder PC adjacent to PC in middle lane 43. 2 7 .4 5 . B 44. 6 7. 4 6. 4 0 .0 +O. 6 
4 Shoulder :PC adjacent to CV in middle lane 41. 2 7 . 2 4 . 6 44 . 5 7 .1 5 .2 +O .1 +0 . 6 
~ Shoulder CV adjacent to PC in middle lane 40 .1 6 . 9 5. 6 42 . 6 6. 9 6.1 0 .0 +O . 5 

Shoulder CV adjacent to CV in middle lane 38. sb 6 . ab 4 . 4b 40 . s• 7. la 4.2• -0.3a - 0. 2a 
Middle PC adjacent to PC in shoulder lane 44. 7 7 .3 6.0 47 . 9 7. 9 6 . 6 -0 . 6 +0 .6 
Middle P C adjacent to CV in shoulder lane 45. 6 7 . 7 ~ : ~b 47. B B. 2 6 . 2 - 0. 5 +0. 3 
Middle CV adjacent to PC in shoulder lane 46 . 3b 7 .ob 47. 9a 7 .oa 5. 3a o.o• +o.6• 
Middle CV adjacent to CV in shoulder lane 46 . 4a 7 . 2• 4. 5a 45. 7a 7. 2a 4 . 5a o.oo• -0 . ooa 
Middle P C adjacent to PC in median lane 45 .0 6 . 9 6.0 48.0 7 . 2 5. 3 -0.3 - 0. 7 
Middle P C adjacent to CV in median lane 44 . 5 6. 7 4. 7 46. 9a 6. 7• 4 .3• o.ooa -0 .4a 
Middle CV adjacent to PC in median lane 44 . 0 6.5 5 . 6 46.6 6.8 4.6 - 0.3 -1.0 
Middle CV adjacent to CV in median lane 42.Ba 6.9• 3. 5a 45.5a 5 . 5a 5.o• +l. 4a +I. 5a 
Median P C adjacent to PC in middle lane 46 . 5 6. B 5.9 49.0 6 .3 5.0 +0.5 -0 . 9 

~ Median PC adjacent to CV in middle lane 47. 4 7 . 0 5. 4 50 . 6 6.3 4 . 5 +O. 7 -0 . 9 
4 Median CV adjacent to PC in middle la11e 45. 7 6 . 4 4. 6 48. 5a 5 . 9• 4 . 1• +0 . 5a -0 . 5• 
4 Median CV adjacent to CV in middle lane 48.3a 6. 6a 4. la 47. o• 6 . la 4 .2a +0.5a +0 . 1• 
5 Shoulder PC adjacent to PC in median lane 50 , 3 5. 6 5 . 7 52 . B 5. 6 5. 3 o . o -0. 4 
5 Shoulder PC adjacent to CV in median lane 48 . 9 5. 6 4. B 51. 5 4. 9 5.2 +O. 7 +0.4 
5 Shoulder CV adjacent to PC in median lane 47 , 2 5. 3 5 . 2 48. 6 5. 4 4. 7 -0 . 1 -0. 5 
5 Shoulder CV adjacent to CV in median lane 4l.9a 5.8• 3. l a 46. 3• 5. Ba 3. 8a o.o• +O. 7a 
5 Median PC adjacent to PC in shoulder lane 56 , 2 5.3 5. 8 58 .0 4. B 5. 4 +O. 5 -0 .4 
5 Median PC adjacent to CV in shoulder lane 55 . 7 5 . 3 5. I 57 . 1 5 .o 4. 6 +O . 3 - 0 . 5 
5 Median CV adjacent to PC in shoulder lane 54 . 2a 5 .2a 4 . 6a 56. 3a 5 .o• 4. 9a +o . 2a +0 .3a 
5 Median CV adjacent to CV in shoulder lane 52 , 5a 5. 2a 3. 9a 54 . 2a 5. la 3 .4a +0 .1• -0 . 5a 

asample s i ze less lhan 25 . bsample size less than 50 . 
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interpreted with caution. They are found in conjunction with clearances involving com­
mercial vehicles in the median lane, an uncommon driving practice. 

At first examination the clearance measurements involving passenger cars in the 
median lane adjacent to passenger cars in the shoulder lane may appear to be a repeti­
tion of the measurements associated with passenger cars in the shoulder lane adjacent 
to passenger cars in the median lane. The two cases are not necessarily drawn from 
the same set of adjacent vehicles owing to the traffic maneuver classification system 
employed. 

Changes in clearance, more so than placement, are indicative of the effects of the 
meidan barrier upon the unidirectional traffic stream. Both passenger cars and com­
mercial vehicle placements for vehicles in the shoulder lane and classified in an adja­
cent traffic maneuver, while slightly less than (to the right of) the averages for all 
traffic maneuvers, remained fairly constant after the median barrier was installed. 
Changes ranged from -0. 2 to +O. 1 ft. In general, changes in clearance resulted from 
placement changes in the median lane. 

Both Locations 2 and 5 exhibited significant clearance reductions of approximately 
0. 4 ft between passenger cars in the median lane adjacent to vehicles in the shoulder 
lane. Location 1 demonstrated no appreciable change in adjacent passenger car clear­
ances; however, clearances between passenger cars in the median lane adjacent to 
commercial vehicles in the shoulder lane were reduced by approximately 0. 4 ft. For 
reasons previously presented, differences in average placements and clearances at 
Location 3, where statistically significant, were very small. Clearance data for the 
"after" studies at Location 4 are biased by the placement error in Lane 2. 

Interpretation of Data 

Reduction in clearance between adjacent lanes of traffic may be studied with respect 
to safety and also with respect to roadway capacity and level of service. From the 
safety viewpoint a clearance reduction is manifested in lower tolerance limits for lateral 
drift as well as for lane-changing maneuvers. Little data, if any, are available on the 
subject of lateral drift thereby preventing further treatment. It is possible, however, 
by means of a simplified model, to evaluate a clearance reduction with respect to the 
passing or lane-changing maneuver. 

If Driver B is traveling in the median lane and beginning to change lanes in front of 
Vehicle A in the shoulder lane, how far behind the front left corner of Vehicle A can 
the right rear corner of Vehicle B be if a collision is to be avoided? 

First assume Vehicle B to be traveling 55 mph and Vehicle A 45 mph or a relative 
speed difference of 10 mph (14. 7 ft/sec). Further assume that in changing lanes Vehi­
cle B moves laterally at 4 ft/ sec. Under these conditions if the initial lateral clearance 
between vehicles is 6. 0 ft, the distance in question is 22. 05 ft. If the initial clearance 
is 5. 5 ft, the distance is 20. 21 ft, or a difference of -1. 84 ft. If the relative speed be­
tween vehicles is 5 mph (7. 35 ft/sec), the difference in distance is -0. 92 ft. With a 
lateral speed of 3 ft/ sec, the difference at a relative speed of 10 mph is -2. 50 ft; at a 
relative speed of 5 mph, -1. 2 5 ft. 

In these simplified cases the maximum tolerance difference with a 0. 5-ft reduction 
in clearance is -2. 5 ft. Although no allowance has been introduced for Vehicle A slow­
ing down, the increased chance for collision remains at this point, a moot question. 

In an attempt to discover any changes in roadway capacity or level of service intro­
duced by the presence of the median barrier, summaries of speed-placement data by 
6-min time periods were prepared for all vehicles in each lane of each location both 
before and after median barrier construction. The summaries contained, in addition 
to average speeds and placements, equivalent hourly volumes for each 6-min period, 
traffic densities and average absolute differences in speeds and placements between 
successive vehicles. 

Although it is impossible to say whether maximum recorded volumes represent 
lane capacities, the traffic demand remaining unknown and there being no exhibited 
flow breakdowns, an appreciation of the level of service may be gained by examining 
maximum speeds attained throughout the array of recorded volumes both before and 
after median barrier construction. 
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Figures 7 and 8 show the maximum speeds attained at observed volume levels for 
the median lanes of Locations 2 and 4, respectively. It was in these lanes that maxi­
mum clearance reductions occurred between adjacent vehicles. The graphs indicate 
that, in general, equal or greater speeds occurred at each volume level after the median 
barrier was constructed. Therefore, it can be concluded that the median barrier did 
not, in terms of volume and speed, lower the level of service. 

Conclusion 

It has been shown that the erection of a barrier on a 4-ft median does have a mea­
surable effect on adjacent lanes of traffic. Whereas vehicle placement in the shoulder 
lane tends to remain unchanged, average median lane placements can be shifted to the 
right by as much as 0. 5 ft. The clearance between adjacent vehicles at two-lane loca­
tions can be reduced by as much as 0. 4 ft. Although the increase in average speeds 
after median barrier construction may be attributed to some variation of conditions, 
it is safe to say that the median barrier did not have a damping effect on travel speed. 
The data tend to support the conclusion that the median barrier causes no decrease in 
roadway capacity. The magnitude of the effects of the median barrier on traffic flow 
characteristics, smaller than some would expect, may be viewed from the aspect that 
the median barrier is a continuous rather than intermittent roadside obstacle. 

Although changes in vehicle clearance and placement are measured in fractions of a 
foot, the elimination of the effects of a median barrier upon said may require increasing 
the median width by several feet. 

ACCIDENT OCCURRENCE 

Although the safety aspect was briefly treated in the first section, namely from a 
theoretical viewpoint, no conclusions were reached regarding the effect of median barrier 
upon accident occurrence. This section presents the findings of a study of traffic ac­
cident occurrence as related to the erection of the median barrier on the Schuylkill 
Expressway. 

Description of Study 

At present the Expressway has a back-to-back beam-type median barrier erected 
along its entire length. The median width, although 10 ft in some areas, is predomi­
nantly 4 ft. The barrier is erected atop a 6-in. mountable curb. 

The barrier, although now continuous, was constructed in two different contracts. 
As it was decided to look at a 1-yr accident history both before and after median barrier 
construction, it was necessary to use different time periods for the two contracts. All 
further reference to the two study sections is made by contract number. 

Table 4 gives the sections of roadway comprising each contract as well as the time 
periods associated with the "before" and "after" studies. Figure 9 is a map of the 
study area. 

A 1-yr accident history for both the "before" and "after" studies was accepted for 
use for the following reasons. 

1. The Schuylkill Expressway experiences daily volumes as high as 130, 000 vehicles 
on certain roadway sections. Thus in one year there are many chances for the rare 
event, or accident, to occur. 

2. The effects of volume growth between the "before" and "after" periods are mini­
mized and any error induced by volume compensation is also reduced. 

Generally the volume increase from the "before" study periods to the "after" study 
periods was 10 percent. 

Only accidents occurring completely on the main-line portions of the road were in­
cluded in the analysis. Those accidents occurring on the interchange crossroads, 
ramps or at the junction of ramps and the main line were deleted from the analysis. 
This practice was adopted with the idea that if the median barrier exerted any influence 
on accident occurrence it \vould be more pronounced in the proximity of the barrier. 
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TABLE 4 

STUDY ROUTES AND TIME PERIODS 

Legislative 
Route 

Beginning 
Station 

Ending 
Station 

Length 
(ft) 

Before 
Period 

Construction 
Period 

After 
Period 

769 

769 

67057 

G7270 

0 + 65 
276 + 50 

153 + 87 
451 + 50 

48 + 42 
185 + 27 
267 + 67 
307 + 50 

70 + 47 

153 + 87 
451 + 50 

276 + 50 
621 + 70 
160 + 00 
239 + 00 
302 + 00 
363 ± 62 
114 + G2 

(a) Contract I 

15,322 
17,500 
37,822 

7/60 - 6/61 
7/60 - 6/61 

(b) Contract II 

12,263 
17,020 
11,158 

5, 373 
3,433 
5,612 
4,415 

59,274 

3/61 - 2/62 
3/61 - 2/62 
3/61 - 2/62 
3/61 - 2/62 
3/61 - 2/62 
3/61 - 2/62 
3/Gl - 2/G2 

7/61 - 9/61 
7/61 - 9/61 

3/62 - 9/62 
3/62 - 9/62 
2/62 - 9/62 
2/62 - 9/62 
2/62 - 9/62 
2/62 - 9/62 
2/62 - 9/62 

10/61 - 9/62 
10/61 - 9/62 

10/62 - 9/63 
10/62 - 9/63 
10/62 - 9/63 
10/62 - 9/63 
10/62 - 9/63 
10/62 - 9/63 
10/62 - 9/63 

NOTES: 1. ?·Iedian width is predominantly lO ft in Contract I, whereas a predomino.nt width of 
4 ft prevails in Contract II. 

2. Median post ·spacing is l2 ft 6 in. in Contract I; in Contract II the spacing is 
6 ft 3 in. 

3. Volumes in Contract II approacl1 l30,000 veh/day. Volwne in Contract I is 
considerably less. 

Data were obtained from both the State Police and City Police Traffic Accident files . 
The State Police record is for Legislative Route 769. The remaining Lesiglative 
Route numbers comprising the study were patrolled by the Philadephia Police Depart­
ment. All data were code classified and punched on cards for machine analysis. 

Findings of Study 

Overall accident resumes are presented in Tables 5 and 6. Conventional classifica­
tion based upon severity suffered by individuals is used to define accident types. 

The number of traffic accidents in Contract I increased from 50 before median bar­
rier installation to 87 afterward. Based on the "before" period, this represents an in­
crease of 74 percent. If it is assumed that accident frequency is linearly influenced by 
amount of travel (vehicle mileage), then, for a constant roadway length, it is also 
linearly affected by volume. Thus, for a 10 percent volume increase approximately 
55 accidents should have occurred. Therefore, 32 accidents represent a certain devia­
tion from the "expected norm," a 64 percent "abnormal" increase.2 

The accident frequency increase in Contract II was 112, representing a total per­
centage increase of 3 8 percent over the "before" period. By similar reasoning to that 
presented above the "abnormal" increase was 82 accidents or 28 percent. 

Time distributions of accident occurrence by month, day and hour (the latter sepa­
rately for weekdays and weekends) have been prepared (Figs. 10, 11, and 12). The 
time distributions, while not subjected to rigorous analysis, do not appear to show any 
significant differences between the "before" and "after" periods. Thus it seems that 
the increase in traffic accidents experienced after median barrier construction is pro­
portionately distributed throughout the hourly, daily and monthly time periods. 

2It is acknowledged that accident frequency is probably more than linearly related to 
vehicle mileage; however, no mathematical relationship is known to allow a more exact 
calculation of "abnormal" accident frequency increase. 
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TABLE 5 TABLE 6 

OVERALL ACCIDENT RESUME MEDIAN BARRIER ACCIDENT RESUME 

Contract I Contract II Nature of Contract I Contract II 
Accident Type Median Accident 

Before After Before After Before After Before After 

Fatal 1 0 6 1 Crossover 13 2 45 2 
Injury 17 29 82 100 Non-crossover 3 l,! 11 61 
Property damage 32 58 199 297 Total 16 20 56 63 

Total 50 87 287 398 
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KEY: 

CONTRACT I BEFORE MEDIAN BARRIER -
CONTRACT I AFTER MEDIAN BARRIER .~----0 
CONTRACT 2 BEFORE MEDIAN BARRIER )1(-----X 
CONTRACT 2 AFTER MEDIAN BARRIER !:S-----t! 

Figure lO. Distribution of monthly accident occurrence . 

SUN MON TUES WED THUR FRI SAT 

CONTRACT I BEFORE MEDIAN BARRIER -
CONTRACT I AFTER MEDIAN BARRIER .~ 
CONTRllCT 2 BEFORE MEDIAN BARRIER )(-----}( 
CONTRACT 2 AFTER MEDIAN BARRIER !:r---t! 

Table 7 gives matrices of "before" ac­
cident occurrence with respect to collision 
type and illumination condition. Collision 
types are decided by the manner in which 
initial contact was made and what was 
first hit. 

Figure ll. Distribution of daily accident 
occurrence. 

In both matrices a significant increase 
in both rear-end and hit-fixed object col­
lision types is readily apparent. The in­
crease in the latter is hJ.rgely attributed 
to a new fixed object being present in the 
highway environment, the median barrier. 
The large increase in rear-end accidents 
after median barrier installation has been 
explained by some analysts as the result 
of the drivers' attention being diverted 
from what is in front of them to what is 
"passing" along side. 

Table 8 gives accidents involving the 
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Figure 12. Distribution of hourly accident occurrence , Contract II. 

TAIJLJC 'I 

FREQUENCY OF ACCIDENT OCCURRENCE VS ILLUMINATION AND COLLISION TYPE 

Collision Type 

Illumination Head- On Rear-End Angle Side- Backed In Hit Ped. 
Hit Fixed 

Run OCI Others 
sw1pe Object 

B A B A B A B A B A B A B A B A B A 

(a) Contract I 

Daylighl 3 14 28 5 10 3 0 0 0 0 0 0 10 1 0 1 
Dawn 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 
Night, no llghls 0 0 7 9 4 1 4 5 0 0 0 0 3 8 3 n 1 
Night, lights 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 
Dusk Q Q 1 Q _Q Q _Q Q Q Q Q _Q _Q _Q _Q Q Q 

Total 3 24 40 11 20 9 0 

{b) Contract II 

Daylight 8 97 135 17 JO 21 26 0 0 2 0 6 35 6 9 0 
Dawn 0 0 1 4 1 1 0 0 0 0 0 0 1 1 0 0 0 0 
Nighl, no lights 3 2 JO 18 6 5 1 2 0 1 0 0 6 21 7 3 0 0 
Night, Jighls 2 0 31 61 3 1 7 JO 0 0 1 2 15 33 8 0 0 0 
Dusk _Q Q 22 13 __! ~ _Q __! Q Q Q Q ~ 2 __! _Q Q Q 

Total 13 161 231 28 19 29 39 0 30 92 22 12 

NOTES: B = before median barrier construction. 
A = after median barrier construction. 

TABLE 8 

FREQUENCY OF MEDIAN SUCCESSES AND FAILURES VS COLLISION TYPE 

Collision Type 

Median 
Head-On Rear-End Angle 

Side- Backed 
Hit Ped . 

Hit Fixed 
Run Off Others Accidents swipe In Object 

B A B A B A B A B A B A B A B A B A 

(a) Contract I 

Success 0 0 3 3 0 1 0 3 0 0 0 0 11 0 0 
Failure :i_ Q ! ! _i;_ Q ! Q Q Q Q Q Q __! Q Q Q Q 

Tola! 3 12 

(b) Contract II 

Success 0 0 3 0 9 3 5 0 0 0 0 0 43 5 0 0 0 
Failure 13 Q ± Q 14 Q ± Q Q Q Q Q _i;_ ~ ± Q Q Q 

Total 13 14 9 5 0 45 

NOTES: B = before median barrier construction , 
A = after median barrier construction. 

Total 

----
B A 

26 53 
0 3 

21 28 
0 2 
3 ___!_ 

50 87 

158 215 
3 6 

33 52 
67 107 

~ 18 

287 398 

Total 

B A 

3 18 
13 2 

16 20 

11 61 
45 2 

56 63 
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median by collision type . Median accidents have been classified in two types; a median 
success meaning that no part of the vehicle reached the pavement of the opposing lane 
of traffic, a failure meaning the opposite. 

While head-on accidents were eliminated, fixed- object accidents involving the median 
increased greatly from 0 to 12 in Contract I and from 6 to 45 in Contract II. The median 
barrier was also hit in the other accident collision types recorded as median accidents 
in the "after" studies. 

During the before period in Contract I, there was one cross -median accident in which 
three persons were killed . In Contract II there we re four cross-median accidents in 
which five persons were killed. Neither contract suffered a cross-median fatality after 

TABLE 9 

DISTRIBUTION OF INJURY TYPES 

Accident Type 

Major Non-Median Median Median 
All Accident Injury Accidents Failure Success 

Types Inflicted Accidents Accidents 

B A B A B A B A 

(a) Contract I 

Internal injuries 0 1 2 0 0 0 2 1 
Contusions 0 0 1 0 0 1 1 1 
Bruises 4 6 1 1 1 6 6 13 
Fracture, head or 

back injury 7 6 3 0 0 2 10 8 
Loss of eye 1 0 0 0 0 0 1 0 
Lacerations 2 12 4 0 1 1 7 13 
Abrasions 0 3 2 0 0 1 2 4 

Total injurie s 14 28 13 1 2 11 29 40 
Total injury 

accidents 17 29 

(b) Contract 111 

Internal injuries 2 0 0 0 0 0 2 0 
Contusions 4 3 2 0 0 1 6 4 
Bruises 14 12 2 2 1 4 17 18 
Fracture, head or 

back injury 12 10 5 1 0 2 17 13 
Loss of eye 0 0 0 0 0 0 0 0 
Lacerations 11 10 9 1 1 6 21 17 
Abrasions 2 6 2 0 0 5 4 11 -

Total injuries 45 41 20 4 2 18 67 63 
Total injury 

accidents 37 45 

NOTES: B = before median barrier. 
A = after median barrier. 

'Monte;omery County portion only (i.e., investigated by the Pennsylvania 
State Police) . 
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the erection of the barrier. While the accident severity associated with the loss of 
lives was eliminated, the effect of the median barrier upon the number and nature of 
injury accidents was much different. In Contract I the number of injury accidents in­
ceased from 17 to 29. In Contract II the increase was from 82 to 100 injury ac:::idents. 

To understand better the effect of the median barrier upon the nature or severity of 
injuries incurred, a special study was undertaken of those injury accidents occurring 
in Contract I and those occurring on the Montgomery County, Legislative Route 769 
portion of Contract II. This segment of the study roadway is patrolled by the State 
Police and the accident and injury data are more easily attainable. The findings of this 
study are given in Table 9. As a word of caution, State Police injury descriptions are 
not always most accurate. An examination of the distribution of injury types leads one 
to believe that no significant claim can be presented that the median barrier reduced 
either the number or nature of injuries. It is planned to expand the injury analysis to 
one that will incorporate data reflecting personal disability. 

In another phase of this section an approximation was formed as to the probable nature 
of accident occurrence in the "after" periods had not the median barrier been installed. 
Probabilities were extrapolated from the "before" periods as to what would occur sub­
sequent to the incidence of a vehicle upon the median. These probabilities were then 
applied to the "after" data. 

Representative total property damage costs and number of injuries associated with 
different median barrier accident circumstances were computed and applied to the ap­
proximated accident occurrence in the "after" periods. 

A cost difference was then computed between the actual and approximated "after" 
period accident occurrence. Incorporated in the economic analysis was the annual 
cost of the barrier and increased traffic delay costs owing to that portion of the "abnor­
mal" accident frequency increase occurring during peak periods. Savings in time due 
to the increased operating speeds of vehicles after median barrier construction, ap­
proximately 2-3 mph, were deleted as insignificant. It is claimed that although total 
time savings to all road users may amount to thousands of hours, the incremental time 
saving to each vehicle occupant, approximately 30 sec/hr of trip, is too small to be 
recovered economically. 

The accident analysis was somewhat conservative in that vehicles hitting the median 
barrier and continuing on were ignored. Additional study is now in progress to mea­
sure this deletion. 

Nuwhere in the analysis were monetary values labeled as "loss." Instead, the anal­
ysis was in terms of cost. 

This study attempted to show the cost of saving a life through the use of median bar­
riers. Itdid not attempt either to justify or condemn the use of median barriers for 
several reasons. First, is consumer sovereignty the governing factor; is something 
worth what the consumer will knowingly pay? Second, if consumer sovereignty is the 
proper economic approach, the amount the public is willingly and knowingly ready to 
pay for a life is undetermined. 

The results of the economic analysis are being withheld at this time for several 
reasons: 

1. The statistical base used in each segment of the economic analysis is not yet 
believed to be significant at any usable level. 

2. Premature conclusions are too easily formed and cost figures tend often to be 
quoted out of context. 

It is hoped that data gleaned from the next few years of experience will allow a de­
finitive economic statement. 

Conclusion 

After median barrier construction, increases in accident frequencies in Contract I 
and Contract II of 74 percent and 3 8 percent, respectively, were observed with but an 
approximate 10 percent increase in travel. 
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Although the median barrier does eliminate, for all intensive purposes , the accident 
severity associated with the cross-median fatality, the frequency of injury accidents 
was found to increase. 

"Abnormal" accident frequency increase attributed to the median barrier is found 
normally distributed throughout all time periods. 

Total property damage costs suffered, as well as costs of congestion arising from 
accidents occurring during peak periods, increased after median barrier construction. 
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Dynamic Full-Scale Impact Tests of Bridge 
Barrier Rails 
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of Highways 

Five full-scale dynamic impact tests were made on two basic 
geometric designs and one trial design of bridge barrier rails. 

The three geometric designs included a standard California 
Type 1, a standard California Type 2, and an experimental 
modified Type 1 brid~e barrier rail (Exhibit 1). Each was 
tested utilizing extruded aluminum pipe rail and cast aluminum 
posts mounted on a concrete parapet. The concrete parapet 
used for the aforementioned Type 1 test was repaired and the 
rail design was modified for two additional tests, one with steel 
pipe railing on welded steel plate posts (Type 1-A) and one 
with extruded aluminum pipe railing on malleable iron pos ts 
(Type 1-B). 

This report describes the test procedures, instrumentation 
and test results based on the data secured from fiv e high-speed 
oblique angle impacts on the five bridge barrier rail designs. 

The test r esults indicated that all of the bridge barrier rails 
tested could effectively withstand the impact of a 4, 3 00- lb pas­
senger vehicle at speeds in excess of 75 mph. Minor cracking 
and spalling of the concrete portion of the Type 1 barrier was 
successfully repaired with epoxy/ aggregate patches for use in 
two additional tests. 

Specific recommendations are made for a balanced de­
sign bridge barrier rail system. (Exhibits are given in the 
App<mdix). 

•THE FIRST dynamic impact full-scale testing of bridge barrier rail systems was 
conducted by the State of California in 1955 (1). These bridge barrier rail tests were 
preceded by a preliminary test project in which 47 impact tests were conducted at vari­
ous speeds and angles on 4 barrier curb designs with heights of from 9 to 12 in. The 
purpose of this preliminary test series was to evaluate the efficiency of various com­
binations of barrier curb faces anu heights in retaining and deflecting a 50 to 60 mph 
impacting vehicle (2). Minimum curb height and face contour for the first bridge bar­
rier rail designs were determined from the data recorded during these preliminary 
curb tests. The basic test procedures established during the 1955 test series have 
remained relatively constant over the past eight years and have also been used by other 
states, research organizations, and other countries as a basis for conducting similar 
studies of guardrails, barrier rails, and bridge barrier rails. A recently completed 
full-scale barrier test project conducted in England (3) using these test procedures 
produced excellent correlation with the results of the State of California's recentflexi­
ble barrier study. 

Paper sponsored by Committee on Bridges and presented at the 43rd Annual Meeting . 
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In 1958 California adopted two standard barrier-type railings (Exhibit lA and B) . 
The details of this railing evolved from data secured in the 1955 full-scale dynamic 
tests as well as actual operational experience with barrier prototypes (Exhibits 2 and 3A). 
The metal portion of the barrier prototypes consisted of posts and pipe welded together. 
This arrangement was found to be heavy and cumbersome and required special handling 
during shipping and erection. Prefabricated post castings with pipe rail attached by 
means of bolt fasteners alleviated these problems. 

These modifications provided a more efficient and economical bridge rail system 
but did not reflect a radical departure from geometric features of the original prototype 
designs. These were considered more as a utilization of the various new materials, 
techniques and construction methods advanced by the Division of Highways and the in­
dustry during the ensuing years. 

In 1959 and 1960 three additional designs submitted by the Bridge Department were 
dynamically tested (4). It was during this 1959-60 test series that the inadequacy of the 
existing baluster-type rail in retaining a moderately high-speed vehicle was confirmed 
(Exhibit 3B). By comparing the test results from this 1959 series with those of the 
1955 series, it was apparent that a solid, non-yielding smooth-wall barrier is more 
efficient and effective than a barrier containing balusters or any other type of opening 
that would trap the solid portions of the impacting vehicle. 

OBJECTIVES 

The basic objectives of the latest (1963) dynamic impact series were as follows: 

1. To test the overall effectiveness of the California standard bridge barrier rail 
(Tests B-1 and B-2); 

2. To determine the difference in performance between two reinforced-concrete 
parapet heights (Tests B-2 and B-4); 

3. To determine the effect a curb has on the pointofimpactattheparapet(TestB-1); 
4. To rate the relative effectiveneness of various combinations of metals used in 

posts and rails (B-3 and B-5); and 
5. Compile factual data that would be of use in updating the railing specifications 

contained in the 1961 edition of AASHO. 

CONCLUSIONS 

The operational efficiency of any bridge barrier rail system in effectively resisting 
a severe passenger vehicle impact can be summarized and evaluated on the basis of 
meeting the four structural conditions listed below: 

1. The bridge barrier system should retain the vehicle on the structure. The im­
pacting vehicle should not penetrate or climb over the barrier. 

2. The impact should not dislodge any parts of the barrier system. Rails, posts, 
and concrete should remain intact and not break away and fall to the pavement or over 
the side of the structure. 

3. While in contact with the bridge barrier, the vehicle should progress smoothly 
along the rail with a minimum of snagging on any part of the system or pocketing of the 
elements. The barrier system should be designed to resist any severe deflection that 
could contribute to a post-impact roll of the vehicle. 

4. All elements of a barrie r system should be so designed that if repairs are neces­
sary to place a damaged section in operating condition, they can be effected quickly 
and with a minimum of special equipment. 

Table 1 gives the results of the five bridge barrier tests in reference to these four 
conditions. 

As a result of this test series, new design loading specifications have been adopted 
and a laboratory test method for a static load test of the barrier posts has been developed 
(Exhibits 4A and B). The malleable iron posts dynamically tested in this series are 
now being used on 1963 state contracts. 
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TABLE 1 

RESULTS OF BRIDGE BARRJER TESTS 

Test No. 
Item 

B-1 B-2 B-3 B-4 B-5 

Barrier type 2 1 1-A Modified 1 1-B 
Railing material Extruded Extruded Steel Extruded Extruded 

aluminum-· aluminum pipe aluminum aluminum 
pipe pipe ppipe pipe 

Post material Cast alumi- Cast alumi- Welded Cast alumi- Malleable 
num num steel num iron 

plate 
Retained by barrier Yes Yes Yes Yes Yes 
Elements dislodged None 3 railing None None None 

sections and 
3 posts 

Smooth progression Good Fair Good Good Good 
Dynamic horizontal 3 in. 20 in. before 3% in. 2 in. 6Y2 in. 

deflection of pipe failure 
railing 

Vehicle rise 2% in. 12 in. 3 in. 3 in. 10 in. 
Ease of repair Good Fair Good Good Good 

DISCUSSION 

As indicated in the conclusions, the four basic conditions were met on all points by 
bridge barrier rail designs Type 2 and Type 1 modified. The Type 1-A design fulfilled 
all conditions to some degree and would be considered an effective design. The Type 
1-B design was nearly as effective as the Type 1-A and utilized a more economical 
combination of post and railing materials. 

The results of previous full-scale dynamic impact tests conducted at speeds below 
60 mph proved that excessive deflection of a barrier system can result in post-impact 
roll-over (5). It is necessary to examine carefully the overall heights of the five bar­
rier designs included in the 1963 study where the test vehicles impacted at speeds in 
excess of 75 mph. For example, it was noted that when the barrier parapet was of 
sufficient height to take a major portion of the impact load (barrier Type 2 and modified 
Type 1) there was no tendency for the impacting vehicle to climb. There was a ten­
dency, however, for the vehicle to roll into contact with the modified Type 1 barrier 
due to severe deformation of the body and frame (Exhibit 12A). 

At a parapet height of 28 in. these two barriers present smooth surfaces, well above 
the center of gravity of the impacting vehicle. However, even when the height of the 
concrete parapet was below the center of gravity of the vehicle, if the deflection of the 
posts and pipe railing was a minimum as in Test B-3 on the Type 1-A barrier, there 
was no tendency for the impacting vehicle to rise. When the parapet height was below 
the center of gravity of the vehicle and the pipe rail deflection was greater (as in Test 
B-5 on Type 1-B) or the posts failed (as in Test B-2 on Type 1), the vehicle had a ten­
dency to climb. In the latter case where railing deflection was excessive, the vehicle 
almost vaulted the rail. However, other considerations such as sight distance, esthetics 
and cost also influence the overall design. It also should be realized that the impact 
forces applied during these tests represented the most severe to be reasonably encountered 
under normal operating conditions. 

The following portion of the discussion is a detailed evaluation of the bridge barrier rail 
and vehicle performance in each of the five tests with reference to the four conditions out­
lined in the conclusions. 
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Test B-1 Type 2 Bridge Barrier Rail 

Bridge Rail: Standard Type 2 with aluminum posts and pipe railing. Height of con­
crete parapet: 28 in. Height of walkway : 10 in. Overall height of barrier: 43 in. 

Pur ose: To test the structural stability of the concrete parapet (as currently de­
signed in combination with aluminum posts and pipe railing, and to determine the jump 
that would be imparted to an impacting vehicle when crossing the two foot wide walkway 
at high speed and oblique angle. 

Performance: 

1. The vehicle did not penetrate the barrier rail. There was no evidence of rising 
even after crossing the walkway (Exhibit 5). However, it should be noted that previous 
tests (2) showed that there was a tendency to jump when the 10-in. high curb is struck 
at lower speeds and flatter angles. 

2. All parts of the system remained intact. Damage to the concrete was minimal 
consisting of slight spalling and cracking. 

3. There was a smooth progression of the vehicle through impact, even though the 
fender was torn from the body and lodged between the rail and parapet at the impact 
post (Exhibit 19). 

4. Evidence of a slight spalling and scraping of the concrete was confined to the 
immediate impact area. Cracking occurred at the junction of the backwall and the 
walkway. The web of the first post contacted was ripped its entire length adjacent to 
the base. One section of the aluminum pipe railing was slightly gouged by the vehicle 
fender and was bent approximately 2 inches (Exhibit 6). 
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Test B-2 Type 1 Bridge Barrier Rail 

Bridge Rail: Standard Type 1 with aluminum posts and pipe railing. Height of con­
crete: 21 in. Overall height of barrier: 36 in. 

Purpose: To test the current design for stn.ctural stability of the concrete and 
aluminum railing element combination. 

Performance: 

1. Although the vehicle did not penetrate the barrier, it rose approximately 12 in. 
within 6 ft after initial contact due to excessive deflection of the railing (20 in.). This 
rise placed critical loading on the railing elements which resulted in their subsequent 
failure (Exhibit 7). 

2. Three posts and three sections of the aluminum pipe railing were torn from the 
parapet and rlropped to the ground behind the barrier. Major cracks developed in the 
concrete parapet. 

3. The vehicle progressed fairly smoothly through impact even though the frame 
dragged on top of the parapet and sheared three posts before leaving the barrier (Ex­
hibit 20). Excessive deflection of the railing elements and resultant vehicle jump im­
parted a rolling moment to the vehicle that almost caused a post-impact roll over. 

4. Deep spalling and severe cracking of the concrete occurred in the impact area. 
Three posts were completely sheared from the barrier, and the web of the last post 
struck was bent. Three sections of the aluminum pipe rail were knocked to the ground 
behind the barrier; however, the sections remained intact and connected to the last post. 
Had there been adequate clearance behind the barrier for the pipe to drop, it is felt that 
the three pipe sections would have broken from the system and fallen to the ground 
(see Exhibit 8). 

The cracking of the concrete parapet was not considered serious enough to neces­
sitate complete replacement of the 5-ft cracked section adjacent to the expansion joint. 
Based on operational experience, it was felt that an epoxy resin bonding agent pumped 
into the cracks would have been sufficient to place the barrier in operating condition. 
However, as this parapet was to be used for two additional tests and a failure in this 
section would have influenced the test results, the concrete was jackhammered out, 
leaving the reinforcing bars intact. Plywood forms were clamped across the open sec­
tion and a new concrete repair section was poured. The new concrete was bonded to 
the existing section with an epoxy adhesive applied to the exposed edges. An epoxy­
sand mixture was used in resetting the damaged anchor bolts on the fourth post ahead 
of impact. 



) 

137 

Test B-3 Type 1-A Bridge Barrier Rail 

Bridge Rail: Type 1 parapet with welded steel plate posts and steel pipe railing. 
Height of concrete: 21 in. (repaired after Test B-2). Overall height of barrier : 36 in. 

Purpose: To test the currently designed parapet with the steel posts and steel pipe 
rail. The posts and rail were purposely overdesigned so that they would not fail under 
impact loading. It was felt that this test would indicate the maximum performance of 
the concrete parapet and would assist in determining the relative loading on each part 
of the system. 

Performance: 

1. The vehicle did not penetrate the barrier. There was very little tendency for 
the vehicle to rise and no tendency to climb (Exhibit 9). 

2. All parts of the barrier remained intact. 
3. The vehicle progressed smoothly through impact with no tendency to roll 

(Exhibit 21). 
4. The concrete developed deep cracks behind the first steel post contacted and 

required replacement of a small section of concrete around the anchor bolts. The 
front face of the concrete parapet was severely scraped and spalled in the impact area. 
One section of the steel railing was bent approximately 4 in. and deeply gouged. The 
welded steel plate posts sustained the impact with no evidence of damage (Exhibit 10). 

The section repaired after the previous test withstood the impact with no evidence 
of cracking. From a design standpoint it is interesting to note that two anchor bolts 
effectively developed the strength of the relatively strong welded steel post. 
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Test R-4 Type 1 Modified Rridge Barrier Rail 

Bridge Rail: Modified Type 1 concrete parapet with aluminum posts and aluminum 
pipe railing. Height of concrete: 28 in. Overall height of barrier: 43 in. 

Purpose: To test and observe the effects of increasing the concrete parapet wall 
height of the Type 1 bridge rail from 21 in. to 28 in. while retaining the aluminum 
posts and pipe railing from the previous Type 1 test and to evaluate the effect of a 
28-in. parapet height without safety walkway by comparison with Test B-1. 

Performance: 

1. The vehicle did not penetrate the barrier. There was very little tendency for the 
vehicle to rise and no tendency to climb (Exhibit 11). 

2. There was no structural failure in any of the barrier elements . 
3. The vehicle progressed reasonably smoothly through impact considering that the 

front left fender and door panel were torn from the vehicle and lodged between the pipe 
rail and parapet at the first post after impact (Exhibit 22). 

4.. Slight spalling and scraping of the concrete was confined to the immediate impact 
area. The flange of the first post contacted was bent and would have required replace­
ment; however, there was no evidence of failure. One section of the aluminum pipe 
rail was bent 2 in. {Exhibit 12). 

No repairs to the concrete parapet would have been required to place the barrier in 
operating condition. 
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Test B-5 Type 1 Bridge Barrier Rail 

Bridge Rail: Type 1 parapet with malleable iron posts and aluminum pipe railing. 
Height of concrete: 21 in. (repaired after Test B-3). Overall height of barrier: 
36 in. 

Purpose: To determine the efficiency of the currently designed parapet with mallea­
ble iron posts under impact loading conditions similar to that of Test B-2. 

Performance: 

1. The vehicle did not penetrate the barrier. Deflection of the aluminum pipe rail 
(67'2 in.) contributed to the 10 in. rise of the vehicle. This rise was considerably higher 
than that recorded in Test No. B-3, the same parapet with a steel pipe rail and steel · 
plate posts (Exhibit 13). . 

2. All elements of the barrier system remained intact. 
3. The vehicle progressed smoothly through impact with no tendency to roll 

(Exhibit 23). 
4. A moderate amount of spalling of the concrete behind the anchor bolts on the first 

post after impact would have required an epoxy-sand patch and resetting of the.anchor 
bolts to place the barrier in operating condition (Exhibit 14) . The epoxy - sand anchor 
bolt repair from Test B-3 withstood direct impact with no evidence of failure. 



140 

TABLE 2 

APPARENT EFFECTIVENESS 

Barrier 
Design 

Type 2 

Type 1 
(mod.) 

Type 1-A 

Type 1-B 

Type 1 

Parapet 
Height 

(in.) 

28 

28 

21 

21 

21 

Post/Pipe 
Railing 

Cast alum., 
extruded alum. 

Cast alum., 
extruded alum. 

Welded steel 
plate, steel 
pipe 

Malleable iron, 
extruded alum. 
pipe 

Cast alum., 
extruded alum. 

RECOMMENDATIONS 

The five barrier designs are rated in 
Table 2 in order of their apparent effec­
tiveness in meeting the forementioned 
structural conditions. 

Specific recommendations for balanced 
design are as follows: 

1. Barrier Height: The 21-in. parapet 
height (36-in. overall height) in the Type 1 
bridge barrier rail and the 28-in. parapet 
height (43-in. overall height) in the Type 2 
bridge barrier rail with safety walkway 
are adequate providing the pipe railing 
elements will sustain at least a 20, 000-lb 
static loading, as indicated in Exhibit 4B 
and provided the metal posts are ductile 
enough to test to 10 percent minimum 
elongation (see Exhibit 4A and B for 
specifications and test methods). 

2. Beam Strength of Parapet Wall: 
All three impacts on the Type 1 rail were 

made at the same concrete parapet wall expansion joint. There was only one structural 
failure of the wall and the vehicle did not penetrate. Therefore, it is felt the thickness 
and the size and distribution of the reinforcing steel is adequate . No changes are re­
commended in the basic structural design of the parapet wall . 

3. Rubbing Curb: Based on the results of this test series on the Type 1 and Modified 
1 bridge barrier rails, the rubbing curb is considered an unnecessary feature that com -
plicates the forming for construction and adds to the cost. This rubbing curb does not 
function as a wheel deflector as originally intended. In all but the most narrow-angle 
low-speed contacts, the front and side overhang on the modern domestic passenger 
vehicle prevents the tire from contacting this curb before the body scrapes the parapet. 
Should the face be extended to more than the present 4 in. , in an attempt to redirect 
the vehicle wheel in casual impacts, there is a strong possibility that a vehicle contact­
ing the Type 1 at a narrow angle would mount the curb, climb the 21-in. high parapet, 
and vault the barrier. Therefore, if a wider rubbing curb is desired, the parapet wall 
should be 28 in. high as provided in the Type 2 design. 

4. Repairs to Damaged Concrete Parapet: The epoxy-aggregate method of repairing 
damaged sections of concrete barriers has been used in the field for several years. The 
success of this repair method has been confirmed by the results of these controlled 
impact tests in which two successive impacts were concentrated on a repaired section 
with no evidence of cracking in the repaired joint. 

CONSTRUCTION 

Each of the three bridge barrier parapets was constructed on a reinforced-concrete 
deck section cantilevered from a 3-ft x 3-ft concrete anchor block (Exhibit 15). The 
earth was removed under and in back of this simulated bridge deck section so that there 
would be no restriction of the barrier/ deck sections during impact. Bridge barrier 
rail Type 2 was constructed 011 the deck section after a bonding release agent had been 
sprayed over the entire area. The bonding release agent would be used to simplify 
curb removal for future widening. This test series indicated that use of this agent has 
no adverse effect on the structural strength of the construction joint. Reinforcing bar 
dowels, embedded in the slab during the anchor block construction, withstood the full 
impact loading, with the construction joint offering 110 other resistance to the load. 

The Type 2 barrier rail resisted the full loading of the impact with no evidence of 
separation of the safety walk or parapet from the deck. 

The Type 1 and Type 1 Modified barrier rail parapets were erected approximately 
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7 days after the deck section was poured and were provided with conventional construc­
tion joints. There were no evidences of failures in the construction joints of either the 
Type 1 Modified barrier after one impact or in the Type 1 barrier after 3 impacts. 

Type A concrete with 17'2 -in. maximum aggregate and 6 sacks of cement per cubic 
yard was used on the anchor block, deck section and barrier parapet walls for all in­
stallations. Concrete test cylinders showed 28 day compressive strengths in excess 
of 3, 500 psi. 

INSTRUMENTATION 

Test Vehicles 

The five test vehicles used in this 1963 research project were selected from a group 
of retired California Highway Patrol Dodge sedans, 1959 and 1960 models. The center 
of gravity of this special police pursuit model is approximately 22 in. above the pave­
ment and at 4, 000-lb is slightly heavier than the standard Dodge sedan available to the 
public. These models were fitted with special sway bars for increased stability in 
making short-radius high-speed turns. Consideration was given to the effect of this 
increase in stability on correlation of the test results with previous bridge barrier tests 
which were conducted with standard models. However, since this test series was con­
ducted primarily to determine the efficiency of the various barrier designs in effectively 
retaining vehicles at high-speed oblique impact, it was felt that this added stability 
would not affect the test results. This vehicle also offered other advantages over stan­
dard sedans that would have been selected from used car lots. The superior accelera­
tion allowed the use of a very short impact course. Smoothness of the automatic shift 
permitted the cars to be started in gear with the engine running, rather than pushing to 
start as in previous test series. Since more than 100 vehicles were available, it was 
possible to select vehicles with similar steering, acceleration, and shifting responses. 

The test vehicles were modified for remote radio control as follows: 

1. A solenoid-valve actuated C02 system was connected directly to the brake line 
for fast remote brake application. With 700 psi in the accumulator tank, the brakes 
could be locked in less than 100 milliseconds. By pulsing the braking system, the car 
could be brought to a normal stop (if a run was aborted) with no tendency to slide or spin. 

2. The throttle linkage was attached to a linear actuator energized by manually 
throwing a switch mounted on the trunk deck of the test car. 

3. The ignition system was connected to the brake relay in a fail-safe interlock 
system. When the brakes were applied, the ignition was switched off. Any loss of 
radio signal or failure in the transmitting or receiving equipment would automatically 
energize the brake relay and switch off the ignition. 

4. The gas tank was removed and replaced by a one gallon fuel tank equipped with a 
special cut-off valve to prevent fuel leakage in the case of a fire or roll-over. 

5. Steering was controlled by a 2-HP gear-head motor (mounted on the front floor­
board on the passenger side) through a V-belt connected to a pulley clamped on the 
steering wheel. 

6. Two 12-volt storage batteries mounted on the floor of the rear seat supplied power 
to the remote control equipment. 

7. The remote radio control receiver, tone actuated relays, steering pulse, and 
handi-talkie were mounted on a plywood panel in the trunk compartment. Whip antennae 
were mounted on the rear fender wings . 

After five years of experience, the required time for remote control installation has 
been reduced to less than eight manhours per vehicle. 

The three basic functions considered necessary for the safe, flexible operation of a 
crash car are: brakes on-off, ignition, on-off, steer right-left. 

Control of the vehicle along the impact course was accomplished by a remote operator 
following 200 ft behind the test vehicle in a control car equipped with a tone transmis­
sion system. After sustaining more than 50 high-speed impacts over a period of 10 
years, this remote control radio equipment continues to function efficiently with damage 
limited to an occ>tsional shorted tube or broken solder joint. 
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Acceleration Instrumentation 

Acceleration data representative of the forces a human driver would sustain under 
similar impact conditions were recorded by means of a triaxial mechanical-stylus 
accelerometer mounted in the chest cavity of a Sierra Engineering Co., Model 157, 
anthropometric dummy. The dummy was placed in the driver's seat and restrained by 
a lap belt and/ or shoulder harness system. No attempt was made to relate deceleration 
information or dummy injuries to actual injuries that would have been sustained by a 
human counterpart. The primary function of the dummy was to evaluate the relative 
efficiency of various restraint systems in the prevention of partial ejection. 

Photographic Instrumentation 

The primary concern when considering the instrumentation for a research project of 
this scope is that an efficient method of gathering the pertinent data be provided. Ex­
perience has indicated that photographic records provide the most effective and de­
pendable data coverage. In order to cover the event effectively with a minimum of 
cameras, it is essential to use cameras with a reliability approaching 100 percent. 
The six Photosonic Model 1-B 16-mm data cameras used for data coverage in this test 
series proved to be 100 percent reliable. 

Equally imJJurlaul is lhe provision for recording significant data for documentary 
presentation. It has been found that curves and graphs based on data film records 
supplemented with documentary photographs provide an effective method of presentation. 
Documentary coverage for the past four test projects has been provided by a scaffold­
mounted 70 -mm sequence camera recording at 20 frames per second and at a shutter 
speed of 1/ 2, 000 sec. During this 1963 test series, a cloud of concrete dust was pro­
duced by the vehicle impact and abrasion. Attempts to remedy this situation by the 
application of various penetrating oil dust palliatives proved unsuccessful. This dust 
obscured much of the action from the documentary sequence camera. Therefore, this 
camera i.yill be located ahead of impact in future testing of concrete barriers. 

In r-educing data for past test series, it has been difficult to recover significant in­
formation, other than roll and jump data, from the ground-mounted data cameras. 
Since camera placement is not critical for gathering roll and jump data, ground posi­
tions for these cameras were not located by triangulation. To protect them from 
damage, the two ground-mounted data cameras equipped with 4-in. telephoto lenses 
and placed on line with the barrier face at locations 200 ft behind and 200 ft ahead of 
the point of impact. Although the 4-in. lens restricted angular coverage, it was felt 
that, for data reduction, the large image provided by this type of lens would be more 
useful "than unrestricted coverage. 

The three overhead data cameras, however , were carefully oriented and sighted-in 
for accurate recording of all data considered of any importance to this type of study. 
These cameras, mounted on a 35-ft tower, furnished coverage from 25 ft ahead of the 
point of impact to 25 ft beyond (Exhibits 19 through 23). For data reduction from the 
overhead cameras, a cloth tape grid was placed on the ground in the impact area. Pre­
liminary static shots of the vehicle progressing in 5-ft increments through the impact 
area prior to each test were later projected and drawn on a screen for ground correla­
tion of the vehicle through impact. Tape switches placed at 10-ft intervals leading into 
the point of impact were actuated by the approaching vehicle. Tire contact with the 
tape switches triggered a series of five flash bulbs located in view of all data cameras. 
These flash bulbs were also viewed by the crash-car mounted data camera to provide 
fram e rate and event correlation with the ground-mounted and overhead data cameras. 
Table 3 gives info_rmation concerning the cameras used in this series. 

All data cameras and the Hulcher documentary camera were motor driven and, with 
the exception of the crash car mounted data camera, were manually actuated from the 
central control console (Exhibit 16). The Bolex and Arriflex documentary cameras 
were motor driven and hand panned through impact. The crash-car mounted data 
camera was actuated along with the dummy accelerometer recorder by means of a 
release-pin-triggered switch on the bumper of the crash vehicle. The release pin was 
attached to a 50-ft length of nylon line anchored in the pavement directly behind the car. 
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TABLE 3 

CAMERA INFORMATION 

Camera Type FPS Lens Film Location Function 

1 Photosonics 1-B 400 4 in. 16 mm Front gnd. Data 
2 Photosonics 1-B 400 4 in. 16 mm Rear gnd. Data 
3 Photosonics 1-B 400 % in. 16 mm Tower Data 
4 Photosonics 1-B 400 Y2 in. 16 mm Tower Data 
5 Photosonics 1-B 400 % in. 16 mm Tower Data 
6 Photosonics 1-B 250 5.6 mm 16 mm Crash vehicle Data 
7 Hulcher 70 20 6 in. 70 mm Rear scaffold Doc. 
8 Bo lex 24 Various 16 mm Various Doc. 
9 Arriflex 24 Various 16 mm Various Doc. 

After the crash vehicle had progressed 50 ft down the impact course, the pin was 
pulled from the switch and all data recording equipment including accelerometers were 
energized. 

Data Correlation 

With the exception of the crash-car mounted camera, all data cameras were pro­
vided with a 1, 000-cycle timing pulse projected on the data film records. The tape­
switch actuated flash bulbs provided event correlation between all stationary cameras 
and were also used to establish frame rate and event correlation for the data camera 
located in the test vehicle. Flash bulbs mounted in the taillights of the test vehicle 
were used to establish vehicle location and the time at which the brakes were applied. 
The bulbs also served to alert the control car driver that the test car brakes _had been 
applied. These flash bulbs were fired when the brake actuating relay was pulsed by the 
remote operator or when the remote radio equipment failed. This brake pulse was also 
connected to a solenoid-actuated stylus in the accelerometer recorder that provided 
an event marker on the recorder paper. The recorder chart drive in the accelerometer 
unit was governor-controlled to a chart speed of 1 in./ sec. The oscillograph recordings 
from the strain gages attached to steel reinforcing bars in the concrete barrier instal­
lations were also correlated to the event by means of the flash bulb pulses from the 
tape switches. These pulses, recorded on the oscillograph chart, provided an accurate 
method of correlation with the data cameras and (as a convenience) an immediate check 
on the average vehicle velocity over the 50-ft section prior to impact. The tape switch/ 
flash bulb method of event and timing correlation is considered sufficiently accurate 
for this type of information and is readily reducible from the various data film and 
oscillograph records. 

Stress-Strain Instrumentation 

For each of the three basic types of concrete barrier parapet, reinforcing bar dowels 
in the impact area were instrumented with Baldwin bonded-type strain gages installed 
(Exhibit 17A). In order to determine the effect of dynamic loading on each bridge bar­
rier rail and deck as a system, the barriers were constructed on a cantilevered anchor 
block (Exhibit 17B). These dynamic readings showed that the maximum stress occurred 
on the vertical reinforcing bars located approximately 4 ft beyond the point of impact. 
By using mechanical stylus gages, it was also possible to obtain direct measurement 
of the movement sustained by the entire system. These gages were cast in the con­
crete parapet and referenced to the ground behind the installation (Exhibit 17C). The 
s tylus arms were constructed of %-in. brass r ods with a short length of piano wire for 
the marking stylus. Deflection curves were recorded on a special waxed paper attached 
to stakes driven in the ground behind the barrier. Exhibit 18A shows a typical record­
ing at a single gage point. Exhibit 18B shows the horizontal and vertical deflections 
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recorded under impact at deck and parapet wall locations over the entire length of the 
Type 1-B barrier rail. These recordings are typical. 
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Exhibit 3 

Early Barrier Prototype showin~ insufficiency of 
reinforcing steel in parapet. (Also see Exhibit 2A). 

Baluster type railtested during the 1959 test series. 
Impact speed 57 mph at 28 degrees approach angle. 
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EXHIBIT 4A 

I'EfiTINENT DRIDCE BARRIER RAIL SPECIFICATIONS 

Metal railing shall be steel pipe with steel rail caps or a luminum pipe with aluminum 
rail caps, and metal posts. Steel rail caps may be either cast steel or malleable iron, 
or nodular iron. 

Bolts and nuts for attaching the pipe to the posts and anchor bolt assemblies shall 
be steel. 

Pipe and posts may be of the same or dissimilar metal, but on each bridge or re­
taining wall the metal railing shall be all of the same details and the same combination 
of metals. 

Post material and the completed posts shall conform to the following: 

1. Material shall be a ferrous or aluminous metal. The chemical and physical 
properties as required to conform to the provisions of this section shall be selected by 
ihe Contractor. 

2. Metal cut from the side flanges of the post shall have an elongation of 10 percent 
minimum, when sampled and tested in accordance with Test Method No. Calif. 654-A. 

3. Posts shall support a load of 20, 000 pounds when the load is applied and the test 
conducted in accordance with Test Method No. Calif. 654-A. 

4. The dimensions and thicknesses of metal shown on the plans shall be the mini­
mum permitted. 

5. The sections of the post may be increased in thickness at the option of the Con­
tractor as required to provide a post that will comply with the test requirements of 
Test Method No. Calif. 654-A. 

The outside dimensions of the post shall not be increased. Increasing the thickness 
of vertical flanges and top member shall be done uniformly. Bulbs or ribs in addition 
to those shown on the plans will not be permitted. 

The materials, except for posts, shall conform to the following requirements: 

Material 

Steel pipe 
Steel structural tubing 
Steel rail caps and block washers 

Steel bolts and Nuts 
Aluminum pipe 
Aluminum rail caps and 

block washers 

ASTM Designation 

A 139 
A 53 
A 27, Grade 65-35; or A 47, 

Grade 32510; or A 395 
A 307 
B 235 , 6063-T6 

B 108, SG70B; or B26, SG70A 

1. Steel pipe and tubing shall have a wall thickness not less than 'l'1e inch. 
Steel tubing conforming to American Petroleum Institute Specifications, 5L or 

5LX will be accepted. 
2. Aluminum pipe for single pipe railings shall have a wall thickness not less than 

% inch. 
Aluminum pipe for multiple pipe railings shall have a wall thickness not less 

than 'l'rn inch . 
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EXHIBIT 4B 

T~ s t he t hod No. CE lif . 054-f.: 
..,e1; tember 190'.:l 

State of California 
Department of Public horks 

Division of Highways 
HATERlJ,LS P.ND KESEAI{CH DEPARTl-.iENT 

METHOD FCJi\. TESTii.\G BAli.~UE}~ !'\AILING POSTS 

Scope 

This test method descri;Jes the procedures to be used in testing 
barrier railing posts. The tests include a strength test of the 
completed post and an elong&tion test on a specimen cut from tne post. 

Procedure 

A. Apparatus 

1. For the strength test of the post, use a static test jig 
which will provicie for loading as shown in Figures ,',, B , 
and C. Apply the load by means of a compression testir1g 
machine or similar apparatus. 

2. l'•efer to ASTM: Designation: E8 :for description oi 
apparatus used to determine percent elongation. 

B. Test Procedure 

1. Bolt barrier railing post in test jig, apply test load to 
railing post .:.s shown in Figure D and measure maximum load 
that the post will support without failure. 

2. Take test sample irom the railing post for determining the 
elongation, a s shown in Figure E. Prepare standard test 
specimen and determine percent elongation as descrioed in 
ASTN Designation: ES. 

Reporting of Results 

Report test results on Form T-616. 

REFERENCE 

ASTM Designation: E8 
End of Text on Calif. 654-A 
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Exhibit 6 
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E!xhibit 8 
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TEST B-2 VEHICLE & BARRIER DAMAGE 
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Exhibit 10 
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Exhibit 12 

TEST B-4 VEHICLE & BARRI ER D,' MAGE 
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A, Installing strain gage instru.mented 
re-bar dowels for barrier Type 2. 

Exhibit 17 

B. Barrier installation from rear showing 
cantelevered deck section and strain gage leads. 

c. Deflection gage installation on Type 1 
Modified Barrier Rail. 
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POST ......... .. .. . ..... .. .. . Aluminum cost 
WALL DAMAGE .. ... . .. .. Minor spoiling ond crocking DATE . .. . .. . ... . .. . 9-21-62 

where wall joins walkway. 
VEHICLE . .. . ... . . · . 1960 Dodge 

FASTENING BOLTS .. . ... . . •• Aluminum 

RAIL . . .. .. . ..... .. . .. ..... . . Aluminum 

POST SPACING ... .. . .. .. . _ . . 10' O.C. 

LENGTH OF INSTALLATION • • 62' 

POST DAMAGE . ...... . .. One post ripped thru entire 
web width adjacent to t,ase. 

SPEED . . . .. .. . ... . . 76 mph 

IMPACT ANGLE .. ... 25° 
PERMANENT 
DEFORMATION IN RAIL. _ I 112" 

VEHICLE WEIGHT .. 4300 lbs. 
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POST SPACING.. .. . . . .... .. 10' O.C. 
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---192' 
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WALL DAMAGE . . ..• Severe crocking adjacent to DATE .. . . . • •• •... . 9-27- 62 

post,#4. Req. replacement VEHICLE ... .. .. . ... 1960 Dodge 
of 5 of concrete wall. 

POST DAMAGE ...•••••. Post nos. 4, 5 S. 6 shell red IMPACT ANGLE . . .. . 250 
at base; 1 web slightly bent. 

. ... 76 mph SPEED . . . 

PERMANENT 
DEFORMATION IN RAIL .. 3 sections of rail pulled out VEHICLE WEIGHT . .. 4300 lbs. 

of posts. (W/ DUMMY 8 INSTRUMENTATION) 
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BRIDGERAIL .. ........ . ...... .. Type 1 
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POST . . ..... . ........... . . . .. Steel plate (Welded) 
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BRIDGERAIL . ...... ........ . ••. Type 1, modified 

ANCHOR BOLTS .. ......... . .. Steel 

POST ........ .. .. ... ... .. .. . . Aluminum cast 

FASTENING BOLTS .. . . ... . . . Aluminum 

RAIL ... ......... ... . . .•.. .. Aluminum 

POST SPACING .... . ....... . . 10' O.C. 
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LENGTH OF CONTACT ... 20' 

WALL DAMAGE ......... . Slight spoiling . 

POST DAMAGE . . •..• • . .• One flange bent. 
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TEST NO ........... B-4 
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IMPACT ANGLE . .. .. 25° 
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BRIDGERAIL . ....... . ..... ... .. Type 1 LENGTH OF CONTACT .. . 19' TEST NO ........... B-5 

ANCHOR BOLTS . .. ...... . .. . . Steel DATE . ... .. . , ..• .. . 2-7-63 

POST ... . . . ..... ... ...... .. . . Malleable cast iron 

WALL DAMAGE ... . ... ... Cracked around #4 post 
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dented. 
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A Bridge Parapet Designed for Safety 
General Motors Proving Ground 

Circular Test Track Project 

LOUIS C. LUNDSTROM, PAUL C. SKEELS, BLAINE R. ENGLUND, and 
ROBERT A. ROGERS 

Respectively, Director, Engineer-In-Charge of Engineering Services, Assistant 
Plant Engineer, and Senior Project Engineer, General Motors Proving Ground, 
Milford, Michigan 

This paper describes the design and testing of an improved bridge 
parapet subsequently incorporated in two bridge structures at the 
General Motors Proving Ground. These parapets are designed to 
provide maximum safety to the occupants of vehicles which might 
strike them. Testing involved running full-scale remotely con­
trolled vehicles into test sections constructed especially for this 
purpose. These vehicles included passenger cars of various sizes 
and a loaded 2%-ton truck. ·Performance of the final design is 
satisfactory in all respects and costs are not excessive. 

•THE GENERAL Motors Proving Ground has recently constructed a new circular test 
track which includes two long-span bridges as part of the access road system. Every 
effort was put forth to make the entire facility as safe as possible and to incorporate 
every proven safety feature. 

Our full-scale impact test program on highway guardrails (1) showed that most con­
ventionally used bridge rails, or parapets, left much to be deSired from a safety stand­
point. There are many designs of bridge parapets currently in use but few were actually 
tested before construction. Some of them, even a bridge rail constructed at the Proving 
Ground in 1953, appear to be primarily decoratfve in nature (Fig. l); some are designed 
with high strength but produce extensive vehicle damage (Fig. 2); and some are obvious­
ly too low to prevent a vehicle going over the top (Fig. 3). Frequent news items show 
that existing designs often do not retain the vehicle within the roadway (Figs. 4 and 5). 

Because of these problems, a group of engineers were assigned to design and test 
an improved parapet for our new bridges. The following requirements were established 
for the bridge parapet: 

1. It should be virtually impenetrable by any motor vehicle at the 50-mph speed at 
which the roadway was to be driven and at the relatively low angle of impact attainable 
within the 28-ft roadway width. 

2. It should be designed to minimize longitudinal and lateral decelerations to vehi­
cles impacting it and to their occupants . 

3 . It should minimize damage to a striking vehicle. 
4. It should allow good visibility over the parapet, so passengers in cars of any size 

could see both above and below the horizon. 
5. It should present a pleasing appearance. 
6. It should be economical to construct and maintain. 
7. The guardrail protecting the approaches should be "blended" and fastened to the 

ends of the bridge parapet in such a way that a vehicle would not be unreasonably en­
dangered regardless of where it struck the guardrail-parapet system. 

Paper sponsored by Conunittee on Guardrails and Guide Posts and Conunittee on Bridge 
DP.sign , ;mcl prPsP.ntPc1 Rt. 1-.hP 44t.h Annnal Meetine;. 
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Figure 1. Bridge rail design used on existing Proving Ground overpass constructed in 
1953. 

Figure 2. High-strength bridge rail which inflicted severe damage while redirecting 
impacting vehicle. 
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Figure 3. Bridge ra.il design low enough to permit some impacting vehicles to continue 
over top. 

Figure 4. Bridge raLL Qes1gn lacking sufficient structural strengtn -co retain impacting 
vehicle on roadway . 
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Figure 5. Low concrete bridge rail design 
with top rail lacking sufficient strength 

to retain impacting vehicle. 

Since these bridges were not intended 
to handle pedestrian traffic, there was no 
need to consider a s1deWaik. 1 n many 
cases, the sidewalk is placed between the 
parapet and the road; the resulting curbing 
provides an unnecessary hazard for the 
out-of-control vehicle. If a crossing for 
pedestrians had been desired, the sidewalk 
would have been placed outboard of the 
parapet. 

Many designs of existing bridge rails, 
curbs, and highway medians were con­
sidered, and several test sections were 
built and crash tested. The test sections 
consisted of a 5-in. diameter pipe curb 
and tvvo sloped face concrete curbs. Figure 
6 shows cross-sections of the designs 
tested. The 65° sloped face redirected 
the low-angle impacting vehicle more 
violently than did the 55° design. The pipe 
curb did not demonstrate any advantage. 
Some wheel and/ or sheet metal damage 
was experienced with the 65° design. The 
design with the 55° angled surface was most 
effective in gently turning the vehicle under 
low-angle impacts with no sheet metal 
damage. However, at higher impact 
angles, the vehicle tended to climb the 
wall. 

During the investigation of existing 
guardrails and highway median barriers, 
the designs used extensively in New Jersey 
had been brought to our attention. One of 
these is a concave cross-section concrete 
wall about 23 in. high. Another of a later 
design had a double sloped cross-section 
32 in. high(Fig. 7). Reports from New 
Jersey indicated that this design performed 
well. It very successfully prevented cross­
median accidents, and at the same time 
inflicted only minor damage to impacting 
vehicles (2). This general type of barrier 
appeared fo have considerable merit in 
satisfying our ground rules; hence, the 
Proving Ground embarked on a program 
to develop this barrier into a bridge para­
pet. Twenty-one tests were run on various 
configurations before arriving at the final 
design. 

Because of the requirement for good 
visibility, the height of the concrete por­

tion had to be less than the eye height of a person driving a low vehicle. Drivers' eye 
heights on twenty-seven 1962 cars ranged from 44 to 48. 8 in. above the road surface. 
All but three of the eye heights were between 45 and 48. 8, with eight of them between 
47 and 47. 5 in. Based on these data, it appeared that a height of 32 in. for the con­
crete portion would provide adequate visibility (Figs. 8 and 9). Tests conducted during 
the development program indicated that this height was sufficient to prevent cars from 
climbing over the wall. 
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Figure 7. Typical section of New Jersey 
concrete barrier curb. 
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Figure 8. Typical cross-section of Proving Ground overpass. 
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Figure 9. Driver's eye view . 

1'-3 11 

Roadway 

J ;{/ . . •:·.· s .:: 
... . :·· 

Bridge Steel ----t 

Figure 10. Typical section of Proving Ground concrete parapet. 

Previous experience with guardrail testing had made us aware of the advantages to 
both car and passengers in minimizing lateral decelerations during- impacts. Guard­
rails can be niade to do this by utilizing the natural flexibility of the rail and posts, and 
adding additional flexibility by spring-mounting the rail to the posts. It did not seem 
practical to utilize this same principle on the qridge parapet because the requirement 
for impenetrability by all sizes of vehicles called for a lateral strength that could not 
be obtained with conventional guardrail materials . 
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Figure 11. Placement of junction of upper and lower angled faces chosen to permit low­
speed, low-angle impacts without sheet metal damage . 

Figure 12. 
redirected . 

Hand driven evaluations of 55° sloped face. Vehicle "rides up" as it is 
Plywood mock-up above concrete was used during dynamic tests to evaluate 

other design dimensions. 

As indicated earlier, the 55° angled face permitted low-angle impacts without sheet 
metal damage but involved a climbing tendency when impacted at higher speeds and 
angles. Careful measurements were made on vehicles to determine the proper eleva­
tion of the junction of the two angled faces of the parapet in order to eliminate sheet 
metal contact with the upper portion when the wheel contacted the base. After a series 
of plywood mock-ups were constructed and tested, an elevation of 15 in. was chosen. 
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Figure 13 . Dynamic test photo se quence where vehicle was remotely driven into finished 
des ign test section of bridge rail at 50 mph and 12° . 

Figure 14. View of t est section of bridge rail showing scrub marks from r epeated testing; 
rail at top not design used in final system. 
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Figure 15. Remotely driven car redirected by rail; impact conditions, 50 mph at 12° 
angle. 

Figure 16. Position of test car after impacting bridge rail test section at 50 mph and 
angle of 12° . 

A short section of a proposed design was constructed using a near-vertical upper face 
similar to the New Jersey median (Fig. 10). The relationship between the final parapet 
design and a car is shown in Figure 11. 

The Proving Ground staff tested this design with extreme thoroughness. Since this 
parapet was to be installed on a bridge located on access roads with a 50-mph speed 
limit, tests were confined to a maximum speed of 50 mph. The initial tests evaluated 
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its performance under glancing low-angle and low-speed impacts up to 10° and 30 mph. 
U!1-der !!'.Ost s1_H'h conrlitiori.s, thP tirP would ride up the lower portion of the barrier 
rather readily, but when the steeper section was encountered, the car was banked and 
the front wheel forced into a turn to deflect the vehicle back toward the roadway (Fig. 
12). Several remotely controlled high-speed impacts were made at speeds up to 50 
mph and angles to 12°, and in no case did the car climb to the top of the barrier or show 
any tendency to climb over it (Fig. 13). In most runs, the damage to the car consisted 
only of front bumper and fender rubbing and sometimes an upsetting of front wheel 
alignment. Figure 14 shows a test section (not the final design) with various scrub 
marks. These were not the final brackets. The test section has been repeatedly struck 
at 50 mph at an 8° angle by manually driven cars with no vehicle damage and no driver 
concern. 

Figure 15 shows a remotely driven car being turned by the barrier after striking it 
at 50 mph at a 12° angle. This angle was chosen as representative of the maximum 
angle attainable within this 28-ft roadway width by a vehicle traveling at this speed. 
Figure 16 shows that the car was turned nearly parallel to the rail at the conclusion of 
this test. The car was guided by electrical remote control and stopped by remote ap­
plication of its own brakes . Figure 17 shows the car after the test. This car had been 
used in previous tests and the headlight was missing before the impact. The right front 
fender was damaged when it hit the temporary rail support bracket, but the car was 
driven away from the test site under its own power. Lateral decelerations to the simu­
lated human occupant during this run did not exceed 3 g. The fact that the car climbs 
the wall and tends to bank reduces lateral decelerations on the occupants much as going 
around any banked turn does . 

Experiments were run to determine whether a reduction in coefficient of friction of 
the sloped surface would affect the performance in any way. The surface was first 
ground smooth, then greased, but performance was not changed. It was learned that 

Figure 17. Damage to test car as result of 50 mph impact with bridge rail at angle of 
12° (headlights removed before test). 
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Figure 18. Placement of right front wheel of test vehicle on concrete parapet to show 
proximity of sheet metal to rail and wheel to post. 

Figure 19 . Photo sequence of 2~ ton 16,000- lb GVW truck impacting bridge rail at 37 mph 
and 13°; top rail in this sequence in experimental position. 

the height to which a car climbs the parapet is determined primarily by the lateral 
inertia force of the vehicle and the lateral friction force developed by the outside wheels. 
Tests indicated that the friction force of the wheel in contact with the parapet did not 
influence the action of the impacting vehicle as it was redirected by the rail. 

It was fully realized that the 32-in. height of the concrete wall was not sufficient to 
guarantee that larger trucks would be safe. Accordingly, a pipe rail was installed on 
top to provide a higher barrier and to increase the height of the fulcrum over which a 
high-center-of-gravity vehicle would have to roll. For a rough approximation, the 
height of the rail should approach the height of the center of gravity of any vehicle using 
the bridge. Top rails are used on many bridges; however, most of these are made of 
relatively light-walled steel or aluminum tubing mounted on cast aluminum brackets. 
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Figure 20. Typical section of Proving Ground bridge parapet . 

The U. S. Bureau of Public Roads has issued a proposed recommendation for strength 
requirements for bridge rails (3). These indicate that the rail should be able to resist 
a lateral force of 15, 000 pounds at any point along its length. Commercially available 
rails and brackets were tested, and none even came near meeting this requirement, so 
we designed a bracket that would give the required strength and still present a good ap­
pearance. 

The same specifications require the rail on a parapet of this general configuration 
to withstand a transverse load of 15, 000 lb (P/ 2, where P = 30, 000 lb) . It is fw·ther 
specified that the brackets be designed for a transverse load of 0. 8 P / 2 and a simulta­
neous longitudinal load of 0. 4 P/ 2. This means that our brackets must withstand a 
transverse load of 12, 000 lb and a simultaneous longitudinal load of 6, 000 lb. The 
brackets as actually fabl'i atecl were tested at a transverse load of 22, 000 lb without 
failure indicating a s ubs tantial margin of safety over the BPR recommendations. 
Bracket s p" cing is determi ned primarily by the requirement that the pipe r ail withstand 
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Figure 21. Typical plan of bridge approach. 

Figure 22. View of bridge rail end wall and blending of adjacent guardrail. 

Figure 23. Detail of top rail construction on finished bridge . 
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Figure 24. Overall view of completed bridge structure . 

Figure 25. Overall side view of completed bridge span. 

15, 000 lb applied at the midpoint between two brackets. utilizing the design method in 
Section II, Article 1. 2 .11 (E) in the BPR specifications, we used an 8-ft nominal spacing 
between brackets and 5-in. extra heavy galvanized steel pipe. This design exceeds the 
BPR requirements. The brackets are designed of dip-galvanized cast steel, with an 
open clamp toward the road to provide a smooth "rub rail" for a vehicle striking the 
pipe. Provisions are made for rail expansion. Brackets are mounted to the parapet 
with two 1- by 18-in. and two %- by 12-in. high-tensile bolts. 

The rail installed on the mock-up in Figure 14 is held in place with conventional 
aluminum brackets because the special brackets were not available during this phase of 
the testing period. 

To establish the optimum lateral location of the rail, vehicles of all types were 
driven so that their wheels rubbed the parapet. The lateral extremities of the vehicles 
were measured and the rail positioned so that no vehicle would rub it until the body had 
rolled appreciably toward the rail. Tests determined that the rail did not contact sheet 
metal of cars. The inside of the cast-steel post (see A in Figure 10) was made concave 
to minimize the chance of contact with any portion of a wheel that might climb the con­
crete section, Under the most severe condition, a wheel might be rolling along the top 
of the concrete with the side of the wheel rubbing on the rail (Fig. 18); even in this ex­
treme condition, the wheel would climb over the base of the steel posts without undue 
damage to either the post or the wheel. 
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Following the installation of the pipe rail at the established point, a full-scale test 
was run during which a 21/2-ton loaded stake truck was remotely driven into the test 
section at a speed of 37 mph andanangleof 13°. The performance of the section was 
entirely satisfactory in all respects (Fig. 19). 

Figure 20 shows the complete cross-section of the bridge parapet finally used. The 
height of the parapet was dictated primarily by performance considerations . The height 
of the rail was dictated by performance considerations and visibility (Fig. 8). The 
lateral positioning of the rail was established by the need to have the sheet metal of a 
vehicle contact the rail at the same time the front wheel reached the top of the concrete 
parapet. 

With the parapet itself designed and tested, we next devised an end wall that would 
protect the end of the parapet and rail from an end-on hit by an out-of-control vehicle 
approaching the bridge. This design is best shown in Figures 21 and 22. The wall 
slopes backward and downward and is overlapped by the approach guardrail, so that 
even if a car's wheels have climbed the guardrail and the vehicle is sliding along it, the 
wheels will encounter a sloping surface when they strike the parapet end section. The 
approach guardrail uses 6-ft 3-in. post spacing for the last 75 ft of rail before the 
parapet, and the rail is securely bolted to the parapet to develop maximum strength. 
This doubling of the number of posts supporting the approach guardrail greatly improved 
the performance of the conventional guardrail at this critical point. If the parapet was 
to be exposed to traffic speeds of 65 mph or higher, closer post spacing would be recom­
mended, both adjacent to the parapet and in the main guardrail on the approaches. 
Figures 23, 24 and 25 show details of the completed bridges. Working drawings for the 
parapets are included in the Appendix. 

SUMMARY 

This bridge parapet satisfied our requirements in all respects. It costs approxi­
mately 20 percent more than conventional parapets but is considerably safer. Much of 
the increased cost is primarily due to the greater strength built into the pipe railing and 
supporting brackets. The concrete parapet itself should be no more expensive to con­
struct than many conventional designs, and its superior performance has been proven 
by an adequate number of full-scale tests. 
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Development of an Analytical Procedure for 
Prediction of Highway Barrier Performance 
GEORGE W. McALPIN, MALCOLM D. GRAHAM, WILLIAM C. BURNETT, and 
RAYMOND R. McHENRY 

Respectively, Deputy Chief Engineer, Director, and Associate Civil Engineer , 
Bureau of Physical Research, New York State Department of Public Works; and 
Research Mechanical Engineer, Cornell Aeronautical Laboratory, Buffalo, New 
York 

From 1960 to 1963, the New York State Department of Public 
Works, in cooperation with the U.S. Bureau of Public Roads, 
has sponsored and participated in a combined analysis and 
testing program on highway barriers at Cornell Aeronautical 
Laboratory. This program has included the full-scale dy­
namic testing of median barriers, guide rails and bridge rails 
to gain a fuller understanding of the forces involved between 
vehicle and barrier during collision. This work has resulted 
in the development of mathematical models for predicting the 
performance of current and proposed barrier designs. Bar­
rier performance as predicted by computer solution of the 
mathematical model has been verified by subsequent full-scale 
crash tests. 

Additional work is under way to evaluate more accurately 
some of the variables in the model and to refine the model ac­
cordingly. However, work to date has demonstrated the feasi­
bility of predicting barrier performance by means of these 
equations and the development of a rational method of design of 
barrier systems based on dynamic principles. 

•HIGHWAY BARRIERS are erected to delineate the roadway limits and physically re­
strain vehicles from entering areas they cannot safely traverse. Equally as important, 
impact with the barrier should not overturn the vehicle nor result in decelerations that 
would preclude human survival. The basic requirements of a highway barrier can be 
stated as follows: 

1. Containment-The vehicle must not get beyond the barrier. If a barrier is re­
quired in an area, the consequences of penetration are presumably more serious than 
even a sudden stop on the barrier. 

2. Minimum injury potential-To reduce the inherent hazards of a barrier collision, 
the vehicle must be decelerated at the lowest rate possible without exceeding the al­
lowable barrier deflection. 

3. Redirection-The barrier should not stop the vehicle abruptly or rebound it 
across the highway, thus presenting a hazard to following or adjacent traffic. 

If highway barriers fulfill these requirements, the motoring public is assured the 
maximum possible protection. To provide this protection, the responsible highway 
department must determine the capabilities of existing, new, and modified barriers. 
The obvious approach has been to perform full-scale dynamic tests. A review of 

Paper sponsored by Committee on Guardrails and Guide Posts and presented at the 43rd 
Annual Meeting. 
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previous investigations revealed that a large number of tests had been performed. The 
resulting barrier designs were a significant improvement, but the tests appeared to be 
insufficient by themselves since at least one test was required for every factor evalu­
ated. Research had also been conducted to analyze mathematically the reaction of a 
vehicle during a barrier collision. However, the mathematical analyses, without ver­
ification, were never demonstrated to be adequate because of the great number of 
simplifying assumptions required. Therefore, to achieve maximum benefit it was de­
cided that this study would consist of two phases-a mathematical analysis of the re­
action of a vehicle during collision with a barrier and a series of full-scale dynamic 
tests. This approach would permit the full-scale testing to serve as verification for 
the mathematical analysis and the mathematical analysis to prescribe the necessary 
changes in the barrier configuration. 

The investigation was performed by Cornell Aeronautical Laboratory under contract 
with the New York State Department of Public Works, in cooperation with the U.S. 
Bureau of Public Roads. In all, 19 full-scale tests were performed-4 guide rail, 5 
median barrier and 10 bridge rail tests. The theoretical analysis resulted in the de­
velopment of four mathematical models programmed for solution by electronic com­
puter. These models can successfully predict the performance of a highway barrier 
under a wide range of impact conditions. 

GLOSSARY OF TERMS 

"Snagging" of a vehicle wheel on a post is assumed to occur only when (a) the 
structural collapse of the vehicle has progressed to a point within the vehicle tread 
dimension, and (b) the corresponding deflection of the barrier rail (or cables) has 
progressed beyond the centerline of the undeflected posts. Since snagging occurs at 
a point on the post below the rail attachment, the yield force of a post can be con­
siderably increased by the effect of rail tension if the individual posts are attached 
to the rail. 

"Pocketing" of the vehicle is assumed to occur if the center of gravity of the ve­
hicle passes the original centerline of the barrier while the vehicle is still headed into 
the barrier. The conditions for pocketing are considered to be similar to those for 
wheel snagging, except that the entire front of the vehicle , rather than only the im­
pacting front wheel, is caught behind a post. If the vehicle were to pass through the 
barrier or be redirected out of the barrier, it would not be considered pocketed. 

MATHEMATICAL MODELS 

Mathematical models were constructed to compute the response of a vehicle during 
collision with a highway barrier. One type of model is used to calculate the barrier 
resistance during impact and another class of model is used to solve the vehicle re­
sponses. 

The characteristics of a given barrier are first used to compute a series of force­
deflection curves representing that barrier. The data required include post strength, 
post spacing, rail bending strength, and rail strength in tension. These force-deflec­
tion curves, along with the characteristics of the vehicle and additional post strength 
data, are then used to calculate vehicle responses for given impact conditions. 

Vehicle responses are calculated by a repetitive P.rocess programmed for solution 
on an IBM 704 computer. During each millisecond Jr the collision, this process re­
calculates the vehicle position until the corresponding ba rrie1· deflections successively 
agree within specified limits (usually 0. 01 inch). The computer than prints out the 
vehiel.e position, velocity, deceleration, and barrier deflection. 

To account for the many important physical characteristics of vehicle and barrier 
and the forces which act during a collision, several simplifying assumptions must be 
made. The fact that good verification was obtained with full-scale tests appears to 
justify these simplifications. The relatively small portion of the total mass in the de­
formed part of the vehicle permits the vehicle to be regarded as a single rigid body. 
The horizontal force between vehicle and barrier is assumed to be a concentrated 
point load. All forces on the vehicle are assumed to act in the same horizontal plane 
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and vehicle roll and pitch are neglected. In the primary (front-end) barrier impact, a 
given amount of energy is assumed to be dissipated within the vehicle as it is crushed. 
During crushing, the force between vehicle and barrier is assumed to increase linearly 
as it moves along a straight line (A-B, Fig. 1). A secondary (rear end) collision is 
assumed to occur and the barrier force is instantly moved from point B to point C when 
the line drawn from B to C becomes parallel to the original barrier centerline. The 
forces between tires and pavement (Fr and Ff, Fig . 1) are applied along the axles at 
the intersection of the car centerline. The coe[{icient of friction(µ) between vehicle 
and barrier is assumed to be constant during the collision. The longitudinal force on 
the vehicle caused by each post (F1) is assumed to be constant and active for a given 
distance. The mass of the barrier is neglected. 

Separate models were developed for three classes of barriers, depending on the way 
the rails resist impact. These classes correspond to the manner in which the rail acts 
as follows: (a) bending resistance only, (b) axial tension only, and (c) combined axial 
tension and bending resistance. Barriers not intended to deflect when impacted were 
not analyzed because th.ey impart severe decelerations to the vehicle. The vehicle 
reaction during impact with a rigid barrier is also greatly influenced by the crushing 
characteristics of that particular vehicle. 

A rail with bending resistance only is treated as a continuous beam which distributes 
the impact load over several posts. Progressing outward from the impact point, the 
posts provide increasing lateral support for the rail until they yield. Thereafter, 
each yielded post sustains a constant load until enough posts have yielded to resist the 
impact force completely. The rail is assumed to form a constant moment plastic hinge 
at the point of impact. It is this yielding of posts and rail that minimizes car decelera­
tion and at the same time provides enough resistance to turn the car and redirect it. 

A rail with axial tension only (e.g., cables) is represented by straight-line segments 
which intersect at post locations, starting at the applied load position and continuing 
to the original centerline of the barrier at a post location for which the lateral deflec­
tion is assumed negligible. Tension is calculated from the axial restraint at the end 
of the barrier and the total elongation of the cable. The following iterative method is 
applied: (a) an assumed tension is used to obtain a deflection profile for a given solu­
tion point; (b) the elongation of the cable is calculated from this deflection profile to 
determine the corresponding calculated tension; (c) the assumed and calculated tensions 
are then compared and an average is taken, if necessary, for a second assumed ten­
sion; and (d) this process is repeated at each solution point until agreement, within 

Barrier 

Center of gravity 

A. Initial position of concentrated load ooint on vehicle 
(orimary collision). . 

B. Position of concentrated load point on vehicle for maximum 
vehicle deformation (orimary collision). 

C. Position of concentrated load point on vehicle for secondary 
collision. 

Figure 1. Ve hicle mode l . 
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specified limits, is obtained between the assumed and the calculated values of axial 
tension. The axial restraint at the ends of the cable caused by end anchorages is 
treated as a linear tension spring. 
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If a barrier has W section or universal beam-type guide rails, the rails are as­
sumed to act in a combination of lateral bending and axial tension. As the rail deflects 
laterally, the bending resistance increases until plastic yielding occurs, then decreases 
as axial tension increases. When the rail yields in tension, the lateral bending re­
sistance is assumed to be zero. 

The three barrier models and the vehicle response model have been completely de­
scribed previously (!, ~. 

FULL-SCALE TESTS 

Crash tests were performed to verify the mathematical description of vehicle reac­
tion during collision with the barrier. In addition, the tests yielded some information 
for refining the assumptions made in the mathematical models. The department's 
personnel also conducted dynamic tests near Albany to determine post strength in soil 
for use in the barrier models. 

The crash test site was a wide concrete ramp on a privately owned portion of the 
Niagara Falls Municipal Airport. Since most vehicles on the highway are American­
made medium-priced sedans, the vehicles obtained for crash tests were standard 1957 
Ford and 1959 Plymouth sedans. During the first year of testing, the vehicles were 
remotely controlled with radio-activated equipment generously loaned by the California 
Department of Public Works. For the second and third years of testing, Cornell 
Aeronautical Laboratory developed an electrical servo-control mechanism that was 
found to be more satisfactory. 

Particular attention was given to photographic coverage of the crash, since reduc­
tion of the movie film would provide vehicle position and acceleration while in contact 
with the barrier. Four data cameras, with shutter speeds of about 1, 000 fps, and two 
or more documentary cameras were used to record the impact. To provide duplication 
in case of camera failure, the data cameras were placed at each end of the barrier, 
in a tower, and facing the barrier. Common time references were provided by pips 
on the film edges and two flash bulbs fired as the vehicle passed over switch tapes 
located 5 and 15 feet from the impact point. The time between flashes also provided 
a means of computing vehicle velocity at impact. 

Before performing full-scale tests, it was necessary to select realistic impact 
conditions. It was realized that when a car, traveling parallel to a barrier, is sud­
denly turned sharply toward the barrier, there is a minimum radius of curvature 
which the vehicle is capable of negotiating. The vehicle is unable to make a sharper 
turn simply because the tires will not develop enough centripetal force to provide the 
necessary radial acceleration. Therefore, by assuming a reasonable maximum co­
efficient of friction (0. 7), the maximum probable impact angles could be computed 
for various speeds and widths of highway. Such an analysis indicated that the maxi­
mum impact conditions for the field tests should be 60 mph and 25° . The majority 
of tests were performed under these conditions. · 

VERIFICATION OF MATHEMATICAL MODELS 

The high-speed data films recorded the vehicle center of gravity location, heading 
angle and barrier deflection during the collision. The velocity and deceleration of the 
car were then measured by obtaining the first and second derivatives of the center of 
gravity locations. The reduction of vehicle motions from the film records may intro­
duce a general error of about 10 percent and some peak decelerations may be as much 
as 20 percent in error. 

Agreement between full-scale test results and computed results, using the actual 
speed and angle of impact, is best illustrated by comparing the vehicle position and, 
more importantly, vehicle deceleration during barrier impact. Wh,en comparing 
decelerations, durations were considered. A very high momentary vehicle decelera­
tion would have little adverse effect on the occupants. The average deceleration over 
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the highest 100-millisecond interval is considered more significant and was used in 
summarizing measured and computed values. For discussion, the barriers are classi­
fied by the way foe rail::; n::::;i::st vt:l1icle ii11pact. 

Rails With Bending Resistance 

Barriers which resist vehicle penetration primarily through the action of a strong 
rail were developed during the study as a result of a better understanding of the prin­
ciples of barrier reaction to impact. In this type of barrier, posts are designed to al­
low lateral deflection of the rail and thus reduce vehicle deceleration. To keep deflec­
tion within acceptable limits, the rail must be stiff enough to distribute the impact 
load over a number of posts. The posts in turn must be able to absorb the lateral 
kinetic energy of the vehicle as it is redirected. This system is best applied to median 
barriers and bridge rails. During the program both types of barrier were developed 
and tested. 

The median barrier is shown in Figure 2. Since the system consisted basically of 
a strong rectangular hollow rail, it was labeled a box-beam median barrier. The 
rail rests in saddles fastened to small posts which restrict lateral movement of the 
rail but allow the rail to remain at the original elevation when posts are struck down 
or deflected laterally. 

Two tests were performed on this class of barrier. The first barrier had end an­
chors and the second did not. However, the results were not significantly different 
and only those of the second test are presented for verification of the mathematical 
model. The agreement obtained between measured and computed vehicle trajectories 
is illustrated in Figure 3 where the locations of vehicle center of gravity are shown 

10" 

Rail - Two 10[15.3 welded 
Rail not fastened to 
oos ts 

,, 
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Figure 2 . Box-beam median barrier. 

2 7" 

Post - 2 11 x 2 11 s teel 
H 4.1 ///ft. 



l 

193 

en 
H QJ 
QJ ..c: 
·rl u 
H c 60 H ·rl 
(\j ...__, so ..0 

QJ 

40 4-1 .--< 
0 u 

() Time in milliseconds 400 ) 350 ,,,.,,, 
Measured 

-Jdl :2 30 Computed ------
E QJ 

20 0 > 
H 

4-1 4-1 10 0 
200 Cent e r line of barrier 

QJ 0 u 
c CJ 

0 (\j 100 300 4 00 500 200 
.1-J u 
en 
·rl 0 Displacement of C.G. parallel to barrier (inches) 
0 .1-J 

Figure 3. Vehi cle trajectory, box-beam median barrier . 

for each 50-millisecond interval. A very slight difference between the two curves is 
evident. The vehicle decelerations are plotted in Figure 4 and these also agree very 
well except for a high measured peak at about 125 milliseconds. The average meas­
ured total deceleration (7 g) over the highest 100-millisecond interval is not ap­
preciably different from the computed value ( 6 g). 

It is significant that the simplifications and assumptions used in calculating vehicle 
responses are verified by the close agreement with measured vehicle responses. With 
this agreement, it is possible to study the effects on vehicle responses caused by 
changing rail strength, post strength, post spacing, and impact conditions. 

Following the success of the box-beam median barrier tests, a bridge rail was 
designed using the same strong beam-weak post principle. In this system, two rails 
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were fastened to the face of relatively weak posts. Although the posts were the same 
size as the median barrier posts, bolting them directly to the rails made the posts 
- 1 - - -- 1--- ------- -- -- !-L----~ .L .... 1..-..L ,.... •• -1 ..J,....,.Cl ,....-. .L ,!,.... _ ,........,...J ..._...,.....,. ,..,. "'""' "".;,...+,....,,"",..,,,..... .,..,..,.\... ,,.... .....,, ,...,4-v.,,..-.11" ,...,..,..,. .-.. 
UCVtl.U}J 1.llUJ.IC .lCO.l~La..Ul_,t:; lU .1.Q.l.t:;J.a..J. Ut:;;J..Lt:; l_, l..LV.lJ. a..uu. J.J..lV.L\.; .L\.;0.LOLQ..UVV VV.l.l,\.; ,U . lo;:;l ... .a. ........... u. '-':I """' 

vehicle. In addition, the location of the rails on the face of the posts meant that the 
vehicle contacted and knocked down fewer posts. This bridge rail, shown in Figure 5, 
was first impacted with a car and then tested with a school bus. In the calculation of 
the barrier force-deflection curve and vehicle responses, the rails were assumed to 
act as a single rail; this was verified by the test data films. In calculating the school 
bus response, the effects of crushing during first contact with the barrier had to be 
neglected. 

Vehicle de celerations for these two tests are shown in Figures 6 and 7. The agree­
ment between computed and measured responses is not quite so good as the agreement 
achieved with the median barrier. The computed vehicle responses depend on the as­
sumption that the barrier absorbs nearly all of the late ral kinetic energy of the vehicle 
during impact. Since the barrier was relatively stiff, the car crushed and absorbed 
more energy than had been assumed. Therefore, the computed responses appear to 
be slightly in error. The computed deceleration curve for the car indicates that a 
secondary rear-e nd collision should occur (indicated by the second peak at about 250 
milliseconds). However, the duration of this peak is so short that it is not significant. 
Both computed trajectory and deceleration curves indicate that the barrier is stiffer 
than the median barrier and the actual test results confirm this very clearly. The 
agreement between measured and computed responses for the school bus demonstrates 
the versatility of the model used for calculating vehicle responses. 

Uooer Rail - Steel tube 
8 x 4 - 2 7 #/ ft . 

Lower Rail - S teel tube 
8 x 4 - 14 if/ ft. 

Pos t - S t ee l t u be 
3" x 2 11 - 4 .1 #/ f t. 

12" 

l/8 11 Bent 
p late bracket 

5/16" Bolt 

Typical Connection 

Figure 5. Box- beam bridge rail. 
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Rails With Axial Tension 

The initial test was performed on a typical guide rail arrangement (Fig. 8) without 
first computing expected vehicle responses. The entire length of the vehicle pene­
trated the barrier with very little redirection; then the vehicle was severely pitched 
and rotated as the cable tightened around the strong posts. The computed vehicle re­
sponses could not show the effects of pitch and turning, but the occurrence of severe 
pocketing was indicated by the computed vehicle trajectory and heading angles. The 
center of gravity of the car passed the original face of the barrier at about 150 milli­
seconds after first contact. The computed heading angle at 150 milliseconds was 
nearly the same as at first contact, indicating that the vehicle was not being redirected 
and would remain in the barrier. Knowing the high strength of the steel posts, it could 
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Figure 7. Bus deceleration, box-beam bridge rail. 
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Figure 8. Typical cable gui de rail . 
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only be concluded that the vehicle would be severely pocketed. The computed trajectory 
and heading angles were not available before the test; had they been, the barrier need 
not have been tested or at least not tested so severely. 

A second cable guide rail arrangement (Fig. 9) was designed with the benefit of a 
better understanding of tension barriers and the influence of post strength on vehicle 
response. In this system the cables are supported by relatively weak posts which 
deflect easily when struck by a vehicle. The cables are fastened to the posts with J 
bolts which open when a post is struck directly or after the post has yielded and de­
flected too far to be effective. In addition, it was believed that when a vehicle struck 
the barrier at a shallow angle, the cables would be free to deflect without being pulled 
down by the posts. For testing, this barrier was placed in front of a ditch representing 
a highway fill on a 2 to 1 slope. This was done to study the effect the large anticipated 
deflections might have on vehicle roll. During the test of this barrier, the car actually 
passed behind several posts, became airborne, tipped slightly toward the road, settled 
onto the backslope and finally returned to the shoulder. 

The computed and measured vehicle decelerations are shown in Figure 10. Agree­
ment is extremely good perpendicular to the barrier up to about 400 millise conds, when 
the computations assume a secondary (rear) collision which would increase the lateral 
deceleration. The cable was really in contact with the entire side of the car throughout 
most of the impact and no separate rear collision ever occurred. Deceleration parallel 
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Figure 9. Modified cable guide rail . 
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to the barrier is influenced by the assumed coefficient of friction between vehicle and 
rail. A lower coefficient than used previously was assumed; however, the three cables 
pulled together and cut into the vehicle sheet metal. This action may have increased 
deceleration parallel to the barrier since the cables appeared to be wrapping and un­
wrapping as the vehicle passed. The fact that the vehicle was airborne for about 200 
milliseconds and then came down on the backslope would also influence agreement. 
Considering all of these complications, agreement between measured and computed 
vehicle response is very good with this modified cable guide rail. 

Rails With Combined Bending Resistance and Axial Tension 

W section or universal beam-type guide rails usually act in a combination of bending 
resistance and axial tension. Two tests were performed on guide rail systems con­
structed with these rails, but in both cases pocketing occurred and was indicated by the 
calculated responses. A third test on the median barrier, illustrated in Figure 11, 
provided data better illustrating agreement between computed and measured vehicle 
response. 
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Figure 11. W section median barrier . 

Considering that this barrier is "lumpy" (rigid at the posts and flexible midway be­
tween posts) and that secondary collisions are not computed precisely, the computed 
responses are remarkably close to the measured responses for the first 200 milli­
seconds of barrier contact (Fig. 12). The computed peak deceleration due to a rear 
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TABLE 1 
MEASURED VS COMPUTED VEHICLE RESPONSE 

Impac t 
Condition 

Exit Speed 
(mph) 

Exit Angle 
(deg.) 

Max. Dece l. a Max. Deflec. 

Barrier Type 
(g) (in.) 

Mph Deg . Meas . Comp. Meas. Comp. Meas. Comp. Meas . Comp. 

Box-beam median 52 24 47 44 7 6 7 6 10 13 
Box-beam bridge rail: 

Car impact 55 25 37 44 5 3 7 9 5 5 
Bus impact 30 20 25 23 6 2 2 3 4 5 

Cable guide rail system: 
Modified 57 30 37 46 10 16 4 4 150 123 
Typical Vehicle pocketed as indicated 

W section median barrier 64 16 48 49 9 7 6 5 18 12 

aA.verage over highest 100-millisecond inter,raL 

collision at 300 milliseconds did not occur . However, the duration of this peak was 
very short and this dis crepancy is not considered to be serious . The compu ted ve ­
hicle re sponses for this barrier are in good agree ment with the meas ured r e sponse s; 
therefore, the models for this barrier and for the vehicle r esponses can be used with 
confidence to evaluate this type of barrier. 

The verification of the mathematical analysis can be summarized as in Table 1. It 
is possible here to compare the measured and computed vehicle response for the three 
classes of barriers considered and to obtain a general idea of the ability of the barriers 
to fulfill the criteria of redirection, minimum injury potential, and containment. 

SUMMARY 

Full-scale dynamic tests of highway barriers provide factual information for bar­
rier design. However, these tests are inefficient by themselves since at least one test 
is required for every factor to be evaluated. However, describing the vehicle reaction 
with mathematical equations is inadequate without verification by full-scale tests be­
cause of the great number of simplifying assumptions required. This investigation 
combined the theoretical approach with full-scale testing to produce mathematical 
models which will successfully describe the reaction of a vehicle during collison with 
a barrier. 

In all, 19 full-scale dynamic barrier tests were run-4 guide rails, 5 median barrier 
and 10 bridge rail tests. The· theoretical analysis resulted in the development of four 
mathematical models programmed for solution by electronic computer. These models 
were verified by the full-scale tests and found to be capable of predicting the per­
formance of various barriers over a wide range of impact conditions. Characteristics 
of the vehicle and barrier, used as input for the mathematical models, were deter­
mined from structural analysis, direct measurement, published data, and dynamic 
post tests. 

The complexity of the problem necessitated separate mathematical models for 
determining the force vs deflection characteristics of different types of barriers. The 
force vs deflection data obtained from the appropriate barrier model is used as input 
into another series of equations which yield printed tables of vehicle trajectory, ve­
hicle deceleration and barrier deflection for each 10 milliseconds during the collision. 

The use of the mathematical models has enabled New York State to revise. its 
standard double beam median barrier and further refine the box-beam system developed 
during this investigation. In addition, the computer programs have permitted the 
evaluation of a new bi;idge rail design using principles developed during this proje ct. 

The mathematical models can be used either to extrapolate results from a limited 
number of full-scale tests or to provide a completely analytical evaluation of an un­
tested barrier. New York State is continuing to obtain vehicle trajectories with the 
computer, thereby evaluating specific barrier designs over a wide range of impact 
conditions. In this way, information will be available on the level of protection of-
fered by current barrier designs, and improvements that can be achieved by modification 
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of these barriers. Moreover, new designs can be formulated which will provide opti­
mum performance in a specific situation. 
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