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ABSTRACT 

KEY WORDS: Concrete Median Barriers. Roadside Safety Appurtenances 

Since the imposition of the 55 mph speed limit in 1974, accident data 
on the concrete median barriers (eMS) in California showed that the fatal + 
injury accident rates are increasing. Also. the California data showed 

i 

that 7.7% of the 1,515 reported accidents in 1978 and 9.9% of the 1,796 
reported accidents in 1979 resulted in vehicle rollover. In comparison, 
accident data summarized by SwRI showed that 3.9% of the 180 reported 
accidents prior to 1974 resulted in rol1overs and mountings. little or no 
information on the number by type of vehicle involved in rollovers was 
reported. However, the findings in this study indicate that this significant 
increase in ro'lovers since 1974 is undoubtedly due to (1) an increase 
in travel speeds, and (2) an increase in the number of small automobiles 
in the traffic stream. It is predicted that the rollover rate will continue 
to increase in the future and by 1985 it could be as high as 15%. Small 
automobiles seem to have a greater tendency to rollover on the CMB than 
the earlier standard size automobiles, for which the CMB was designed, 
because of their shorter wheel track widths and much lower roll-moment
of-inertia. 

The proposed retrofit unit concept for improving the rollover performance 
characteristics of the standard New Jersey CMB was investigated in this 
feasibility study. Basically, the retrofit unit consists of reverse 
sloped surfaces to suppress vehicle uplift and rollover under impact 
angles greater than 10 deg. The retrofit unit would be of precast concrete 
construction and anchored to the CMB by rebar dowels and epoxy. 

The findings in this feasibility study indicate that the retrofit 
unit has the potential of being a cost-effective improvement alternative 
on (1) rural interstate highways with 30 ft medians and carrying an ADT 
greater than 66,000 vpd, and (2) urban interstate highways with 16 ft medians 
and carrying an ADT greater than 117,000 vpd. These findings were based 
on dn assumed retrofit unit cost of $10/ft, a compact automobile split of 
50%, and accident societal costs published by the National Safety Council. 
As the compact automobile splits increase above 50% ;n the near future, 
the above breakeven ADT volumes would decrease. 

Based on the findings in this study, it is recommended that the 
potential effectiveness of the retrofit unit in suppressing vehicle uplift 
and rollover be confirmed by conducting full-scale vehicle crash tests. 
To aid in the selection of the test vehicles and impact conditions, it is 
recommended that the California accident records for 1978 and 1979, ;n which 
8.8% of the 3,311 reported accidents resulted in rol10vers, be examined 
manually. 



i i 

ACKNOWLEDGEMENTS 

The cooperation of the Nebraska Department of Roads and the California 

Department of Transportation in providing accident data for this study was 

greatly appreciated. 

Also, special recognition is given to the following individuals for 

their consultation, suggestions, and assistance during the conduct of the 

study: 

Mr. Walter Witt. P.E. 

Mr. Richard Ruby, P.E. 

Mr. Larry Brown 

Mr. Kenneth Sieckmeyer 

Mr. E.J. lye 

Special Projects Engineer 
Nebraska Department of Roads 

Assistant Roadway Design Engineer 
Nebraska Department of Roads 

Assistant Planning Engineer 
Nebraska Department of Roads 

Accident Records Bureau Manager 
Nebraska Department of Roads 

Assistant Traffic Engineer 
CALlRANS 



ABSTRACT . . . . 

ACKNOWLEDGEMENTS 

LIST OF TABLES . 

LIST OF FIGURES 

I1HROOUCTION . . 

TABLE OF CONTENTS 

iii 

PAGE 

i 

; ; 

vi 

ix 

PROBLEM STATEMENT 2 

OBJECTIVES OF FEASIBILITY STUDY 3 

METHODOLOGY . . . . . . . . . . 3 

BREAKEVEN BENEFIT-COST ANALYSIS TO RETROFIT CONCRETE MEDIAN BARRIERS 
IN CALIFORNIA (SECTION 1) 6 

COSTS TO RETROF IT . . B 

ACCIDENT COSTS BEFORE RETROFITTING 9 

Accident Data 9 

Single Accident Costs 12 

Accidents per Mile of CMS 13 

Total Accident Costs per Mile of CMB 15 

EFFECTIVENESS OF RETROFIT UNIT . . . . . • 

Example Problem No.1 (hypothetical) 

COSTS LIMITS TO RETROFIT NEW JERSEY CONCRETE I~EOIAN BARRIERS BASED ON 

HVOSM COMPUTER SIMULATIONS (SECTION 2) 

HVOSM . . . . . 

Val idation 

Simulation Results 

SEVERITY OF AUTOMOBILE COLLISIONS WITH RETROFIT CMB 

INJURY PROBABILITIES 

INJURY ACCIDENT COSTS 

16 

16 

19 

20 

20 

21 

21 

32 

32 



iv 

HVOSM (cont i nued) PAGE 

COST-EFFECTIVENESS COMPUTER PROGRAM 34 

EFFECTIVENESS OF RETROFIT UNIT . 34 

lateral Impact Probabilities 39 

Impact Condition Probabilities 43 

Effectiveness Performance Levels 45 

BENEFIT OF CMB RETROFIT UNIT . 51 

Benefit Performance levels 52 

COST LIMIT SENSITIVITY ANALYSES 52 

ACCIDENT ANALYSIS: COST LIMITS TO RETROFIT NEW JERSEY CMB BASED ON 

ASSUMED INJURY ACCIDENT COST REDUCTIONS (SECTION 3) 65 

ACCIDENT DATA ..... 

Southwest Research Institute Data 

Omaha Data .... 

COST LIMIT SENSITIVITY ANALYSES 

Injury Accident Costs 

Cost Limits . 

ACCIDENT ANALYSIS: COST LIMITS TO RETROFIT NEW JERSEY CMB BASEO ON 

66 

67 

67 

70 

70 

75 

ELIMINATING ROLLOVER INJURY ACCIDENT COSTS (SECTION 4) 80 

EFFECTIVENESS OF RETROFIT UNIT . 81 

NUMBER OF CMB ROLLOVER ACCIDENTS 84 

CM8 ROLLOVERS AS FUNCTION OF HIGHWAY CONDITIONS 85 

COST LIMITS TO RETROFIT . . 

COMPARISON OF COST-EFFECTIVENESS STRATEGIES (SECTION 5) 

CONCLUSIONS (SECTION 6) 

ACCIDENT DATA . . . 

COST LIMITS TO RETROFIT CMB 

BREAKEVEN ADT TRAFFIC VOLUMES 

POTENTIAL EFFECTIVENESS OF CMB RETROFIT UNIT 

88 

93 

97 

98 

99 

99 

102 



v 
PAr.F 



LI ST OF TABLES 

Table 

SECTION 1 

1. CONCRETE MEDIAN BARRIER ACCIDENTS IN CALIFORNIA 

2. ACCIDENT SOCIETAL COSTS ($) •.. 

3. ACCIDENT ANALYSIS OF CONCRETE MEDIAN BARRIERS 
IN CALIFORNIA .. . . . . .. . ... 

SECTION 2 

4. COST-EFFECTIVENESS OF RETROFITTING NEW JERSEY CMB 
HVOSM SIMULATIONS, AUTO WEIGHT = 2,250 lbs. 

5. COST-EFFECTIVENESS OF RETROFITTING NEW JERSEY CMB 
HVOSM SIMULATIONS, AUTO WEIGHT = 4,500 lbs. 

6. TOLERABLE AUTOMOBILE ACCELERATIONS • . 

7. VERTICAL AUTOMOBI LE REDUCTION FACTORS: LOWER LIMIT 

8. VERTICAL AUTOMOBILE REDUCTION FACTORS: UPPER LIMIT 

9-14 . SEVERITY INDICES 

10 

12 

14 

23 

24 

26 

27 

28 

9. ADJUSTMENT FACTOR: NONE AUTOMOBILE SIZE = 2250 lbs. 29 

10. ADJUSTMENT FACTOR: LOWER LIMIT AUTOMOBILE SIZE = 
2250 lbs. . . . 29 

11. ADJUSTMENT FACTOR: UPPER LIMIT AUTOMOBILE SIZE = 
2250 1 bs. 30 

12. ADJUSTMENT FACTOR: NONE AUTOMOBILE SIZE = 4500 lb s. 30 

13. ADJUSTMENT FACTOR: LOWER LIMIT AUTOMOBILE SIZE = 
4500 1 bs. 

14. ADJUSTMENT FACTOR: UPPER LIMIT AUTOMOBILE SIZE = 

4500 1 bs. 

31 

31 

vi 



LIST OF TABLES (continued) 

Table 

SECTION 2 (continued) 

IS. RELATIONSHIP BETWEEN SEVERITY-INDEX AND PROBABILITY 
OF INJURY ACCIDENT . . . . . . . . . . .. 

16. RELATIONSHIP BETWEEN SEVERITY-INDEX AND INJURY 
ACCIDENT PROBABILITIES, ACCIDENT CLASSIFICATION, 
AND TOTAL ACCIDENT COSTS 

17. CMB IMPACTS ....... . 

lB. LATERAL IMPACT PROBABILITIES 

19. MEAN SPEED AND STANDARD DEVIATIONS 

20. IMPACT CONDITION PROBABILITIES 
(RURAL INTERSTATE HIGHWAY) 

21. IMPACT CONDITION PROBABILITIES 
(URBAN INTERSTATE HIGHWAY) 

22-25. NEW JERSEY CMB RETROFIT PERFORMANCE LEVELS 
BASED ON HVOSM SIMULATIONS 

22. RURAL INTERSTATE HIGHWAY, 50/50 AUTO SPLIT. 

23. RURAL INTERSTATE HIGHWAY, 75/25 AUTO SPLIT 

24. URBAN INTERSTATE HIGHWAY, SO/SO AUTO SPLIT 

25. URBAN INTERSTATE HIGHWAY, 75/25 AUTO SPLIT 

26-32. COST LIMITS TO RETROFIT NEW JERSEY CONCRETE 
MEDIAN BARRIER 

• 

26. NSC ACCIDENT COSTS, 50/50 AUTO SPLIT, CASE III 

27. NSC ACCIDENT COSTS, 75/25 AUTO SPLIT, CASE III 

28. NOR ACCIDENT COSTS, 50/50 AUTO SPLIT, CASE III 

29. NOR ACCIDENT COSTS, 75/25 AUTO SPLIT, CASE III 

30. NSC ACCIDENT COSTS, 50/50 AUTO SPLIT, CASE I . 

vi i 

32 

35 

40 

41 

43 

44 

44 

46 

47 

48 

49 

54 

55 

56 

57 

61 



LIST OF TABLES (continued) 

Table 

31. NSC ACCIDENT COSTS, 50/50 AUTO SPLIT, CASE II 

32. NSC ACCIDENT COSTS, 50/50 AUTO SPLIT, CASE IV 

SECTION 3 

33. SEVERITY DF NEW JERSEY CMB ACCIDENTS 
VERSUS VEHICLE WEIGHT . . . . . . 

34. BREAKEVEN ADT'S FOR RETROFIT COST DF $IO/FT. AND 
NATIONAL SAFETY COUNCIL INJURY ACCIDENT COSTS 

SECTION 4 

35. SwRI ACCIDENT DATA SUMMARY 

36. HVOSM ROLLOVER PREDICTIONS 

37. ROLLOVER ACCIDENTS .. .. 

3B. RELATIONSHIP BETWEEN ROLLOVER ACCIDENTS, 
ACCIDENT CLASSIFICATION, AND 
TOTAL ACCIDENT COSTS . . 

39. COST LIMITS TO RETROFIT CMB . . . 

SECTION 5 

40. COMPARATIVE STUDY OF BREAKEVEN ADT'S FOR 
RETROFITTING NEW JERSEY CMB .. . 

SECTION 6 

41. BREAKEVEN ADT TRAFFIC VOLUMES .•.• 

Page 

62 

63 

69 

79 

83 

84 

86 

90 

92 

95 

101 

viii 



LIST OF FIGURES 

Figure 

1 RETROFIT OF NEW JERSEY (MB5) CONCRETE MEDIAN BARRIER 4 

2 EXAMPLE PROBLEM TO ILLUSTRATE THE FEASIBILITY OF THE 
CMB RETROFIT UNIT (Hypothetical) ......... . . . • .. 18 

3 IDEALIZATIONS OF NEW JERSEY CONCRETE MEDIAL BARRIER FOR 
HVOSM COMPUTER MODEL SIMULATIONS . . . . . . . . . .. ..... 22 

4 RELATIONSHIP BETWEEN SEVERITY-INDEX AND PROBABILITY OF 

5 

6 

INJURY ACCIDENTS .................. . 

RELATIONSHIPS BETWEEN SEVERITY-INDEX AND TOTAL ACCIDENT COSTS. 

DISTRIBUTIONS OF LATERAL EXTENT OF ENCROACHMENTS . . . . . 

7 HVOSM SIMULATIONS: COST LIMITS TO RETROFIT NEW JERSEY CMB 
AS FUNCTION OF AUTO SPLIT, HIGHWAY CLASSIFICATION, AND 

33 

36 

42 

PROJECT LIFE ... . . . . 50 

8 HVOSM SIMULATIONS: COST LIMITS TO RETROFIT NEW JERSEY CMB 
AS FUNCTION OF VERTICAL DECELERATION REDUCTION FACTORS . . 

9 HVOSM SIMULATIONS: COST LIMITS TO RETROFIT NEW JERSEY CMB AS 

. . 58 

FUNCTION OF INTERSTATE HIGHWAY CLASSIFICATION . . . . . .. .. 59 

10 HVOSM SIMULATIONS: COST LIMITS TO RETROFIT NEW JERSY CMB AS 
FUNCTION OF ACCIDENT COSTS AND AUTO SPLIT FOR URBAN 
INTERSTATE HIGHWAY . . . . . . . . . . . . . . . . . . . . . . . . 60 

11 ACCIDENT ANALYSIS: PRESENT WORTH INJURY ACCIDENT COSTS FOR 
NEW JERSEY CMB ON RURAL INTERSTATE HIGHWAY . . . . . . . . . . . . 73 

12 ACCIDENT ANALYSIS: PRESENT WORTH INJURY ACCIDENT COSTS FOR 
NEW JERSEY CMB ON URBAN INTERSTATE HIGHWAY . . . . . . . . . 74 

13 ACCIDENT ANALYSIS: COST LIMITS TO RETROFIT NEW JERSEY 
CMB ON RURAL INTERSTATE HIGHWAY .......... . . . . . 76 

14 ACCIDENT ANALYSIS: COST LIMITS TO RETROFIT NEW JERSEY CMB 
ON URBAN INTERSTATE HIGHWAY. . . . . . . . . . . . . . . . . . . . 77 

ix 



1 

• 

I NTRODUCTI ON 



2 

PROBLEM STATEMENT 

Observations of full-scale vehicle crash tests show that under low 

angles of impact of 7 to 10 deg. that the New Jersey eMS ;s very effective 

in redirecting compact (2.250 lb) and standard (4.500 lb) automobiles with 

little roll as the result of mostly tire interaction on the lower 55 deg. 

inclined barrier surface. Under impact angles of 15 deg. and higher, how

ever, compact and standard automobiles have enough momentum to plow straight 

ahead, ramp in the lower inclined barrier surface and subsequently undergo 

large angles of roll after being redirected by the upper steep barrier 

surface. 

A summary of accident data presented by the Southwest Research Institute 

(SwRI) on the concrete median barriers (CMB) prior to 1974 shows that 7 (4%) 

of the 180 reported accidents on the standard New Jersey eMS resulted ;n 

rol1overs and mountings. More recent accident data compiled by CALTRANS 

on the CMB in California shows that 116 (7.7%) of the 1.515 reported accidents 

in 1978 and 177 (9.9%) of the 1.796 reported accidents in 1979 resulted in 

vehicle rollovers. About 50% of the rollovers reported by the SwRI were 

small size automobiles. whereas. the number of small automobile rollovers 

in California were not reported. This increase in rollovers is most-

likely due to (a) increases in travel speeds since the imposition of the 

55 mph speed limit in 1974. and (b) increases in the number of small auto

mobiles in the traffic stream because of the higher costs of fuel. 

It is. however, certainly reasonable to expect in the near future that 

the number of small automobiles in the traffic stream will continue to 

increase. As a result. the number and severity of rollover accidents on 

the New Jersey and similar CMS designs involving small automobiles 

will undoubtedly continue to increase, because small automobiles have shorter 



wheel track widths and much lower roll-movments-of-inertia than standard 

automobiles. 

OBJECTIVES OF FEASIBILITY STUDY 

3 

The proposed design concept for improving the rollover performance 

characteristics of the New Jersey eMS is shown in Figure 1. The retrofit 

unit with reversed sloped surfaces would be of precast concrete construction 

and anchored to the eMS by rebar dowels and epoxy. 

The objective of this feasibility study was to determine the effective

ness of the retrofit unit in reducing accident costs by suppressing the 

uplift and rollover of errant automobiles under impact angles greater than 

10 deg. The retrofit unit in Figure 1 would be designed in such a manner 

that it would not alter the performance characteristics of the original 

design for angles of impact of 10 deg. and l ess. 

METHODOLOGY 

In order for the retrofit unit to be considered as a feasible improve

ment alternative, the construction costs of retrofitting must not exceed 

the benefits to be derived from retrofitting. The benefits in this study 

were taken as the difference in accident costs before and after retrofitting. 

Based on this methodology, a cost-effectiveness computer simulation model 

was developed and used to compute "cost 1 imits" for retrofitting. The cost 

limits computed were expressed as a function of the following variables: 

Rural interstate highway with 30 ft. median 

Urban interstate highway with 16 ft. median 

Compact automobile distributions of 50 and 75% 

Traffic volume ADT's in both directions 

In the development of the cost-effectiveness computer simul ation 

model, it was assummed that the retrofit unit would be effective in suppress-
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ing vehicle uplift and rollover. To accomplish this task. the vertical 

vehicle acceleration components computed by the use of the HVOSM model 

were adjusted accordingly to the magnitude of the impact angle. The 

results of this simulation study (Section 2) compared favorably with the 

results of a cost-effectiveness accident analysis study (Section 4). 

The cost-effectiveness computer simulation model developed in this 

5 

study was general in scope and it has the capability to (1) rapidily inves

tigate the effects of variables such as median widths, encroachment frequency 

rates, lateral offset impact probabilities. and impact speed-angle probabilities 

(2) account for both non-rollover and rollover accidents, (3) account for 

the influence of higher impact speeds on rural highways and lower impact 

speeds on urban highways, (4) account for the influence of all possible 

combinations of impact speeds and impact angles. and (5) take into considera

tion the effects of using injury accident societal costs published by 

different private and public agencies. 



BREAKEVEN 

BENEFIT-COST ACCIDENT ANALYSIS 

TO 
RETROFIT CONCRETE MEDIAN BARRIERS 

IN 
CALI FORN IA 

(SECTION 1) 

6 



7 

In order for the CMB retrofit unit to be considered as a feasible 

improvement alternative, the construction costs of retrofitting must not 

exceed the benefits to be derived from retrofitting. The benefits in this 

study were computed as the difference in total accident costs before and 

after retrofitting. Total accident costs refers to the summation of all 

costs incurred in fatal, injury, and POD accidents. The breakeven benefit-

cost relationship described can be expressed mathematically as follows: 

Benefits of Retrofitti~g - 1 
Costs to Retrofit --

1 ---Eg. 1 

where: 

ACB = total CMB accident costs before retrofitting ($/yr/mi) 

ACA = total CMB accident costs after retrofitting ($/yr /mi) 

CR = CMB retrofit construction costs ($/yr/mi) 

Assumming that the retrofit unit will be effective in reducing accident 

costs, one can express the accident costs after retrofitting as a percentage 

reduction of the accident costs before retrofitting as follows: 

---Eg. 2 

where: 

ACA = defined in Eg. 1 

AC B = defined in Eg. 1 

E = effectiveness of retrofit unit reguired to reduce 

tota 1 acc i dent cos ts 
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Upon the substitution of Eq. 2 into Eq. 1. the effectiveness of the 

retrofit unit required to reduce accident costs (E) can be expressed ;n 

terms of the retrofit unit construction costs (CR) and the total accident 

costs before retrofitting (ACB) as follows: 

_ CR E -AC
B 

---Eq. 3 

A discussion of the terms ;n Eq. 3 and a hypothetical example problem 

illustrating the use of Eq. 3 will be presented in the work to follow. 

COSTS TO RETROFIT CMS 

The eMS retrofit units would initially be of precast concrete construction 

and shipped by truck to the job site for installation. Design and maintenance 

engineers of the Nebraska Department of Roads. with many years of field 

experience. estimate that the retrofit units can be precast. shipped, ;n-

stalled and doweled in-place for $10 plf or less. Drilling the dowel rebar 

holes in the CMB, which may contain steel reinforcement, can be quickly done 

using a diamond core bit apparatus mounted on a truck. The holes in the 

retrofit units would be preformed. 

If the retrofit concept should prove to be effective in later studies 

under full-scale vehicle crash test conditions, then other lighter, stronger, 

and cheaper materials such as rotational molded polyethylene plastics would 

be worthy of consideration. Snyder Industries in Lincoln, Nebraska have 

developed and marketed many commercial products using plastics with physical 

properties superior to steel. Design engineers from Snyder Industries believe 

that the CMB retrofit units could be fabricated from plastic materials. 
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For the purposes of this study, a retrofit unit cost of $10 plf was 

used. More insight into the actual costs of the eMS retrofit unit can only 

be gained from field experience. The annualized cost to retrofit 1-mile of 

eMS would therefore be equal to a value of $6,205. The equation used to 

compute the annualized cost was as follows: 

CR = 5,280 (PR)(CRF) ---Eq. 4 

= $6,205 per yr. per mi. 

where: 

CR = annualized retrofit costs ($/mi/yr) 

PR = retrofit construction costs ($10 plf) 

CRF = capital recovery factor for project improvement life 

of 20 yrs. at compounded interest rate of 10% = 0.1175 

ACCIDENT COSTS BEFORE RETROFITTING 

Accident data obtained from CAL TRANS (1) on eMS accidents was analyzed 

to assess the severity of eMS collisions and to provide a basis for estimat

ing the potential effectiveness of the retrofit unit in reducing accident 

costs (see Eq. 3). 

Accident Data 

The accident data obtained from CALTRANS on the CMS in California is 

summarized in Table 1 for the years from 1970 through 1979. excluding 

the year 1972 because no data was reported. In 1970. California had 6 mi. 

of CMS and 50 reported accidents; whereas. in 1978. it had 382 mi. of CMS 



TABLE I 

CONCRETE MEDIAN BARRIER ACCIDENTS IN CALIFORNIA 

YEAR 

1970 

1971 

1972 

1973 

1974 

1975 

1976 

1977 

1978d 

197ge 

I 

Number of Reported Accidentsa 

Fatal 

I 
(2.0) 

o 
(0·2) 

NR 

3 
(0.5) 

4 
(0.9) 

4 
(0.7) 
12 

(1. 6) 
10 

(1. 0) 
17 

(1.1) 
22 

Injury 

26 
(52.0) 

24 
(48.0) 

NR 

216 
(33.2) 
211 

(46.4) 
287 

(50.3) 
396 

(51.1 ) 
536 

(51. 9) 
809 

(53.4) 
1022 

PDO 

23 
(46.0) 

26 
(52.0) 

NR 

431 
(66.3) 

240 
(52.7) 

280 
(49.0) 

366 

I 
(47.3) 

487 
I (47.1) 
I 689 

(45.5) 
752 

(1.2) (56.9) I (41.9) 

Total 

50 

50 

NR 

650 

455 

571 

774 

1,033 

I
I 1,515 

1,796 

I 

Miles 
of CMB 

6 

7 

NR 

I 139 

182 

262 

274 

I 309 
I 382 

NR 

a. Number in ( ) represents the percentage of accidents by type 
b. MVM = Million Vehicle Miles 
c. NR = Not Reported 
d. Number of rollovers in 1978 = 116 (7.7%) 
e. Number of rollovers in 1979 = 177 (9.9%) 

I 

I 

Travel 

(MVM) 

225 

249 

NR 

3,560 

4,658 

6,145 

8,100 

9,626 

! 13,531 

17,454 

Accident Rates per MVMb 

Fatal [Fat. & In.i. Total 

0.0044 

0.0000 

NR 

0.0008 

0.0009 

0.0007 

0.0015 

0.0010 

0.0013 

0.0013 

I 0.120 

0.096 

NR 

I 0.062 

0.046 

0.047 

I 0.050 , 
I 0.057 

I 0.061 

0.060 

0.222 

0.201 

NR 

0.183 

0.098 

0.093 

0.096 

0.107 

0.112 

0.103 

-o 
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and 1.515 reported accidents. The miles of eMB was not reported for the 

year of 1979. Based on the data shown in Table 1. the following observations 

were evident: 

1. The fatal + injury accident rates per MVM and the total accident 

rates dropped sharply in 1974. CALTRANS attributes this drop 

in accident rates to the imposition of the 55 mph speed limit. 

2. Since 1974. the accident rates per MVM have been increasing. The 

fatal + injury accident rates, in particular, exhibit the greater 

increase. This increase in accident rates ;s most-likely due to 

(a) an increase in travel speeds, and (b) an increase in the number 

of small automobiles in the traffic stream. 

3. The number of rollovers increased from 116 (7.7 %) in 1978 to 177 

(9.9%) in 1979. No data was reported on rollovers prior to 1978. 

However. accident data summarized by the SwRI (see Table 35) 

shows that rollovers and mountings on the New Jersey CMB constituted 

4% of the reported accidents prior to 1974. For the same reasons 

given above, this increase ;n rollovers is most-likely due to 

(a) an increase in travel speeds, and (b) an increase in the 

number of small automobiles in the traffic stream. 

The California accident data in Table 1 was somewhat limited, in that, 

the data was not broken down by vehicle weight distributions, impact 

conditions 
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Single Accident Costs 

In order to compute accident costs of collisions with the eMB before 

retrofitting. it was necessary to consider the societal costs of an accident. 

The societal costs of a fatal accident, injury accident, and POD accident 

vary widely among the different agencies reporting this information. Soci

etal costs published by the National Safety Council (£) and the National 

Highway Traffic Safety Administration (1) are shown in Table 2. The societal 

costs of the NSC were used in this study because these costs provided the 

mast conservative estimate of the potential effectiveness of the retrofit 

unit in reducing accident costs. 

Type Accident NSC NHTSA 

POO 850 900 

Injury 5,800 4,900 

Fatal 150,000 336,000 
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The average cost of a single accident with the eMS was obtained by 

considering the number of PDQ, injury and fatal accidents in Table 1 and the 

accident societal costs in Table 2. The equation to compute this cost was 

as follows: 

Cacc . = F(C fat ) + I(C inj ) + PDO(C pOO ) 

where: 

Cace = average cost ($) per single accident 

Cfat = $150,000 per fatal accident 

5.800 per injury accident 

850 per POD accident 

F = total number of fatal accidents (%) 

I = total number of injury accidents (%) 

POD = total number of POD accidents (%) 

---Eq. 5 

The computed average costs of a single eMS accident for the years of 

1973 and 1978 are shown in Table 3. The higher cost in 1978 of $5,167 com

pared to $3,181 in 1973 was a reflection of the increase in the number of 

injury and fatal type accidents. 

Accidents per Mile of eMB 

The total number of accidents in California that occurred annually for 

each I-mile length of eMB was computed for different volumes of traffic by 

taking into consideration the total accident rate. The number of acc~dents, 

shown in Table 3, was computed by use of the following equation: 



TABLE 3 

ACCIDENT ANALYSIS OF 
CONCRETE MEDIAN BARRIERS IN CALIFORNIA 

Cost of Total Total 
AOT Singl~ AC~ ident Acc11ent R~iea Tota l Accidents Accident Costs($) 

(J .000) $ Acc Acc/MVM per year per mile per year per mile 
1973 1978 1973 1978 1973 1978 1973 1978 

20 3.181 5.167 0.183 0.122 1.34 0.e2 4.263 4.237 

40 2.67 1.64 8.493 8 .474 

60 4.01 2.45 12.756 12.659 

80 5.34 3. 27 16.987 16.896 

100 6.68 4.09 21, 249 21.133 
I , 

120 8.02 4.91 25.512 
I 

25.370 

140 I 9.35 5.72 29.742 , 29.555 

160 10.69 6.54 34.005 33.792 

ISO I 12.02 7.36 38.236 38.029 

200 t 13.36 8.18 42.498 42.266 

a. Accident rates assummed to be the same for all traffic volumes 

Breakeven Cost 
Reducti{~ Factors 

1973 1978 

145 146 

73 73 

49 49 

37 37 

29 29 

24 
I 

24 

21 I 21 

18 I 18 , 

16 16 

15 15 



where: 

Atot = total number of eMB accidents per mi, per yr. 

Arate = total accident rate per MVM 

0yr = 365 days per year 

15 

---Eq. 6 

Referring to Table 3, it can be predicted that about 4.1 accidents would 

occur in 1978 for each mile of eMB located on a highway carrying a traffic 

volume of 100.000 v~d. whereas, the number of accidents would double on a 

highway carrying a higher traffic volume of 200,000 vpd. 

Total Accident Costs per Mile of CMB 

Once having computed the costs of a single accident (Eq. 5) and the 

number of accidents for each mile of eMB (Eq. 6), it was possible to then 

compute the total annual accident costs before retrofitting. The equation 

used to compute these costs was as follows: 

ACB = Cacc (Atot ) 

where: 

---Eq. 7 

ACB = total CMB accident costs before retrofitting ($/yr/mi) 

Cacc = average cost ($) per single accident 

Atot = total number of accidents per mi. per yr. 

The computed total annual accident costs are shown in Table 3 for the 

years of 1973 and 1978. As evident, there was no significant difference 
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in accident costs between these two years because the higher single accident 

costs in 1978 were offset by the lower number of accidents. 

EFFECTIVENESS OF RETROFIT UNIT 

In the preceding work. values were computed for the construction costs 

of retrofitting (Eq. 4). and the total annual accident costs before retro

fitting for different levels of traffic volumes (Eq. 7). Upon the substitution 

of this work into Eq. 3, values were then computed for the effectiveness of 

the retrofit unit required to reduce accident costs. The effectiveness 

values computed are shown in Table 3 for the years of 1973 and 1978. As 

evident, no significant difference exists between these two years because 

the total accident costs were nearly the same. Also, it is evident that 

as the traffic volumes increase the effectiveness of the retrofit unit 

required to reduce accident costs decreases. For example, in 1978 the 

retrofit unit would need to be at least 29% effective on a highway carrying 

a traffic volume of 100,000 vpd; whereas, it would only need to be 21 % 

effective on a highway carrying a higher traffic volume of 140.000 vpd. 

In order to more clearly illustrate the application of the results 

presented ;n a Table 3, a hypothetical example problem was worked. The 

problem statement and its solution follows: 

Example Problem No.1 
(hypothetical) 

Based upon the results of full-scale vehicle crash tests. it is estimated 

that the eMB retrofit unit concept design will be 25% effective in 

reducing total accident costs. Determine the traffic volumes under which 

the retrofit unit could be considered as a feasible alternative. 



Solution to Example Problem No.1 

(hypothetical) 
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A graph of "Traffic Volume (ADT)" versus "Effectiveness of Retrofit 

Unit Required to Reduce Total Accident Costs" is presented in Figure 2. 

Values of the variables in the graph were obtained from Table 3. 

Since the "Actual effectiveness" of the eMS retrofit unit was estimated 

to be 25% from the results of full-scale vehicle crash tests. it can 

be seen in Figure 2 that the retrofit unit would be feasible on highways 

carrying traffic volumes of about 115,000 vpd and higher. 

In the work to follow, analytical attempts will be made to determine 

the "potential effectiveness" of the C~lB retrofit unit concept. 
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The computer model simulations were made for two size automobiles 

impacting the New Jersey eMS under a wide range of speed -angle combinations. 

The automobiles weighed 2,250 and 4,500 lbs. The impact speeds were 30. 

40. 50, 60 and 70 mph, whereas. the impact angles were 5, 10, 15 . 20 and 

25 deg. 

HVOSM 

The University of Nebraska-Lincoln (UNL) has successfully and extensively 

used the Texas Transportation Institute (TTl) version of HVOSM (i) for 

embankment and ditch transversals, however, attempts to use t he model for 

vehicle-barrier impacts were unsuccessful in this study. The program was 

taking a standard fixup which produced results that appeared very questionable. 

No serious attempts were made to correct the program errors. 

The FHWA version of HVOSM (2, ~, Z' ~) was then installed and made 

operational on the UNL IBM 360/65 and two IBM 370/158 computers . 

Validat i on 

The validation of the FHWA version of HVOSM was accomplished using 

the imput vehicle properties and the full-scale test results published 

by Sronstad (1. lQ) on the New Jersey eMS. Good corre l ations were obtained 

for both the standard and subcompact vehicles under the impact conditions 

of approximately 60 mph and 7 and 15 deg. An example computer run of the 



input and output results for a subcompact vehicle (Vega) is presented in 

Appendix A. In validating the model. three idealizations of the eMS were 

considered as shown ;n Figure 3. The curb portion was used to simulate 
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the interaction between the vehicle tires and barrier, whereas, the barrier 

portion was used to simulate the interaction between the vehicle body and 

the barrier. Case 3 ;n Figure 3 consisting of full curb and barrier provided 

the best correlations and therefore it was used for all subsequent work. 

Simulation Results 

The HVOSM simulation results for two size automobiles impacting the 

New Jersey eMS over a wide range of speed-angle combinations are presented 

in Tables 4 and 5. The vehicle acceleration components were averaged over 

the same 50 msec time interval during the primary impact stage. The maximum 

roll angle reported usually occurred after the secondary impact in which the 

rear of the vehicle impacts the eMB. Linear regression and the TTl results 

in HRR 460 (11) were used to obtain accelerations whenever the HVOSM output 

results were questionable or singularity occurred in the subroutine SIMSOL. 

No serious attempts were made to correct these errors. The rollover cases 

were based on the TTl results in HRR 460 for the standard size vehicle, 

whereas, engineering judgement was used to predict rollovers of the sub

compact size vehicle . 

SeVERITY OF AUTOMOBILE COLLISIONS WITH RETROFIT CMB 

The severity of an automobile impacting the retrofitted New Jersey 

eMB was expressed in terms of a Severity-Index. The severity-index is 

computed as the ratio of the measured or computed resultant automobile 
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TABLE 4 

COST-EFFECTIVENESS OF RETROFITTING NEW JERSEY CMB 

H V 0 S M S I M U L A T ION S 

Impact 
Conditions 

Speed Angle 
(mph) (deg) 

Front 
Tire 
Climb 

(i n) 

Max. 
Roll 
Angle 

(deg) 

AUTO WEIGHT = 2,250 lbs 

Avg. 50 ms Decelerations 
During Primary Impact 

G lat . 

30 5 -- -- O.OOa 1. 78a 0.32a 

10 3 +28 0.90 2. 98 0.5B 
15 7 +10 1.36 3.39 1.04 
20 10 - 5 2. 29 4.50 1.34 

COM MEN T S 

Ran out of CPU time 

~ ____ ~ __ ~25~ __ ~~1~3~~ __ ~-~10~-+~3~. 6~2~.+-~5~.~6.2~_ ~1~.~45~+_. ______________________ ~ 
5 -- -- O. OOa 0.47a 1.25a Ran out of CPU time 40 

10 6 +31 0.95 3 . 19 1.57 
15 10 - 9 1.83 4.59 1.59 
20 15 -20 3.37 6.58 1.78 
25 17 -16 5.21 9 . 68 2.10 

50 5 3 +16 0.41 2.74 0.25 
10 9 + 3 0.93 3.41 1.59 

I· 15 15 -29 2.54 6.36 1.98 

i 
20 17 -21 3.96 9.11 2.13 

L-______ -+ __ ~2~5 ____ i __ ~-~-____ +_~-~-~---l_~5~.1~4~a--+_~I~I~.2~3~a.--~.~3~. ~31,-a--~0<~u~t~p~ut~r~e~s~ul~ts auest i onable 

'
I 60 5 5 +20 0.55 2.82 1.37 

10 11 -11 1.20 4. 21 1.76 
, 15 17 -26 3. 10 9.32 2.20 

20 -- -- 4.37a IO.01a
d 

3. 52a 

25 -- ROC 5.75a 11.07 4.58a 
1-------+--2:~__l-------+---""--_+_-=-=.!..:....--If__"'-='--" 

70 5 6 +20 0 . 46 2.75 1. 36 
10 14 - 38 I 1.55 5.14 2.02 
15 -_ ROC 2 . 64a 7.53a 2. 68a 

20 - - ROC I 3.73a 9. 92a 3.34a 

25 -- ROC 4. 82a 12.31a 4.00a 

a. Deceleration s determined by method of lea s t squares Linear regression 

SIMSOL Matri x singul ar 
Output results _questionabl e 

SIMSOL Matrix singular 
SIMSOL Matrix s ingular 

c . Predicted roll over based on re sults in HRR460 (p 69) for st andard size auto 
d. Dece leration obta ined by us ing same slope as s tandard auto in HRR460 (p 69) for 60 mph impacts 

N 
W 
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Impact Front 
Conditions Tire 

Speed Angle e1 imb 

(mph) (deg) (i n) 

30 5 --
10 4 
15 5 
20 --
25 --

40 5 --
10 6 
15 7 
20 10 
25 21 

50 5 3 
10 7 
15 10 
20 14 
25 --

60 5 5 
10 --
15 17 
20 --
25 --

70 5 3 
10 lib 
15 --
20 --
25 --

TABLE 5 

COST-EFFECTIVENESS OF RETROFITTING NEW JERSEY CMB 
H V 0 S M S I M U L A T ION S 

AUTO WEIGHT - 4 500 lbs , 
. -

Max. Av~ . 50 ms Decelerations 
Roll uring Primary Impact 
Angle COM MEN T S 
(deg) GIang. G G 

la~ L .. vert. 

-- O.27a I. 32a 0.00 Ran out of CPU time 
+19 1.09 2.40 0.11 
+ 8 I. 91 3.48 0.67 
-- 2.73a 4.56a 1.23a SIMSOL Matrix Singular 
-- 3.55a 5.64a 1.79a Output results questionable -
-- 0.34a I. 93a 0.32a Ran out of CPU time 

+10 1.49 3.32 0.58 
+ 4 2.54 4.12 1.20 
+ 6 3.23 5.38 I. 21 
- 5 4.73 6.81 1.44_ +_ -- ---
+21 0.44 2.21 0.14 I 
+20 1. 31 3.48 I. 27 
- 6 2.43 5.11 1. 55 
- 8 4.72 9.38a 2.16 
-- 5.91a 11.37 2.97a SIMSOL Matrix singular 

f-
+20 0.68 2.98 0.35 
-- 2.19a 5.65a 1.34a SIMSOL Matrix singular 

-10 3.78a 9.79 2.31a 
_37b 5.06b ID.35~ 3.35b 

SIMSOL Matri x singular 
6.41 II. 23 4.38 SIMSOL Matrix Si ngular 

+28
b O·90b 2.22b 0.17b -20 0.16b 5.06b 2.03b Output results questionable 

ROb 2.81 6.44 3.16 Output results questionable 
ROb 5.21 a 8.96a 4.84a SIMSOL Matrix s ingular 
ROb 7.16a II.I6a 6.36a S IMSOL Matrix singular 

d. Decelerations determined by method of l east squares Linear regression 
b. HVOSM simulation results from HRR460, p 69 (TTl Version of HVOSM) 

I , 

I 
I 
! 
I 
I , 
i , 
I , , 
i 
I 
I 

N ... 
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acceleration to the resultant "tolerable" automobile acceleration that 

deflnes an elllpsoidal surface . This ratio can be expressed mathematically 

by Eq . 8. An in-depth discussion on the development of Eq. 8 was presented 

by Pos t (g. 1]). 

where: 

---Eq. B 

51 = severity-index for a given vehicle size (W). 
W ,0 , v 

encroachment angle (0) and speed (v) 

RFw,0 = estimated reduction factor for eMS, retrofit 

as a function of vehicle size (W) and impact 

angle (0) 

610ng = computed auto longitudinal accelerations along 

x-axis 

G'at = computed auto lateral accelerations along 

y-axis 

Gvert = computed auto vertical accelerations along 

z-axis 

GXL,GYL,GZl = tolerable auto accelerations along the x, y, 

and z-axes, respectively 

The severity-index computations in the subsequent work based on automobile 

accelerations tolerable to an unrestrained occupant, and the automobile 

accelerations were averaged over a time duration of 50 msec as shown earlier 

in Tables 4 and 5. The relationship between severity-index and injury level 

will be discussed in a later section. Tolerable accelerations suggested by 



Weaver (1.1) for use in the severity-index equation are shown in Table 6. 

TABLE 6 

TOLERABLE AUTOMOBILE ACCELERATIONS 
(After Weaver 11) 

Accelerations 
Degree of Occupant Restraint GYL GXL GZL 

Unrestrained 5 7 6 

Lap Belt Only 9 12 10 

Lap Belt and Shoulder Harness 15 20 17 

No computer models were available when this study started that could 

take into account the suppression of uplift and roll of an automobile by 

26 

the reverse slope of the eMB retrofit unit shown in Figure 1. To accomplish 

this task, the HVOSM model was used in conjunction with engineering judgement. 

The average vertical acceleration component in Eq. 8 was reduced by a re

duction factor, RF, which was a function of the vehicle size and impact 

angle. A 1 isting of the "lower" and "upper" limit reduction factors used 

in this study are shown in Tables 7 and 8, respectively. CASE I applies 

to those impacts in which only rollovers occurred. 

The severity-indicies computed for CASE III reduction factors are shown 

in Tables 10, 11, 13 and 14. In Tables 9 and 12, no adjustment factors were 

used and the severity-;ndicies were set equal to 5.00 for impacts involving 

rollovers (i.e. 70 mph and 15 deg). 



TABLE 7 

VERTICAL AUTOMOBILE REDUCTION FACTORS: LOWER LIMIT 

Impact CAS E I CAS E I I CAS E 111 CAS E IV 
Angle 2,250 lb 4,500 lb 2,250 lb 4,500 lb 2,250 lb 4,500lb 2,250 lb 4,500 lb 
(deg) Auto Auto Auto Auto Auto Auto Auto Auto 

5 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

10 1.00 1.00 1.00 1.00 1.00 LOU 1.00 1.00 

15 1.00 1.00 0.97 0.98 0.95 0.97 0.80 O.BO 

20 1.00 1.00 , 0.94 0.95 0.90 0.92 0.60 0.60 

25 1.00 , \.00 0.90 0.91 0.85 0.87 0.40 OAO I , 



TABLE 8 

VERTICAL AUTOMOBILE REDUCTION FACTORS: UPPER LIMIT 

Impact CAS E I CAS E II CAS E I I I 
Angle 2,250 lb 4,500 lb 2,250 lb 4,500 lb 2,250 lb 4,500 lb 
(deg) Auto Auto Auto Auto Auto Auto 

5 1.00 1.00 1.00 1.00 1. 00 1.00 

10 1.00 1.00 1.00 1.00 1.00 1.00 

15 1.00 1.00 0.95 0.97 0.90 0.92 

20 1.00 1.00 0.86 0.88 , 0.80 0.B2 

I I 25 1.00 1.00 0.00 0.82 0.70 0.72 I 

CAS E 

2,250 I b 
Auto 

1.00 

1.00 

0.70 

0.40 
i , 

O.LO I 
I 

IV 

4,500 lb 
Auto 

1.00 

1.00 

0.70 

0.40 

0.20 

'" en 
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INJURY PROBABILITIES 

An indepth discussion on a tentative relationship between Severity-Index 

and the probability of occurrence of injury type accidents was recently pre

sented by Post (Ii) to the Transportation Research Board. The relationship 

establ ;shed for injury probabil ity is shown in Table 15 . For simpl ;c;ty 

purposes in this study. the histogram relationship was approximated by the 

two linear relationships as shown in Figure 4. 

TABLE 15 

RELATIONSHIP BETWEEN SEVERITY-INDEX 

AND PROBABILITY OF INJURY ACCIDENTS 

(AFTER POST 12) 

Severity-Index Probabil ity of 
--

(sl) Injury Accident 

SI ~ 0.5 0.1 

0.5 < SI < 1.0 0.3 

1.0 < SI < 1., 0.5 

1. 5 < SI < 2.0 0.7 -

2.0 < SI < 2.5 O.B 

2.5 < SI 1.0 

INJURY ACCIUENT COSTS 

An approach similar to that used by Weaver and Post (1..§.) was also used 

in this study to establish a relationship between severity-index and injury 
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P = 1.0 

P = 0.4 51 
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FIGURE 4. RELATIONSHIP BETWEEN SEVERITY - INDEX 
AND PROBABI LlTY OF INJURY ACCIDENTS 
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accident costs. Referring to Table 16, the severity-index and the probability 

of an injury accident were expressed by a percentage distribution in terms of 

three accident classifications: Property-Damage-Only-Accidents, Injury-Accidents, 

and Fatal-Accidents. The total accident costs in Table 16 were determined by 

using societal cost figures of the National Safety Council (f), Texas Trans

portation Institue (12), and the Nebraska Department of Roads C!). The 

histogram relationships in Table 16 were approximated by the linear equations 

shown in Figure 5, whereby. the upper limits of the accident costs were 

established for severity-indic;es of 2.75 and greater. 

COST-EFFECTIVENESS COMPUTER PROGRAM 

The computations involved in determining the cost li,nits to retrofit 

the New Jersey CMS over the sensitivity range of the many variables would 

have been a very laborious and tedious task without the aid of a computer. 

The Fortran IV program written for this study is presented in Appendix S. 

Using the IBM 370 required approximately 75 sec of CPU time and cost $6.$0 

to generate and print 188 tables of output, whereas. it would have taken 

several man-months of effort to accomplish the same task. 

EFFECTIVENESS OF RETROFIT CMS 

The effectiveness of retrofitting the New Jersey CMS was expressed in 

terms of the reduction in the Hazard-Index before and after retrofitting. 

The methodology to compute effectiveness was formulated by Glennon ~) and 

implemented in Texas by Weaver and Post (12) for managins roadside improve

ment programs on both non-controlled access highways and freeways. The 

equation used to compute the effectiveness was: 



TABLE 16 

RELATIONSHIP BETWEEN SEVERITY-INDEX AND INJURY ACCIDENT 
PROBABILITIES, ACCIDENT CLASSIFICATION, AND TOTAL ACCIDENT COSTS 

I Accident Classificationb Total Accl~)nt Costs 
Probabil ity 

Sever; ty-Indexa of Injury POD Injury Fata 1 
NSCc 

Accl~ints Accl~i"ts Accl~ints 
Ace; dent 

SI $ 0.5 O. I 90 10 0 1,400 

0.5 < SI < 1.0 0.3 60 40 0 2,300 

1.0 < SI $ 1.5 0.5 40 60 0 3,820 

1.5 < SI $ 2.0 0.7 10 88 2 8,190 

2.0 < SI $ 2.5 0.8 0 96 4 11,570 

2.5 < SI 1.0 0 94 6 14,450 

a. Computed by HVOSM Simulations 

b. Assumed in similar manner as done in TTl Report (Ref. 16) 

c. National Safety Council (Ref. 1) - - - -

d. Texas Transportation Institute (Ref. 11) 

$150,000 per fatai accident 
5.BOO per in j'Jry accident 

350 ptr POD accident 
$200,000 per fatal accident 

10.000 per injury accident 
700 per POD accident 

e. Nebraska Department of Roads (Ref. 1) - - - - $336,000 per fatal accident 
4,900 per injury accident 

900 per POD accident 

TIl d NDRe 

1,600 1,300 

4,400 2,500 

6,280 3,300 

12,870 11,120 

17,600 18,140 

21,400 24,770 
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FIGURE 5.: RELATIONSHIPS BETWEEN SEVERITY
INDEX AND TOTAL ACCIDENT COSTS 
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E = HI CMS - HI CMS 
Retrofit 

---Eq. 9 

where: E = effectiveness to retrofit (injury accident 

eliminated per mile per year) 

HI = hazard-index (expected number of injury type 

accidents per mile per year) 

The generalized equation used to compute the weighted Hazard-Index of 

the retrofit was: 

HI = EfO I:S ) ~ Pe I (IP)e ,v (PO e,v ---Eq. 10 
w "e v 

where: HI = hazard-index (expected number of injury accidents 

per mile per year) 

Ef = total vehicle encroachment rate = 0.0009 (AOT) 

for both rural and urban interstate highways 

(encroach/mi Iyr) 

0 = portion of ADT involved in median encroachments 

= 0.5 (assumed) 

W = weight of automobiles (2,250 and 4,500 lbs) 

S = automobile split by weight 

Pe = probab i 1 i ty tha t the CMS wi 11 be impacted given 

that an encroachment of an angle (e) has occurred 

IP e = impact condition probability for a given encroach-,v 
ment angle (e) and speed (v) 

PI e = probability of an injury accident for a computed ,v 
severity-index (see Figure 4) 

PI S,v = 0.4(Sle,v) if, Sle $ 2.5 ,v 

PI s •v = ],0 if, Sle > ,v 2.5 

SI s ,v s~t 5.0 if, Rollover Or.curs 
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Encroachment Frequencies 

Knowledge of the frequency at which vehicles er.croach on the roadside 

is very limited. Therefore. the encroachment frequencies used by Glennon (fQ) 

were assumed to be applicable for the purposes of this study. These relation

ships were: 

Urban Freeway 

Ef = 0.00090 (AOT) 

Rural Freeway 

Ef = 0.00090 (AOT) 

The encroachment frequency rate of Ef = 0.0009 (ADT) used in this study 

for both rural and urban interstate highways means that the total number of 

vehicle encroachments for the "left side" of each roadway (2 or more lanes in 

the same direction) into the median and from the Uright side" of each roadway 

is equal to 9 vehicle encroachments per mile per year for ADT increments of 

10,000. [t was assumed in this study that 50% (0 = 0.5) of these encroachments, 

or 4.5, would occur in the median. 

The number of vehicle eMS impacts that can be expected to occur over a 

range of encroachment angles can be computed by the following equations: 

and, 

---Eq. 11 

---Eq. 12 

where: CMS I = number of CMS impacts per mile of barrier per 

year for given encroachment angles (8) and ADT 



PelE = probability of a eMS collision given that an 

encroachment has occurred 

Ef = total vehicle encroachment rate = 0.0009 (ADT) 

for both rural and urban interstate highway 

(encroach/mi/yr) 
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o = portion of ADT involved in median encroachments 

= 0.5 (assumed) 

So = distribution of encroachment angles independent of 

of speed (see Tables 20 and 21) 

Pe = lateral offset encroachment probabilities (see 

Figure 6) 

The results computed from Eqs. 11 and 12 are presented in Table 17. It 

can be seen that for a given encroachment angle of 5 deg that one could expect 

1.30 and 1.75 eMS impacts per mile of barrier per year per ADT of 10.000 to 

occur on a rural (30 ft. median) and urban (16 ft. median) interstate highway, 

respectively; whereby, upon considering all encroachment angl~s, one could 

expect the number of eMS impacts to increase to 3.31 and 4.01 . 

The weighted averages of the eMS impact probabilities in Table 17 of 

0.735 (rural interstate) and 0.890 (urban interstate) were used later in Eq. 18. 

Lateral Impact Probabilities 

The probability that an encroaching vehicle on an intersecting path will 

impact the CMS is a function of the lateral distance between the inside edge 

of the traveled roadway and the location of the CMS. The greater this distance. 



TABLE 17 

CMB IMPACTS 

Urban Freeway: Median Width = 16 ft. 

Rural Freeway: Median Width = 30 ft. 

Total Encroachment Rate: 0.00090 (AOT) 
Median Encroachment Rate: 0.00045 (AOT) 

Encroachment Lateral Offset CMB Impact 
Conditions Probabilities b. Probabil Hies 

An9le PC/E 
Angle Di s tributionsa. 

P0 

(deg) 00 Rural Urban Rural Urban 

• 

5 0.48 0.60 0.81 0.288 0.389 

10 0.20 0.82 0.94 0.164 0.188 

I 15 0.12 0.86 0.97 0.103 0.116 • 

20 0.08 0. 86 0.97 0.069 0.078 

25 0.12 0.93 0.99 0.112 0.119 

0.736 0.890 
. 

a. Angle Distributions Independent of Speed --- see Tables 20 and 21. 

b. See Figure 6 and Table 18. 

CMB Impacts 
per mile per year 
per AOT of 10.000 

Rural Urban 

1.30 1. 75 

0.74 0.85 

0.46 0.52 

I 0.31 0.35 

0.50 0.54 

3.31 4.01 

"" o 
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the further the vehicle must travel along the path to reach the eMS and the 

less likely it is that the vehicle will impact the eMB. Therefore, the 

encroachment data of Hutchinson and Kennedy (11) were analyzed to determine 

the relationship between encroachment angle and the probability distribution 

of the lateral extent of encroachment. The four distributions shown in 

Figure 6 were found to be significantly different. These distributions were 

used to determine the probability of impacting the eMS given that the 

encroaching vehicle was on an intersecting path for a gi'len angle of encroach

ment: because, this probability is equal to the probability that the lateral 

extent of the encroachment is greater than the lateral distance between the 

inside edge of the traveled roadway and the location of the CMS. 

The lateral impact probabilities used in this study for a CMB located in 

the median of an urban and rural freeway are shown in Table 18. 

Encroacl'wnent 
Angle 
(deg) 

5 

10 

15 

20 

25 

TABLE IB 

LATERAL IMPACT PROBABILITIES 

Urban Freeway: Median Width = 16 ft 
Rural Freeway: Median Width = 30 ft 

lateral Impact Probabilitif:s 

Rura 1 Freeway Urba n Freeway 

0.60 0.81 

0.82 0.94 

0.86 0.97 

0.86 O.~i' 

0.93 0.99 
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Impact Condition Probabilities 

The impact condition probabilities were computed by combining the 

distributions of vehicle speeds and encroachment angles. The' vehicle speed 

distributions were determined from an analysis of spot speed data contained 

in the 1978 annual speed monitoring certification report prepared by the 

Nebraska Department of Reads. It was assumed that vehicle speeds were 

normally distributed with the mean and standard deviation values computed 

from the spot speed data. These values are shown in Table 19. The encroach

ment angle distribution used was that reported by Hutchinson and Kennedy(l1) . 

TABLE 19 

MEAN SPEEDS AND STANDARD DEVIATIONS 

Type Freeway Mean Speed Standard Deviation 

(mph) (mph) 

Rural 59.2 ±4.B 

Urban 55.5 ±5.2 

--

The vehicle speed distribution for each type highway was combined with 

the encroachment angle distribution, assuming that the speed and angle dis-

tributions were independent. The combined distributions were then used to 

compute the encroachment impact condition probabilities tha~ are shown in 

Tables 20 and "21 for rural and urban freeways . 

Using the point mass model presented by Ross (22), it was determined that 

some high-speed, high-angle impacts were not possible. However, because of 
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the lack of encroachment data on speed-angle combinations to support this 

conclusion~ it was decided that adjustment of the impact condition proba

bilities to account for the apparent impossibility of high-speed, high-angle 

impacts was not warranted. 

Effectiveness Performance levels 

Effectiveness performance levels for retrofitting the New Jersey eMS 

as a function of automobile weight splits, ADT, and vertical acceleration 

adjustment 1 imits (CASE III) are shown in Tables 22 and 2~ for rural freeways 

and Tables 24 and 25 for urban freeways. The vertical acceleration adjustment 

factors were defined earlier in Tables 7 and 8. The accicent cost reduction 

values shown in these tables will be discussed later. 

For illustration purposes, the results in Tables 22 thru 25 are presented 

graphically in Figure 7 for an assumed project improvement life of 20 years . 

Referring to Figure 7, one can reach the following conclusions in regard to 

the effectiveness of the eMS retrofit: 

(1) The number of injury type accidents reduced per mile is significant 

and increases in direct proportion to the AOT. 

(2) The CMS retrofit is more effective on the rural type freeway even 

though the median width was nearly double the width of the urban 

freeway. This can be explained by referring to T3bJes 20 and 21 which 

show that the impact condition probabilities assign greater weight 

to high-speed, high-angle impacts that have higher injury producing 

accident potential. 

(3) The higher the compact automobile split in the traffic stream, the 

more effective the CMS retrofit. 
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BENEFIT OF CMB RETROFIT UNIT 

The benefit of retrofitting the New Jersey eMS was expressed in terms 

of the reduction in the injury accident costs before and after retrofitting. 

The methodology to compute a benefit value is similar to that used to compute 

on effectiveness value. The difference between the two methods is that the 

benefit method takes into consideration the societal costs of an injury 

accident. whereas. the effectiveness method does not take into consideration 

societal costs. The equation used to compute a benefit value was: 

B = ICCMB - IC CMB 
Retrofi t 

where: B = benefits of retrofitting (expect~d reduction 

in injury accident costs per mile per year) 

---Eq. 13 

Ie = weighted injury accident cost (injury accident 

costs per mile per year) 

The generalized equation used to compute the weighted injury accident 

costs of retrofitting was: 

IC = EfO ~ s 4 P e 

where: Ie = weighted injury accident cost (~njury 

accident costs per mile per year) 

Ef = total vehicle encroachment r.te = 0.009 (AOT) 

for both rural and urban interstate highways 

(encroach/mi Iyr) 

---Eq. 14 

D = portion of ADT involved in mediar. encroachments 

= 0.5 (assumed) 

W = weight of automobiles 

S = automobile split by weight 



Po = probability that the CMB will be impacted given 

that an encroachment at an angle (e) has occurred 

(see Table 18). 
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IPe = impact condition probability for a given encroachment ,v 
angle (e) and speed (v) (see Tables 20 and 21) 

ACe,v = injury accident cost for a given impact angle (e) 

and speed (v) for a computed severity-index and 

societal costs (see Figure 5) 

Benefit Performance Levels 

Benefit performance levels for retrofitting the New Jersey CMB as a 

function of aubomobile weight splits, ADT, vertical acceleration adjustment 

limits (CASE III), and injury accident societal costs of the National Safety 

Council were shown earlier in Tables 22 and 23 for rural freeways and Tables 

24 and 25 for urban freeways. Conclusions in regard to the benefits of 

retrofitting are discussed in the next section to follow. 

COST LIMIT SENSITIVITY ANALYSES 

The cost limits to retrofit the New Jersey CMB were determined by 

setting the ratio of the benefits derived to the costs of construction equal 

to unity. Using the Capital Recovery Method, the equation to determine cost 

1 imits was: 

= B 
P 5280 (CRF) ---Eq. 15 

where: P = construction costs to retrofit CMB ($/ft) 

B = benefits of retrofitting (expected reduction in 

injury accident costs per mile per year) 



CRF = capital recovery factor = 

i = compound interest rate 

n = project improvement life 

i(l+i)n 

(l+i)n- 1 
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Assuming an interest rate of 10% and a project life of 20 yrs, Eq. 15 

become s : 

P = 0.0016214 (6) ---Eq. 16 

Cost limits to retrofit the New Jersey eMS are shown in Tables 26 thru 

29. These cost limits are a function of (a) freeway classification; rural 

and urban, (b) AOT, (c) compact automobile splits of 50 and 75% in the traffic 

stream, and (d) two sets of injury accident societal costs. The lower soci etal 

costs are figures obtained from the National Safety Council (1), whereas, the 

higher societal costs are figures obtained from the Nebraska Department of 

Roads (l). These tables were based on CASE III vertical acceleration reduc

tion factors listed in Tables 7 and 8. The cost limits in Tables 26 thru 29 

were obtained by substituting the accident cost reduction values in Tables 22 

thru 25 into Eq. 16. 

For purposes of illustration, the cost limits in Ta~les 26 thru 29 are 

shown graphically in Fi9ures 8, 9, and 10 as a function of ADT. The vertical 

acceleration reduction plots for CASES I, II, and III in Figure 10 were ob-

tained from Tables 30 thru 32. 

The sensitivity of the cost limits to the magnitude of the vertical 

acceleration reduction factors is shown in Figure 8. It is evident that the 

more effective the retrofit unit is in suppressing vehicle uplift and roll the 
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higher the cost limits. A good compromise would be CASE III, whereby. in 

addition to eliminating rollovers the vertical accelerations during the primary 

stage of impact would be reduced 5. la, and 15% for the corresponding impact 

angles at IS, 20, and 25 deg. For example, one could spend up to $37/ft to 

retrofit the New Jersey eMB Oft an urban freeway carrying an ADT of 100,000 vpd. 

The sensitivity of the cost limits to the classification of highway ;s shown 

in Figure 9. It is evident that the retrofit unit is more effective on the rural 

type freeway even though the probability of an errant vehi~le impacting the eMB 

is less on the rural freeway with a median width nearly dOuble that on the 

urban freeway. This can be explained by referring to Tables 20 and 21 which 

show that the impact condition probabilities assign greater weight to the 

ht9h-speed, high-angle impacts having higher injury accident potential. 

The sensitivity of the cost limits to the split of compact automobiles 

in the traffic stream and the injury accident societal costs is shown in 

Figure 10 for an urban freeway. Of the two variables. it is evident that 

the cost limits are more sensitive to the injury accident societal costs. 

The societal costs of the National Safety Council would most likely be a 

lower bound on the cost limits. whereas. the societal costs of the Nebraska 

Department of Roads would most likely to an upper bound on the cost limits. 

It is also evident in Figure 10 that the higher the split. of compact auto

mobiles in the traffic stream the higher the cost limits for retrofitting. 

For a given impact speed and angle, a compact automobile would experience 

higher uplift vertical accelerations and a greater tendency to rollover on 

the CMB than a standard size automobile because of its shorter wheel track 

and lower roll moment of inertia. 



ACCIDENT ANALYSIS, 

COST LIMITS TO RETROFIT NEW JERSEY CMB 

BASED ON 
ASSUMED INJURY ACCIDENT COST REDUCTIONS 

(SECTION 3) 
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In order for the New Jersey eMS retrofit concept to be cost-effective. 

the cost of retrofitting must not exceed the potential reduction in accident 

costs that it can be expected to provide. Therefore, accident data were 

analyzed to assess the severity of New Jersey eMS impacts and provide a basis 

for estimating the potential accident cost reduction that would result from 

retrofitting the CMS. 

ACCIDENT DATA 

Accident data pertinent to the New Jersey eMS were requested from the 

following agencies: 

* FHWA 

* NHTSA 

* CAL TRANS 

* New Yor~ State DOT 

* Texas Transportation Institute (TTl) 

* Southwest Research Institute (SwRI) 

* Nebras~a Department of Roads (NDR) 

In addition, an HRIS literature search was conducted to identify sources 

of information concerning the safety-related performance of the New Jersey 

CMB. As a result of this effort only two readily-available sources of accident 

data were found: (a) the results of a CMB study conducted by the Southwest 

Research Institute (10) and, (b) the accident records system of the Nebras~a 

Department of Roads. Later in the study. accident data was requested and 

obtained from CAL TRANS (1). The CALTRANS data reported vehicle exposure 

mileage which was not reported in the SwRI or the NOR data. Analysis of the 

CALTRANS data was presented earlier in Section 1. 
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Southwest Research Institute Data 

The SwRI data were the result of a questionaire sent by the Southwest 

Research Institute to the states requesting data on accidents involving 

eMS's. The accident report form included in the questionaire asked for 

detailed infonmation describing the type of barrier involved. accident 

site. impact conditions, type of vehicle. and accident severlty. Of the 

575 cases reported, 180 of them involved the New Jersey CMB. 

Omaha Data 

The only New Jersey eMS installed in Nebraska is located on the interstate 

system in Omaha. The accident records of the Nebraska Dep2.rtment of Roads 

for the past three years were reviewed to identify and eMS accidents at 

these locations. Accident reports for 42 such accidents were found. 

ANALYSIS OF ACCIDENT DATA 

The two accident data sets described above were analyzed to determine 

the severity of eMS accidents with respect to vehicle weight. impact speed. 

and impact angle. However, in the case of the SW data. vehicle weight was 

given in only 72 of the 180 cases, and the speed and angle of impact was 

provided in only 39 cases. The results of a cross-ta~ulation analysis of 

these data did not indicate that there were any significant correlations 

between accident severity and these three factors. 

In the case of the Omaha data. vehicle weight was determined from the 

vehicle description provided in the accident report. However, the speed 



and angle of impact could not be determined from the information given 

in the accident report. Thus. for the purposes of this study, the only 
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one of these factors accounted for in the analysis of these data was vehicle 

wei ght. 

In the case of each data set. the vehicles were classified into two 

categories: (1) those weighing not more than 3,500 lbs (compact autos) 

and (2) those weighing more than 3,500 lbs. The accident severity was then 

determined for each vehicle class. The results of this analysis are pre

sented in Table 33. Although in neither case was the difference in accident 

severity between smaller and larger vehicles found to be statistically 

significant, this difference was nevertheless accounted for in the subsequent 

calculation of accident costs. 

Also, it should be noted that there is a considerable difference in 

accident severity between the two data sets. Therefore, both sets of acci

dent severities were used separately in computing the cost limits of 

retrofitting, thus providing a range of potential accident cost savings. 



Vehicle 
Weight 
(l bs) 

$ 3,500 

> 3,500 

< 3,500 

> 3,500 

TABLE 33. SEVERITY OF NEW JERSEY CMB ACCIDENTS 

VERSUS VEHICLE WEIGHT 

A c cident S eve r i t Y 

Fatal Personal Injury Property Damage Only 
( i) ( i) (i) 

Omaha Accident Data 

0 70 30 

0 55 45 

SW Accident Data 

0 25 75 

0 30 70 
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COST LIMIT SENSITIVITY ANALYSES 

The cost limit to retrofit the New Jersey eMS is equal to the accident 

cost savings that would be expected to result from such retrofitting. In 

this analysis, it was assumed that the retrofitting would only be effective 

in reducing the injury accident costs associated with eMS accidents having 

impact angles of more than 10 degrees. According to the impact condition 

probabilities presented in Tables 20 and 21, about 32 percent of the CMB 

accidents would have impact angles greater than 10 degrees. Thus the 

potential accident cost savings resulting from the retrofitting was limited 

to the injury accident costs of 32 percent of the eMS accidents. 

Injury Accident Costs 

Therefore. to determine the cost limits to retrofit, the injury accident 

costs for New Jersey CMS accidents with impact angles greater than 10 

degrees were first computed for the same rural and urban interstate highway 

conditions that were used in the HVOSM simulation cost limits analysis, 

which was presented in a previous section of this report. The following 

equation was used for this computation: 

PAC = E'D'P(Q> 10 ' /E) 'P (C/E)'[~P {w).P (I/C)]·AC·PWF(i = 10%, n = 20 yrs) --Eq . 17 
5,280 ~ w 

where: PAC = present worth of injury accident costs over a 20-year 

retrofit life at a lO X interest rate for those eMS 

accidents with an impact angle greater tha 10 ' ($/ft); 

E = encroachment rate (no./mi/yr) = 0.0009 ADT for both 

rural and urban interstate highways; (20) 

0= directional traffic split = 0.5 (assumed); 
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P{Q>100/E) = probability that encroachment angle will be greater 

than 10° given that an encroachment has occurred = 0.32; 

P(C/E) = probability that CMB will be struck given that an encroach

ment has occurred = 0.89 for the rural interstate high

way and 0.98 for the urban interstate highway considered 

in this analysis (weighted average of lateral impact 

probab; 1 Hies presented in Table 18 for 15°. 20°. and 

25° encroachment angles); 

P(w) = portion of vehicles of weight class "w" in traffic stream 

tw = 1 for vehicles weighing not more than 3,500 lbs and 

w = 2 for vehicles weighing more than 3,500 lbs) 

Pw(I/C) = probability of an injury accident given that CMB has 

been struck by vehicle in weight class w = portion of 

personal injury accidents given in Table 33; 

AC = unit injury-accident cost ($/injury accident: 

PWF = present worth factor for an interest rate of 10% and 

a retrofit life of 20 years = 8.514. 

This equation was used to compute the present worth injury accident costs 

of New Jersey eMB accidents, that have impact angles greater than 10 degrees, 

for each of the 16 possible combinations of the following for variables for 

ADT's up to 100,000 vehicles per day: 

(a) Two sets of i nj ury ace i dent probabil it i es, P w (l/C): (l) computed from 

the SW accident data and (2) computed from the Omaha accident data 

(Refer to Table 33); 

(b) Two unit injury-accident costs, AC: (1) $4,900 determined by the 

Nebraska Department of Roads (1) and (2) $5,80U determined by the 

National Safety Council (2); 



(c) Two compact auto percentages, P(w); (1) 50% compact autos and 

(2) 75% compact autos; 

(d) Two classes of interstate highway: (1) rural and (2) urban. 

The results of these computations are shown in Figures 11 and 12. 
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Obviously the injury accident costs computed using the National 

Safety Council's unit injury-accident cost were higher because this unit 

cost is higher than that of the Nebraska Department of Roads ($5,800 vs 

$4.900 per injury accident). Also, the injury accident costs computed 

based on the Omaha data were higher than those based un the SW data because 

of the higher percentage of injury accidents contained in the Omaha data 

(Refer to Table 33). 

The injury accident costs based on the Omaha data were directly 

proportional to the percentage of compact autos because of the higher per

centage of injury accidents for compact autos. However, the opposite was 

true for the results based on the SW data in which the compact autos had 

the lower percentage of injury accidents, as shown in Tab'le 33. 

Finally, it should be noted that the injury accident costs computed 

for the urban interstate highw~ were higher than those computed for the 

rural interstate highway. This was because the narrower median on the 

urban interstate highway resulted in a higher probability of the eMS being 

struck by an encroaching vehicle . This result was contrary to that obtained 

in the HVOSM simulation cost limits analysis, because the effect of increased 

accident severity due to higher speeds on the rural interstate highway could 

not be accounted for in the accident data analysis. 
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FIGURE 11. ACCIDENT ANALYSIS: PRESENT WORTH 
INJURY ACCIDENT COSTS FOR NEW JERSEY CMB ON 
RURAL INTERSTATE HIGHWAY. 
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FIGURE 12. ACCIDENT ANALYSIS: PRESENT WORTH 
INJURY ACCIDENT COSTS FOR NEW JERSEY CMB ON 
URBAN INTERSTATE HIGHWAY. 



Cost Limits 

Cost limits to retrofit New Jersey eMS's were computed by applying 

a percentage reduction factor to the injury accident costs for New Jersey 

eMS accidents with impact angles greater than 10 degrees, which are shown 
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in Figures 11 and 12. Based on the experience and engineering judgment of 

the researchers, 20-percent and 40-percent injury-accident cost reductions 

were selected as the expected lower and upper limits of retrofit effective

ness. The cost limits to retrofit computed for these limits of effectiveness 

are shown in Figures 13 and 14. 

Of course, as injury accident costs increase as a function of AOT, 

percent compact autos, unit injury accident costs, and type of highway. so 

do the cost limits to retrofit. And, as these cost limits increase. retrofitting 

becomes more cast-effective. 

The difference between the cost limits based an the SW accident data 

and those based on the Omaha accident data establishes a range of retrofit 

casts within which the cast-effectiveness of retrofitting is likely, but 

uncertain, depending on which data best represent the severity of accidents 

with New Jersey eMS's. However, if the cost to retrofit were below the SW 

data cost limit, it would indicate that retrofitting would be almost definitely 

cost-effective. But, on the ather hand, if the cost to retrofit were higher 

than the Omaha data cost limit, it would be very unlikely that retrofitting 

would be cost-effective. 

From discussions with engineers at the Nebraska Department of Roads, 

a cast to retrofit of $10 per linear foot seems to b~ a reasonable estimate. 
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Therefore. using $10 per foot as the cost limit. breakeven ADT's were 

determined from Figures 13 and 14. and are presented in Table 34. 
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If the ADT on a highway is greater than the breakeven ADT shown in 

Table 34 for the appropriate highway type, then retrofitting would be cost

effective on that highway; otherwise, it would not be cost-effective. The 

breakeven ADT's shown in Table 34 are lower than those on freeways in many 

areas on which New Jersey eMS's are located. Therefore, it is concluded 

that retrofitting is cost-effective, and that its cost-effectiveness will 

be enhanced as the percentage of smaller cars in the traffic stream increases 

in the future. 



Compact 

Auto 
Split 
( %l 

50 

75 

50 

75 

rABLE 34. BREAKEVEN ADT'S FOR RETROFIT COST 

OF $10/FT. AND NATIONAL SAFETY 

COUNCIL INJURY ACCIDENT COSTS 

Based on Omaha Based on SWRI 
Accident Data Accident Data 

2U % 40% 20% 40% 
Reduction Reduction Reduction Reduction 

Rural Interstate Highway 

68,000 34,000 148,000 74,000 

64,000 32,000 120,000 80,000 

Urban Interstate Highway 

60,000 30,000 140,000 70,000 

56,000 28,000 144,000 72 ,000 
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ACCIDENT ANALYSIS: 

COST LIMITS TO RETROFIT NEW JERSEY CMB 
BASED ON 

ELIMINATING ROLLOVER INJURY ACCIDENT COSTS 

(SECTION 4) 

80 



81 

In the previous accident study (Section 3), the cost limits to retrofit 

the eMB were based on the assumption that the retrofit would be effective in 

reducing both non-rollover and rollover injury accident costs somewhere within 

the range of 20 to 40% for those accidents occurring at impact angle~ greater 

than 10 deg. 

In the work to follow. the cost limits were computed on the assumption 

that the retrofit unit will be effective in eliminating only the injury 

accident costs associated with rollovers. The effect of neglecting the 

injury accident costs associated with non-rollover accidents as shown later 

in Figure 15 will produce a conservative estimate of the cost limits to 

retrofit. It;s the opinion of the authors that this assumption is more 

direct and realistic than that used in the previous accident study (Section 3). 

Also, the assumption of eliminating rollover acciden~s is more consistent 

with the approach used in the HVOSM simulation study (Section 2). 

EFFECTIVENESS OF RETROFIT UNIT 

The eMB retrofit unit will be effective in reducing the severity of both 

non-rollover and rollover injury accidents for automobile impacts greater 

than 10 deg. Based on the results of the HVOSM simulation study (Section 2), 

it can be predicted that about 75% of the retrofit unit's effectivness would 

be in eliminating rollover type accidents. A specific example illustrating 

the effectiveness of the retrofit unit is shown in Figure 15. 
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FIGURE 15 ; SIMULATION STUDY: EFFECTIVENESS TO 
RETROFIT NEW JERSEY CMB IN TERMS OF NON· 
ROLLOVER AND ROLLOVER ACCIDENTS ELIMINATED 



Number of 

Accident 

Barrier Type Cases(a) 

r. New Jersey 180 

(33) 

2. New Jersey (Mod)(d) 73 I 
I 

(13) 

3. General Motors 299 

-t (54 ) 

Total 552 
I 

TABLE 35 

SwRI ACCIDENT DATA SUMMARY 

(Ref. .2 and lQ) 

Accident Severity(b) 

PDO Hosp. Inj. 

133 35 

(79) (21) 

58 15 

(77) (20) 

225 74 

(75) ( 25) 

416 124 

Vehicle(c) 

Fatal Rollovers 

0 6 

(0) (3) 

1 9 

(I) ( 12) 

0 19 

(0) (6 ) 

1 34 

(a) Numbers in parentheses are percentage~ of total accident cases with specified barrier profile. 

Mounting 

1 

(I) 

D 

(0) 

4 

(I) 

5 

(b) Numbers are number of cases fo r each category; numbers in parentheses are percentage for that barrier profile. 

(e) Numbers are number of vehicle rallovers for each barrier profile; numbers in parentheses represent percentage 

of total number of accidents for each barrier profile. 

(d) New Jersey (Mod) Initial Step 4-5 in. instead of New Jersey Standard 3 in. 
'" w 



NUMBER OF CMB ROLLOVER ACCIDENTS 

Insight into the number of rollover accidents can be provided from 

both the HVOSM simulation study (Section 2) and accident data. Accident 

data presented by the SwRI (~, lQ) and NOR were analyzed earlier in this 

study (Section 3). The accident data summary in the SwRI report prior to 

1974 ;s shown in Table 35. It is evident that rollovers and mountings on 
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the standard New Jersey CMB constituted 3.9% of the reported accidents. 

More recent accident data was obtained from CAL TRANS (1) on the California 

CMB. Referrin9 back to Table 1 (Section I), the California data showed 

that 116 (7.7%) of the 1,515 reported accidents in 1978 and 177 (9.9%) 

of the 1.796 reported accidents in 1979 resulted in vehie"le roll overs. 

Accident data from the above sources contained little or no information 

on the relationships between rollovers and the type of vehicle; vehicle 

distribution; impact speed; and impact angle. However. insight into these 

relationships was provided by the HVOSM model. The HVOSM rollover pre-

dictions on the New Jersey eMB are shown in Table 36. It is clearly evident 

that rol1overs occur only at the higher impact speeds of 60 and 70 mph. 

TABLE 36 

HVOSM ROLLOVER PREDICTIONSa. 

! 
Size Impact Impact 

Automobile Speed An9les 
(mph) (de9) 

I Standard 70 15,20,25 

Compact 60 25 

70 15,20,25 

a. See Tables 4 and 5. 
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The rural and urban impact condition probabilities that correspond to the 

HVOSM rollover predictions are shown in Table 37 for various compact 

automobile distributions in the traffic stream. The SwRI data in Table 35 

for the standard New Jersey eMS, which includes accidents prior to 1974. 

compares well with the HVOSM predictions in Table 37 for either a rural or 

urban highway and an assumed compact automobile split of 25%. Also. the 

CALTRANS accident data for 1978 and 1979. in which 293 (8.8%) rollovers 

occurred out of 3,311 rep?rted accidents, compares well with the HVOSM 

predictions in Table 37 for a rural highway and an assummed compact automobile 

split of 50%. 

It is certainly reasonable to expect that by 1990 that this split 

could be as high as 75%, and as a result. compact automobile rollover 

accidents could increase significantly because of their shorter wheel track 

widths and lower roll moment-of-inertia resistance. 

CMS ROLLOVERS AS FUNCTION OF HIGHWAY CONDITIONS 

The number of CMB rollover accidents per mile of CMB length per year 

that can be expected on roads of various design, ADT, and traffic mix are 

shown in Figure 16. This graph was based on the results of the HVOSM simula

tion study (Section 2) for two selected rural and urban sites. The rollover 
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Type 
Interstate 
Highway 

Rura 1 

Urban 

TABLE 37 

R~LLOVER ACCIOENTS (%)a. 

Size Compact/Standard S 
Automobile 25/75 

(1974)b. 
50/50 

(J9BO)b. 

Standard 2.8 1.9 

Compact 3.0 6.1 

5.8 8.0 

Standard 0.8 0.5 

Compact 1.8 3.6 
2.6 4.1 

lit 
75/25 

(1990)b. 

0.9 

9.1 

10.0 

0.3 

5.3 
5.6 

a. Based on Impact Condition Probabilities in Section 2, 

Rural Interstate 
Urban Interstate 

b. Predictions of authors 

see Table 20 

see Table 21 
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accidents are higher on the rural interstate highway in lieu of the wider 

median width because of the higher impact speeds. As an example, for an 

ADT of 50.000. a compact automobile split of 50%. and a 1 mile length of CM8. 

one can expect that about 0.8 and 1.5 rollover accidents per year will occur 

on the rural and urban interstate highway sites defined, respectively. The 

CAL TRANS , SwRI, and NOR accident data analyzed earlier in this study (Sections 

1. 2& 3) did not enable the deter.nination of the frequency of eMS rollover 

accidents on highways of various design, ADT, and traffic mix. 

COST LIMITS TO RETROFIT 

Using the same probabilitic method as used in the previous accident 

study (Section 3), the equation used to compute the cost limits to retrofit 

was as follows: 

_ Ef(D) (PWF) PC/E{\ 
CL - 5280 L 

" where: 

CL = cost limits to retrofit New Jersey eMS over a 20 yr. 

retrofit life at a 10% interest rate for those impacts 

that result in rollovers ($/ft); 

Ef = total encroachment rate = 0.0009 ADT for both rural and 

urban interstate highways (encroach/mi/yr); 

D = portion of ADT involved in median encroachments = 0.5 

(as sumed) 

PWF = compound present worth factor for 20 yrs at 10% interest 

= 8.514 



PC/ E = probability of a eMS collision given that an encroachment 

has occurred; (weighted average --- see Table I7) 

Rural Interstate (30 ft. Median) = 0.736 

Urban Interstate (16 ft. Median = 0.890 

Pw = portion of automobiles of weight class "w" in the traffic 

stream (W=l for compact automobiles and W=2 for standard 

automobiles); 
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PRO/C = probability of a rollover (includes mountings) given that a 

collision has occurred. The values used were presented 

in Table 37; 

PI/BR = probability of an injury accident given that a rollover has 

occurred before retrofitting (see Table 38); 

PIlAR = probability of an injury accident assuming that a rollover 

has been eliminated after retrofitting (see Table 38); 

ACSR = total accident costs before retrofitting (see Table 38); 

AAR = total accident costs after retrofitting (see Table 38). 

The assumed relationships between rollover accidents, accident severity 

classification, and total accident costs are shown in Table 38. The SwRI 

accident data shown earlier in Table 35 and the recent accident data presented 

by CALTRANS (I) and shown in Table 1 (Section 1) indicate that a low percentage 

of eMB accidents involve fatals. In Table 38, it was assumed that fatal 

acci dents could range from 0 to 4% before retrofitting, and after retrofitting 

the fatal accidents were completely eliminated; in other words, all fatal 

accidents were assumed to be directly related to roll overs. Property-damage

only accidents were assumed as 10% before retrofitting and 80% after retrofitting. 
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TABLE 38 

RELATIONSHIP BETWEEN ROLLOVER ACCIDENTS, 
ACCIDENT CLASSIFICATION, AND TOTAL ACCIDENT COSTS 

Accident Classificationa. 
Type PDO Injury Fatal 

Call ;sion Accidents Accidents Accidents 
(%) (%) (%) 

Rollovers 10 90 0 

(8efore Retrofit) 10 88 2 

10 86 4 

I 
Rollovers I 

Eliminated 8C 20 0 

(After Retrofi t) 

Total 
Accident 
Costs b. 

($ ) 

5,310 

8,190 

11 ,080 

1,840 

3. Assumed in manner similar to that done in Simulation Study (see 

Table 

$150,000 per fatal accident 

90 

b. National Safety Council 

(provided by Mr. Jim Boos, 

former FHWA contract manager) 

5,800 per injury accident 

850 per PDO accident 
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Using the NSC accident costs provided by Mr. Jim Boos (former FHWA contract 

manager), the total accident costs for the assumed accident severity classifi

cations are shown in Table 38. 

The cast limits to retrofit the New Jersey eMS as computed by use of 

Eq. 18 are presented in Table 39 for two selected rural and urban interstate 

highway sites carrying an ADT of 100.000 at various traffic mixes. It is 

clearly evident that the compact automobile split and fatal accident rate 

have a significant influence on the cost limits to retrofit for a given ADT. 

Referring to Eq. 18. it can be seen that the cost limits are a linear function 

of the AOT. For example, the cost limits in Table 39 would be reduced by a 

factor of one-half for an ADT of 50,000. 
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Type Median 

Interstate Width 

Highway ( ft) 

Rural 30 

Urban 16 

TABLE 39 

COST LIMITS TO RETROFIT CMBa·($/ft.) 

AOT = 100,000 

Project Life = 20 yrs. 

Interest Rate = 10 % 

Compact Cost Limits ($/ft) 
Auto Fa tal Accidents ( X) 

Spl it 
( X) 0 2 

50 9.42 14.96 

75 16.61 26 . 37 

50 5.84 ·9.27 

75 11. 54 18.32 

4 

20.52 

36.16 

12.71 

25.12 

a. Accident study analysis assuming retrofit will eliminate all rol1overs. Cost limits are 

linear function of AOT. 
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COMPARISON 

OF 
COST-EFFECTIVENESS STRATEGIES 

(SECTION 5) 

93 



In the previous work~ three cost-effectiveness analytical methods 

were used to compute the cost limits and breakeven traffic volumes for 

retrofitting the New Jersey eMS. These methods were: 

Section 2 --- Cost Limits to Retrofit New Jersey eMB Based on HVOSM 

Computer Simulations 
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Section 3 --- Cost Limits to Retrofit New Jersey eMB Based on Assumed 

Injury Accident Cost Reductions 

Section 4 --- Cost Limits to Retrofit New Jersey eMS Based on Eliminating 

Rollover Injury Accident Costs 

The work done in Sections 3 and 4 were based on an analysis of accident 

data compiled by the NOR (1) and the SwRI ~. 10); whereas. the work done 

in Section 2 was based on HVOSM computer simulations in which the vertical 

vehicle accelerations were adjusted (see Eq. 8) to take into consideration 

the effectiveness of the retrofit unit in suppressing uplift and rollover. 

The validation of the computer simulation study in Section 2 was based 

on a comparison with the results of the accident analysis study in Section 4 

assuming a 50% compact automobile split and a fatal accident occurrence of 

2%. A comparison of the two studies is shown in Table 40 in tenns of "Break

even traffic vol umes ll for retrofitting the New Jersey eMB. Referring to 

Table 40, it can be predicted that the retrofit unit would be feasible on 

(a) an urban highway with a 16 ft. median and carrying a traffic volume 

greater than 117,000 vpd, and (b) a rural highway with a 30 ft. median and 

carrying a traffic volume greater than 66,000 vpd. 



TABLE 40 

COMPARATIVE STUDY OF BREAKEVEN ADT's (1,000 vpd) 
FOR RETROFITTING NEW JERSEY CMB 

Retrofit Construction Cost = $10 plf 
Improvement Project Life = 20 yrs 
Compounded Interest Rate = 10 % 
Accident Societal Costs = NSC (1979)a 

COST - EFFECTIVENESS STUDIES 
Type Median Compac t HVOSM Accident Analysi. (Section 1l._. Interstate Width Auto Simulations 

Highway Spl it (Section 2) Based on NOR 
Accident Data 

(ft) ( %) 20% 
Reduction 

Rural 30 50 66 68 
75 59 64 

Urban 16 50 117 60 
75 100 56 

a. NSC Accident Societal Costs ... POO = $ 850 
Injury = $ 5,800 
Fatal = $150,000 

40% 
Reduction 

34 
32 

30 
28 

Ba sed on SwRI 
Accident Data 

20% ! 40% 
Reductio~ Reductio~ 

! 
148 74 
120 80 

140 70 
144 72 

! 
Accident Analysis 

(Section 4) 

Fa tal Accidents ( %) 

0 2 4 

106 67 I 49 
60 38 28 

171 108 79 
87 55 40 
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The results of the accident analysis study in Section 3 are also shown 

in Table 40 for comparative purposes. It can be seen that the accident cost 

reduction factors of 20% and 40% used in that study fairly well bracket the 

computer simulation study results in Section 2 and the accident analysis 

study results in Section 4. These findings tend to indicate that effectiveness 

of the retrofit required to reduce total accident costs will need to be some

what within the 20% to 40% range. Better insight into the required retrofit 

unit effectiveness will be provided later in the report by combining the 

simulation results in Section 2 with the CALTRANS accident analysis study 

results in Section 1. 
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CONCLUS IONS 

(SECTION 6) 
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The findings in this feasibility study indicate the proposed design 

concept for retrofitting the New Jersey eMS (see Figure 1) has the potential 

of being a cost-effective improvement alternative on divided highways 

carrying high traffic volumes. 

ACCIDENT DATA 

Since the imposition of the 55 mph speed limit in 1974. accident data 

on the eMS in California shows that the fatal + injury accident rates were 

increasin9. Also, the California data showed that 116 (7.7%) of the 1,515 

reported accidents in 1978 and 177 (9.9%) of the 1,796 reported accidents 

in 1979 resulted in vehicle rol1overs. In comparison, a summary of accident 

data presented by the SwRI on the standard New Jersey eMS showed that 7 (4%) 

of the 180 accidents prior to 1974 resulted in vehicle rollovers and mountings. 

Althou9h the number of CMS rollovers by type of vehicle was not reported 

in the California data, the findings in this study indicate that the 

increase in rollovers since 1974 is most-likely due to (1) an increase in 

travel speeds. and (2) an increase in the number of small automobiles in 

the traffic stream. However. it is certainly reasonable to expect in the 

near future that the number of small automobilies in the traffic stream 

will continue to increase. As a result. the number of rollover accidents 

involving small automobiles will undoubtedly continue to increase because 

small automobiles have shorter wheel track widths and much lower roll

moments-of-inertia than the larger size standard automobiles. It is 

predicted that by 1985 the number of rollovers could be as high as 15%. 
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COST LIMITS TO RETROFIT CMS 

Cost limits to retrofit the eMS are shDlm irl Figure 17. The cost limits 

in this study were expressed as a function of the following variables: 

* Rural Interstate Highways 

(Selected Median Width = 30 ft) 

* Urban Interstate Highways 

(Selected Median Width = 16 ft) 

* Traffic Volumes (ADT in both directions) 

* Automobile Weight Distributions in Traffic Stream 

Selected Automobiles---Compact Wt = 2,250 lbs 

---Standard Wt = 4,500 lbs 

For pruposes of illustration, assume that a rural interstate highway 

with a 30 ft. median is carrying an ADT of 120,000 and that the traffic ;s 

comprised of 50% compact automobiles . Referring to Figure 17, it can seen 

that the eMS retrofit unit has the potential of being cost-effective on the 

condition that the construction costs of retrofitting do not exceed the cost 

limit of $18 plf. 

SREAKEVEN ADT TRAFFIC VOLUMES 

The eMB retrofit unit will be of precast concrete construction and 

shipped by truck to the job site. It is, therefore, reasonable to assume 

that the construction costs will remain relatively fixed from job site to 

job site. For this reason, it ;s possible to determine the cost-effectiveness 

of retrofitting in terms of a "breakeven ADT traffic volumes u for a fixed 

retrofit construction cost. 
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Design and maintenance engineers from the Nebraska Department of Roads 

estimate that the eMS retrofit unit can be precast, shipped, and installed 

in-place for a cost of $10 plf. The breakeven ADT traffic volumes obtained 

from Figure 17 for a fixed retrofit unit cost of $10 plf are shown in Table 41. 

Type 
Interstate 

Urban 

Rural 

TABLE 41 

BREAKEVEN ADT TRAFFIC VOLUMES 
Retrofit Unit Cost = $10 plf 
Accident Societal Costs = NSC 

Median ComDact Auto SDlit 
Width 

(ftl 50% 75% 

16 117,000 100,000 

30 66,000 59,000 

Referring to Table 41 and assuming that the traffic stream is comprised 

of 50% compact automobiles. it can be seen that the eMS retrofit unit has 

the potential of being cost-effective on (1) urban highway with a 16 ft. 

median and carrying an ADT of 117,000 and higher, and (2) a rural highway 

with a 30 ft. median and carrying an ADT of 66,000 vpd and higher. 

The lower breakeven ADT's on a rural highway than an urban highway 

in Table 41 are a reflection of the increased probability of vehicle rollover 

because of the higher travel speeds on a rural highway. 
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POTENTIAL EFFECTIVENESS OF CMB RETROFIT UNIT 

The effectiveness of the eMS retrofit unit required to reduce total 

accident costs was determined from an analysis of the accident data provided 

by CALTRANS (refer to Section 1). The graph of retrofit effectiveness in 

terms of ADT presented earlier in Figure 2 is presented again in Figure 18. 

Insight into the actual or potential effectiveness of the retrofit unit 

was provided by superimposing the breakeven ADT traffic volumes in Table 41 

on the curve in Figure 18. 

Referring to Figure 18 and assuming that the traffic stream ;s comprised 

of 50% compact automobiles. it can be seen that the retrofit unit will be 

at least (1) 45% effective on a rural highway with a 30 ft. median and 

carrying an ADT of 66,000 and higher, and (2) 25% effective on an urban 

highway with a 16 ft. median and carrying an ADT of 117,000 and higher. 
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(SECTION 7) 

104 



105 

The findings in this feasibility study have been based on the assumption 

that the reverse sloped surfaces of the eMS retrofit unit would be effective 

in suppressing vehicle uplift and rollover under impact angles greater than 

10 deg. 

It is recommended that the effectiveness of the retrofit unit be 

confirmed by conducting a limited number of full-scale vehicle crash tests. 

Also, it is recommended that the California accident records for the years 

of 1978 and 1979, in which 293 (8.8%) rollovers occurred out of a total 

of 3.311 reported accidents on the eMS. be reviewed manually to aid in the 

selection of the test vehicles and the impact speed-angle conditions. 

A detailed work plan and schedule was submitted on May 19, 1980 for 

review and approval for the continuation of this study to conduct full-

scale vehicle crash tests. A copy of the work plan and schedule is presented 

in Appendix C. 
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A4 5500.000 

TIRE OYElnOAD FACTOR 0l'lEG1 : 0.750 
TIRE UNDElLECTEC RADIUS ow : 11.830 
TIRE / GRCUbiD PRICTION COU'. ,"U : 0.700 

ANTI-PITCH tABLES lOR CIRCUtlPERENTIAL TIhE fORCE 

PRONT WKLEL 
DEfL. - Ui. 

-5.0000 
-1i.SOOO 
-4.0000 
- 3. 5000 
-3.0000 
-2.5000 
-2.0000 
-1.5000 
-1.0000 
-0.5000 
0.0 
0.5000 
1.0000 
1.5000 
2.00uO 
2.5000 
3.0000 
3.5000 
1i.0000 
Ii. 5000 
5.0000 

APP REAR ~HEEL Ark 
LE/Lli-}T OEPL.- IN. Lt/LC-fT 

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 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

-!.'.OOOO 
0.0 
5.0000 

0.0 
0.0 
0.0 

1 I , , 0 • 1 A 
Lf RR 

1211 O. 000 12110.000 
6.000 6.000 

10.000 10.000 
3625.000 3625.000 

7.711 7.711 
23u Ii. 000 231i1l.000 

1.550 1.550 
5500.000 5500.000 

0.750 0.750 
11.630 11.8]0 

0.700 0.700 

LR 

12110.000 
6.000 

10.000 
3625.000 

1.111 
23114.000 

1.550 
5500.000 

0.750 
11.830 
0.700 

LB/Ilt 
INCHlS 

I HCK ES 

APRIL 

--... 



IVF • 13.870 INCHES EPSILON b = 500.000 LB SICHU R , = 0. 0 
xv, = ~qb. 130 " SIGIUR 6 = 0.0 
TV = 32.7 00 " SIGI'llR 7 = 0.0 
ZVT = -12.500 " SIGltAR • = 0.0 
ZVB = 8.500 " SIG!!A!! , = 0.0 

SIGI'IAR10 = 0.0 

SPHUNG rlAss HHO POINT on A 

tOCA-TIOIi IN YEH. COORD!:> . STItt NESS 
POINT X5TIO Y5T1O ZSTIU AKS'! 
'0. IN. IN. IN. llJ/ IN 

1 47.40 2B .O O 14,45 2500.00 
2 - 4 '1. '5 a 28.00 n.vo 2"iO\) . vO 
3 bS. ~o 21.00 0.0 2501,1.00 



UNL-FHWA NEW JEhSEY CMB STUDY. 
1971 CHEVROLET VEGA 12450 L8) 

bO "PH / 15.0 PEG (RUN NO. lal 
Tlf<!, INP(J"r DATA 

~J 'ME tfULL CURE. &AnNIERl 

FRONT WHEEL CAMBER 
VS 

~U~PENSION DEFLECTION 

OEL 'fAF 
INCHES 

-5.00 
-".00 
-J.OO 
-2.00 
-1. VO 

0.0 
1.00 
2.00 
3.00 
".00 
5.00 

PHlc 
t EG R EES 

-6.80 
- 4. 75 
-3_ 08 
- 1. 75 
- 0.7) 

0.0 
0.48 
o. bS 
0.78 
O. tU 
0.85 

IM~lC"r CONDITTONS 60.0 "PH / 15.0 OEG 

R~AN WHEEL C'"Dlf 
VS 

SUSPENSION DEFL~CTION 

DELTAR ~HIRC 

NOT USED NOl USED 

-<;.00 0.0 
-11.00 0.0 
-3.0U 0,0 
-2.00 0.0 
·'.00 u.o 
0.0 u.o 
1.00 0.0 
2.00 !J.O 
3.00 0.0 
11.00 0.0 
5.00 0.0 

PReNT HALF-TRACK CHA~GE 

vs 
SUSPF.NSION DEFLECTION 

DELTAF 
HICHES 

-5.00 
·4.00 
-3.00 
-2.00 
-1.00 
0.0 
1.00 
2.00 
3.00 
4.00 
5.00 

DTHF 
INCHES 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

REAR HALF-TRACK CHANGE 
VS 

SUSPENSION CETLf.CTJOM 

DELTAR DTHP 
MOT USED NOT USED 

-5.00 0.0 
·4.00 0.0 
-3.00 0.0 
-2.00 0.0 
'1.00 0.0 
0.0 0.0 
1.00 0.0 
2.00 0.0 
3.00 0.0 
4.00 0.0 
5.00 0.0 

APRIL 



UI\L-fHIIA !-IE. JERSEY C," D STUDY. 1.0 r. f'H I 15. a DEG (PU N '0. 18) 
971 CHf::VitOLfT VEGA (2 I.i 5 0 LO) TI Iil:. HPUT DATA 
J C", U 'ULL CO-HE • UARRIEn) 11'11' A<.. T COtiDITTONS bO.O "" / 15. a DEG 

S • H U " G , , S S 
TIIH: POSI1l011 (FEET) VHOClTY (HIS EC) Acel 

SEC :te' 1 Ye I ) ZC' Fun~ARD LATERAL I VERT leAL LON G. I 

D.D 13.33 ul.67 -1.70 tit:!. 00 D. D D.O 0.00 
0.010 1U. 18 I.i 1. Fl9 -1.70 tlt:I.OO -0.00 0.04 -0.00 
O. 020 15. 0] 42. 12 -1.70 be. 00 O. 00 O. 12 -0.00 
0.0]0 15.U8 42.]5 -1.70 t:lS.OO a. 00 0.23 -0.00 
O.Ol.iQ 16.7] 42.58 -1.70 tlb. 00 0.00 o. J2 -0.00 
0.050 17.58 42.81 -1.69 88. 00 O. 00 0.36 - 0.00 
0.01)0 18. 1.i.3 113.03 -1. 6t'1 !H!. 00 0.00 O. ]6 -0. 00 
0.070 19.28 43.2E -1.69 68. 00 0.00 o. ]5 0.00 
O. o~o 20. 1) 4].l.i9 -1.68 tl8. 00 0.00 O. J3 O. 00 
0.010 20.9E! 43.72 -1.61:1 88.00 O. 00 O. J3 0.00 
v.l00 21.83 1.i].94 '1.6 R !:I8. 00 0.00 0.36 -0.00 
O. 110 :12.68 II !.i. 17 -1.60 68. 00 O. 00 0.41 -0.00 
0.120 23. 5] 4!.i.40 -1. 61 HB. 00 O. 00 0.45 -0.00 
0.130 24.38 44.6] -1.67 tlB. 00 0.00 O.iI R ,0. 00 
O. hO 25. 23 !.i4.t:!6 - 1. 66 88. 00 O. 00 O. ilb 0.00 
0.150 26.08 45.08 -1.66 b8.00 0.00 0.4 !.i 0.00 
O. 16 a 26.9] 45 • .3 1 '1.66 88. 00 -0. 00 a .il2 0.00 
0.170 27.78 45. 5i1 -1.66 8t:!.00 -0.00 O. ilO 0.00 
0.180 28. 63 !.is. 77 -1.65 8tLOO -0.00 0.)8 0.00 
0.1 t'I 0 29. "8 45.99 -1.65 &6.00 -0.00 O. 35 0.02 
0.200 ]0. ]J 46.22 -1.65 t:!b. 00 0.00 0.]] 0.00 
0.210 31. 18 !.io.u5 -1. 65 81:1.00 0.00 0.32 0.00 
0.220 32.0] il6.fi8 -1.6i1 Stl.OO -0.00 0.32 - o. 25 
0.2)0 32.88 46.90 -1. b4 87.60 -0.6" 0.29 -2. 09 
0.2110 33.7] 47. 11 - 1.64 86.79 -2.47 O. 11 -3.00 
0.290 ]4.57 47.29 -1.64 85.70 -li. 65 -0.38 -4. 11 
0.260 ]5.41 il7.1ll! -1.65 cil. 18 -7.94 - 1. 4 a -5.83 
0.210 36. 25 47.53 -1. 6 8 82.95 -11.04 -2.53 -5.06 
O. 2D 0 37.08 47.58 - 1. 71 1:12.94 -9.73 - 2. 8' -0. ]] 
0.290 31.92 47.63 -1. 75 83.16 -7.27 -2.57 -0.24 
v.300 38.75 II 7.67 -1.80 53.32 -11.17 - 2. 15 -0.18 
0.3)0 39.58 II 7.71 -1.811 t:!3.!.i0 - 2. 16 -1.52 -0.111 
0.3)0 liD. II 1 117.71l -1. 88 &3.39 0.6] -0.70 -0. 19 
0.3)0 Ill.25 47.77 -1.9] td.27 3.13 0.2t'1 0.02 
0.300 112.08 117.79 -'.97 83.20 4. 13 1.24 0.25 
0.300 !.i2.91 47.79 -2.01 83.09 iI.23 2.03 -0. 12 
0.300 1I3.74 47.77 -2.05 02.86 3. 60 2." 7 -0.66 
0.300 il4.57 47.72 -2.09 82.68 2..13 2.41 -0.24 
11.300 115.)C! 47.66 -2.13 82.68 1.62 1.98 o. 10 
0.300 il6.21 1I7.59 - 2. 18 82.67 1.97 1.81 -0.03 
0.400 47.03 47.52 -2_ 24 82.65 2. 36 1.70 -0.0) 
U. 4 00 1I7. fib 117.44 -2.29 82.64 2.72 1.5 q -0.0' 
0.400 4R.bR 47. J7 -2.311 82.02 3. 05 1. 59 - 0.01 
ll.uOO lIJ.50 il7.30 -2.39 tl2. to ). 38 1.69 -0.01 
0.400 50.32 117.23 - 2. 1I3 &2.bl 3.62 ,. 84 0.13 
0.11 0 0 51. 15 !.i7. 15 -2.117 82. b6 J.12 2.03 0.20 
0.400 51.97 117.07 -2.51 &2.. 71 .1. 70 2. ) 0 O. 111 
0.400 52.7Q 46.99 -2.54 1:12.12 3.69 2.511 -0.0' 
0.1100 5 3.1l2 liE. ell -2.57 82_ 70 3. 811 2.76 -0.07 
O. ill 0 0 ~4. 411 il6. B3 -2. ')'J &2. (, 7 4.00 2.'H -0.01) 



UIIL-FHWA NE' JEII$EY C .. STUlJY. bO "PH / 15.0 DeG (RU N HO. IR) APRIL 
1971 CHEVRULET VEGA (211 50 LB) TIM!:: HPUT ;'ATA 
NJ C"' (fULL CCRE • ilUnaR) r~PAL T UJNDITTONS 60.0 ~I'I! / 15.0 DEf, PAGE 12. 01 

, , R U H G , , , S SIDESLIP COURSE If PONT STEER I REA Il STEERI 
TI~E U GU LAR VELOCITIES (I>EG/S i::C) ) ORIENTATION (OEGnEES) ANC,LE AN(;LE ANGLE ) AIIGLE 

SEC P ) Q ) , ) (lOLL ) PITCH '" DEC, OEG fl r.r. I OEG 

0.0 0.0 0.0 0.0 0.0 0.0 15. 00 -0.00 15.00 0.0 0.0 
0.0100 -0.00 0.08 0.00 - o. 00 0.00 15.00 -0.00 1,. 00 0.0 -0.00 
0.0200 -0.00 O. HI -0.00 -0.00 0.00 1'5.00 -0.00 15 . 00 0.0 -0. 00 
0.0300 -0. 00 0.3] -0.00 -0.00 0.00 1 S. a a -0.00 15. 00 0.0 -0. 00 
O.OliOO -0.00 0.61 -0.00 -0. 00 o. a 1 15_ 00 -0. 00 '''. 00 0.0 -0. 00 
0.0500 -0. 00 O. 'J 1 -0.00 -0.00 O. 02 15.00 -0.00 15 .00 0.0 -0. 00 
0.0600 -0.00 1.00 -0.00 -0.00 0.03 15. 00 -0. 00 1<:;. 00 0.0 -0.00 
0.0700 -0.00 1. 0 1 -0.00 -0.00 O.Oli 15. 00 -0.00 1<:;. 00 0.0 -0. 00 
a.oaoo -0. 00 O.dq -0.00 -0. 00 o. as 10:;_ a a -0.00 15. 00 0.0 -0.00 
O.oqoo -0.00 O.Ii 0 -0.00 -0.00 o. as 15.00 -0.00 lS.00 0.0 -0.00 
0.1000 -0.00 0 .08 -0.00 -0.00 0.05 15.00 -0.00 15.00 0.0 -0. 00 
0.1100 -0.00 O.OCl -0.00 -0.00 O. 0& 15.00 -0.00 1 'i. 00 0.0 -a. 00 
0.1200 -0.00 0.28 -0.00 -0.00 0.06 15. a 0 -0. 00 10:;.00 0.0 -0. 00 
0.1]00 -0.00 0.69 -0. 00 -0.00 O. 06 15. 00 -0.00 15. 00 0.0 -0. 00 
0.11i00 -0. 00 a. 69 -0.00 -0.00 O. 07 15.00 -0.00 15. 00 0.0 -0. 00 
0.1')00 -0.00 0.65 -0.00 -0.00 0.08 15.00 -0. 00 15.00 0.0 -0.00 
o. '600 -0. a 1 0.56 -0.00 -0.00 O. 08 15. 00 -0.00 15.00 0.00 -0.00 
0.1700 -0.23 0.J2 -0.00 -0.00 0.09 15. 00 -0.00 15. 00 O. 00 -0.00 
0.1800 -0.25 -0. 15 -0.00 -0.00 0.0) 15.00 -0. 00 '''. 00 0.00 -0.00 
o.noo -0. 15 -0. 50 -0.01 -0.01 O. as 15.00 -0.00 15. 00 0.00 -0.00 
0.2000 0. 11 1 -0.81i -0.03 -0.00 D. 08 15.00 0.00 15. 00 0.00 -0.00 
0.2100 l.JJ -1.0') -0.011 0.00 0.07 1~. 0 a 0.00 15. 00 0.00 -0.00 
0.2200 2.611 -1.56 -0.23 0.02 O. os 15. a a -0.00 15. 00 0.00 -0.00 
0.2300 111.06 -2.88 -7.87 0.09 D. 03 111.97 -0. II 2 111.5<:; -0.09 0.00 
0.21400 37. 12 -2.Bl -3].'0 0.35 O. 00 , u. 78 - 1. 63 13. 1 "i - 0.41 0.00 
0.2500 39 .61 1.811 -67.75 0.7b -0.00 111.2B -3. 10 11. 18 - O. 811 0.01 
0.2600 7.47 111 • Ii 1 -121.0u 1. 03 D. DB 13.3'l -5.37 R.02 -1.511 0.01 
0.2700 -3tl.Oll 31.02 -lal.33 0.85 0.311 11. 8 6 -7.55 11. 31 -].6f. 0.01 
0.21300 -56.95 ]9.92 -195.76 0.311 0.72 9.95 -fi.69 ].26 - 6. 7 6 0.00 
0.2400 -t.5.28 1I1l.78 -1'18.J6 -0.31 1. 15 7.98 -5.01 2.'l7 -9.90 -0.00 
0.3000 -6tl.1t9 IlS.99 -201.75 -1.03 ,. 59 5.97 -3.31 2.67 -12.q3 -0.01 
0.3100 -67.77 52.110 - 2011. 511 -1.71:1 2.05 1.93 -1.52 2.111 -15.82 -0.02 
0.3200 -65.67 511.80 -205.50 -2.53 2. 51 1.1l6 O. II 1 2.26 -lB.57 -0. ali 
0.J300 -59.1'1 5b. 3 9 -199.35 - 3. 27 2. 96 - 0.22 2.16 1. q5 -21.25 -0.05 
0.31100 -100.1:16 56.23 -17I1.Sb -3.87 3. 111 - 2. 13 2.90 0.77 -23.91 -0.011 
0.1500 -30.78 52.3] -lJe.82 -11.32 3. ~" - 3. 7 14 3.02 -0.73 -26.511 -a. 00 
0.3600 -J9.92 112. q 5 -95.27 -11.7" Ii. 2] -11.95 2.62 -2.33 -29.16 0.06 
D. ]700 -59.06 27.811 -119.21 -5.30 II.5J - 5. 11 1.62 -1l.08 -31.76 0.11 
0.J800 -75.90 10.59 -]].01 -6. a 1 II. bB -6.10 1.21 -11.83 -311.311 O. 12 
O.HOO -82.17 -1_ 69 -]2.118 -b. 113 11. 6 fI '6.113 1.51 -lI.'n -36.QO O. 12 
O.IIOOC -81i.JII -11.07 -32.1110 -7.hg Il. 58 - 6. 711 1.78 -u.Q6 -39.1l3 O. 11 
0.11 100 - 86. 36 -16 .30 - 3 1.97 -8.57 Ii. )q -7.011 2.03 -5.01 -111.95 O. 08 
0.1l200 - 81i . ~ 9 -lEl.60 -31.21 -9.lIS Il. 17 -7.33 2.21 -5.06 -1111.113 o.oC 
0 .11]00 'l:n.13 -18.03 -30.50 -10.)0 3.93 -7.60 2. <;2 -5.08 -116.81 0.0100 
O.UIIOO -76.110 -17 • .19 -29.00 -11.10 3. 70 -7.86 2.71 -5. 15 -119.28 -0.03 
O.Ii 500 -70 .110 -1 5 .10 - 2h. 17 - 11. 86 ].118 -8. 10 2 .81 -5. 29 -51.65 -D. 06 
O. 1i600 -62.62 -11.811 -22.32 -12.5] 3.30 -8.31 2.B5 -5.1i6 -53.97 -0.08 
0 .Ii700 -57.811 -9.52 -19.30 -13.111 3. 1 <; - 8. II 9 2.A9 -5_ 60 -<;6.23 -0.01 
0.11800 - 57.02 -R. ]6 -l B.91 -1J.12 3.02 -R. 6 5 ].0] -5.62 -58.115 -a. 07 
0.14900 - 58.71 -7.1'12 -19. 02 -114.31 2.90 - A. R 2 1. 19 -5.63 -60.60 -0. a <; 



UNL-fHWA HEW JE(l!>EY CI'IB STU~Y. 60 I'IPH I 15.0 OEG (RU N '0. '6) APFo lL 
1971 Cli EVROL ET YEGA (21l50 Lfll TIRE INPUT DATA 
'J OB (PULL CURE + BARRIER) II'Il'AC1' CONLHTIONS 60.0 'PH I 15.0 DEG PAGE 17.02 

'Uti !:: TIRE CONTAt'l' POINT EL EY ~T ION (INCHES) 
SEC RF I L. I " I LR 

0.5000 -S. 711 o. a -6.52 o. a 
U.5100 -S.H 0.0 -6.52 0.0 
0.520U -S.711 0.0 - 6.52 0.0 
0.5300 -~. 711 0.0 -0.52 O. a 
0.51100 -B.711 0.0 -6.52 0.0 
0.5500 -8. 711 o. a - 6. 52 0.0 
0.5600 0.0 o. a -6.52 0.0 
0.5700 0.0 0.0 - 6. 5 2 0.0 
O.SHOO O. a 0.0 - 6.52 o. a 
0.5900 0.0 0.0 -0.52 0.0 
v.6000 0.0 O. a -6.52 '.0 
0.6100 o. a o. a -6.52 o. a 
0.6200 0.0 0.0 - b. 5 2 0.0 
0.6300 o. a 0.0 - 6. 5 2 o. a 
0.61100 0.0 o. a -6.52 0.0 
0.6500 0.0 0.0 -6.52 o. a 
0.6600 0.0 o. a -6. ~ 2 o. a 
0.6700 0.0 0.0 -6.52 0.0 
0.6tJOO 0.0 0.0 -6.52 0.0 
0.6900 o. a 0.0 -6.~2 0.0 
0.7000 o. a 0.0 -6.52 0.0 
0.7100 o. a 0.0 - 6.52 0.0 
0.7200 0.0 0.0 -6.52 o. a 
0.7)00 o. a 0.0 -6.52 o. a 
0.71.100 O. a O. a - &. ')2 0.0 
0.7500 0.0 0.0 0.0 0.0 
0.7600 0.0 o. a o. a o. a 
0.1700 0.0 0.0 0.0 o. a 
0.7dOO o. a 0.0 0.0 0.0 
0.7(}00 0.0 0.0 0.0 o. a 
O.BOOO o. a o. a o. a 0.0 
0.Bl00 0.0 0.0 o. a 0.0 
0.R200 0.0 0.0 o. a 0.0 
U.8300 0.0 0.0 o. a 0.0 
O.RuOO 0.0 o. a 0.0 0.0 
0.B500 0.0 0.0 0.0 0.0 
O.BbOO o. a o. a 0.0 o. a 
U.8700 0.0 0.0 0.0 0.0 
O. B800 o. a o. a 0.0 o. a 
O.B'lOO 0.0 0.0 0.0 0.0 
0.9000 0.0 o. a o. a o. a 
0.9100 0.0 0.0 0.0 0.0 
0.9200 o. a 0.0 o. a 0.0 ~ 

0.(1)00 0.0 o. a 0.0 0.0 ~ 

0.<11.100 o. a 0.0 o. a 0.0 '" 0.Q500 0.0 0.0 0.0 0.0 
0.9600 o. a 0.0 O. a o. a 
0,9700 o. a 0.0 0.0 o. a 
0.9"100 0.0 0.0 o. a o. a 
0.9QOO 0.0 0.0 0.0 o. a 



UNL-YHWA NtW JERSEY C'" STUUY _ bU !'IPH I 1 'l. 0 ,,0 (RUN '0. I.) APRIL 
1911 CIL~VROLET VEGA (21150 L8) TIN!:: iNPUT DATA 
NJ ". (FULL CURd • DARRlER) I!'IPALT CONDITIONS 60.0 !'IPH I 15.0 U," PAGE 21.01 

IHTJ::PFAU; V.I:;HICLf: ) MORPIAL FlilCTIOI/ ) DAHRII::R POSITION or APPLIf'D LOAD 
'!'HIE A JlI::A I DEFuRPlATIONI fORC!: }Ol\(. E J DEfLECTION XR I yp I ZP 

SE": IN"2 I INCHES I LBS LDS I INCHES INCHf:S I INCHES ) INCHf: S 
J . O u.o U.O 0 .0 0.0 0.0 0.0 0.0 0.0 
v.O l00 0.0 0.0 0 .0 0.0 O. 0 0.0 0.0 o. a 
0 . 0200 0.0 0.0 0.0 0.0 o. a 0.0 0.0 o. a 
0.0100 0.0 0.0 0.0 o. a O. a O. a O. a O. a 
0.0(400 O. a 0.0 0.0 0.0 O. a 0.0 0.0 0.0 
0 .0 500 0.0 O. a 0.0 U .0 O. a o. a O. a O. a 
J.ObOO O. a 0.0 O. a 0.0 O. a 0.0 0.0 0.0 
0.0700 0.0 0.0 o. a 0 .0 o. a 0.0 O. a o. a 
J.O~OO O. a 0.0 0.0 0.0 O. a O. a 0.0 O. a 
0 . 0100 0.0 0.0 0.0 O. a O. a O. a O. a O. a 
u. 1000 0.0 0.0 O. a 0.0 o. a o. a 0.0 0.0 
O. 1100 0.0 0.0 0.0 0.0 O. a O. a 0.0 0.0 
U.12 00 0.0 0 . 0 0.0 o. a u. a o. a 0.0 0.0 
1.1.1300 0.0 0 .0 0.0 0.0 o. a o. a 0.0 o. a 
U. l~O O 0.0 o. a o. a 0.0 o. a o. a 0.0 0.0 
0 .1 500 0.0 0.0 0.0 0.0 o. a o. a 0.0 o. a 
0 .1 600 0.0 0.0 o. a 0.0 0.0 o. a o. a o. a 
v.1100 0.0 0.0 0.0 0.0 o. a O. a o. a 0.0 
C. 1ROO 0.0 o. a o. a 0.0 O. a 0.0 0.0 o. a 
o . HOO 0.0 0.0 0.0 0.0 o. a o. a o. a 0.0 
0.2000 0.0 0.0 o. a 0.0 o. a 0.0 0.0 0.0 
0.2100 0.0 0.0 0.0 0.0 o. a o. a 0.0 0.0 
0 .2 200 a1.35 1.7 d 5311.20 160.20 O. a 71.1t8 3'.50 -1. SF; 
0 .23 00 371. )It II. II 7 3311.31 993 .39 O. a 61.75 29.12 -1.92 
0.2'100 575.l:Ib b.8] 7801.96 23112.]9 O. a 611.117 2R. 18 -2.05 
0.2500 739.51 6.55 121155.00 J730.50 O. a 61.81 21.08 -2.09 
0.21100 R56. 1 II 9.36 15129.113 11718.83 O. a "i9.95 26.57 -2.09 
0 .270 0 tlo?50 8 .65 111 160.1111 111128.13 O. a 59.116 27.0] -1. 82 
0.2600 862 . 25 6. q 5 0.0 0.0 O. a 11291120.50 196220.56 -12795.98 
0.2900 862 .2 5 5. 18 0.0 0.0 O. a 112QIl20.'l0 196220.So -127QS.9f1 
0.3000 862 .25 ].35 0.0 0.0 0.0 11291120.50 lCJ6220.56 -127<;5.98 
0.3 100 1:162.25 1. )(. 0.0 O. a o. a 11291120 .. 50 196220.56 -12795.98 
0.3200 flo2 .25 0.0 0.0 0.0 o. a 1129420.50 196220.56 -12795.98 
0.3300 062 .25 0.0 0 .0 0.0 0.0 1129420.50 lCJ6220.56 -12795.9R 
0.31100 282.19 1. 17 1118.12 1113.1111 O. U -88.81 32.07 11.31 
0.3500 ~1I1I.59 3.81 b210.59 11:103. 11:1 0.0 -79.6] 30.50 0.01 
0.3600 1069.96 5.59 10373.19 3111.9n O. a -77.03 29.11 2 -0.51 
0.3700 367.91 0.30 bf.)1.50 1989.115 o. a -811.119 28.21 0.34 
O. 3~00 1013.08 6.20 0.0 0.0 0.0 -44961111.114 166691.31 -10111.95 
0.3900 lull. Oe 5.95 O. a O. a O. a -41196411.1111 166691.31 -10111.95 
0.11000 10ll.08 5.n1 o. a O. a O. a -411961111.1111 166691.31 -1041.95 
O. II 10 0 10ll.08 5.35 0.0 o. a O. a -1111961111.ijll 166697.31 -10111.95 
0.11 200 10ll.08 4.99 0 .0 U.O u. a -111196114.411 166691.31 -10111.95 
0 .113 00 1013.0B 11.59 O. a 0.0 O. a -1111961111.1111 166691.31 -1011'.95 -N o .II~OO 1013.08 11.16 0.0 0.0 O. a -111196114.44 166697.]1 -1041.90:; 0 
0.11500 10ll.0R 3.b1 O. a 0.0 O. a -1111961111.1111 1666')7.31 ·10111.9" 
{). II 60 0 lOB. OR 3.09 0.0 0.0 O. a -11119644.1111 166697.31 -10111.95 
0.11100 1013.06 2.43 0.0 0.0 0.0 -1111961111.411 166691.31 -10111.95 
u. II~OO 10ll.08 1. 13 O. a 0.0 o. a -114961111.1111 16(1)97.31 -10111.95 
0.11'100 101.LOtl 1. 02 O. a o. a O. a -11 11 96114.1111 166697.31 -10111.95 
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APPENDIX B 

COST-EFFECTIVENESS COMPUTER PROGRAM 



1 

2 

J 

" 5 

ti 

7 
B 
9 

10 
11 

iJOE FAGES=4QQ,TIHE=40 122 C 
C 
( 

C 
C 
C 
C 
C 
C 
( 

C 
C 
C 
( 

( 

C 
( 

C 
C 
( 

C 
C 
( 

( 

( 

( 

C 
( 

( 

( 

( 

( 

C 
( 

C 

c 
C 
C 
( 

( 

( 

C 
( 

( 

( 

c 

•• ~ ••••• * •••••••••••••• **.*** ••••••• ~ ••••• * ••• ** •••••• * ••• * 
• 
• 
• 
• 
• • 
• 
• 
• • • 
• • • 
• 
• 
• 
• • • • • 
• • 

( 0 N 

C G 

C R 

S 

E 

T - t F F E C T I V , N 
C F 

il E T R 0 f I T T I t. G 
N E .' • J f R " E r 

1 E M E 0 I A N E 

BY 

DR .. EUWA~D R .. POS!, 1'. L 
(FEINCIPAL I~VESIIGArC9) 

ANC 
MR .. PA'III.ICK A. CllASTATt-: 

(RE5EkRCH ASSISTAN ~ 1 

L 

• 

TASK 1 ••• CONCUCT elE StUDY 

DOT·nc-92021 
UNL -t:l7-140-222 

" -

CIVIL E~GINEERING ClPA~1~ENT 
UNIVERSITY OF NEtRAS~A-IINCOLN 

S 

" R I - il 

• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
* • 
• 
• 
* • 
• 
• 
• 
• 
• 
• 
• ••••••••••••••••••••••••••••••• * •••• * ••••••••••••••••••• *.* 

DJ:1Et;SICN SI(L,),5,5) ,1=1(2,3,5,5) ,AC{2,3,5,S) ,II?(2,5, ~l ,!!1(3, 10) , 
* I C (3, 10) , E f f 1:. T 1 ( 10) , Ef F t'r 2 ( 10) , BE: N E F 1 (1 0 ) , 1.: E N /.'!f 2 (1 J) , A r;{; ( 5 ) , E ( , L) I 

• \0: ( 2 ) , S I 2) , I (5) , AU T ( 1 0) , ao L L (2 , J, 5 , 5 ) , G L U t.(, (2 , J, S , 5) , G L A 'T U , 3 , 5 , r,) , 
*GVLd' (213,~,5) ,81 (2,10),132(2, 10) 

RHL If,IC1INT 

CL7PUT T Al:IE hUMBER 

IT f.£lL E " 1 

DC hl 1 C IGGP " 1, 5 
DO lC u: "J " 1 • J 

HIGIi~AY CLASSIFICATlvN 
IS " 1 ••• ~ ... RURAL INTERSTAT!: 
IS " 2 •••••• UilBAN IN'lERS'If.TE 

DO 11) I..lC IS " 1 • 2 

I MP ACT A :-lGLES, ANGCK) 

,UG (1) : 5.0 
A NG (2) : 10.0 
ANt; (3) : 15.0 
ANG(4) : 20.0 
AliG (5) : 25.0 

All'Ie ;1Lur L E WEIGIITS, W (I) 



12 
13 

( 

C 

W(l) = 22:U 
W ( 21 = 45uO 

( AL'lC:1>.JBIL£ SIZi:. :,HSTR I BUTIONS , 5(1) 
C I =- 1 ........... _ 2 , 250 LE AUTO 
C I = 2 .......... 'l,';00 Lb AUTO 
( 

1~ GC Tv (!U) , 4 1, 42 , 43 , 44) , LUOP 
( 

15 
16 
17 
18 
19 
20 
2 1 
22 
23 
24 
25 
26 
27 
28 
29 

( 

C 

40 

" 1 

42 

43 

44 

45 

5 (1) = 1. 00 
S(~l =- Coo LlO 
GO T') 1.1: 
5(1) =- 0 .7 5 
SUI =- 0 . 25 
G(' TO u5 
5(1) = 0 . 50 
.:)(:.:) =- 0 .. 50 
GC Tu /J: 
5 ( 1) = 0 .. 2: 
:;U) = C .. 75 
GC TO liS 
5 (1) = 0 . 00 
::1(2) =- 1.00 
(Ct.Tl~tJf: 

C AV~RAGE DAILY tRAffIC , AD1(M) 
C 

30 A=1 . 0 
3 1 0 C 10 a i'1 =- 1. 10 
32 An ("I = A • 1JCOO.0 
33 A=A + l .. 0 
34 lCJ CChT;::~u, 

( 

C itH.PC.\CIiMI:ST fREQUENCY , 1:; (1'1) 
( 

3 5 If (IS . E\!! o 1) CONS'! =- 0 .. 00010 
36 IF (IS . EV . 21 CON5T: 0 . 00090 
37 DU 1v21'1= 1,1 0 
3d E(f) = CONST * AD'l'CJ'1.) 
39 1 02 CCt;TI NUE 

( 

C TRAFfIC uIReCTIC~A L SPL I T, 0 
C 

4u 0 = a • 5 
( 

41 IF(ITAi: LE . GT . 11 GO Te AO 
( 

C I t.T 1:::( W T RAT E, INT 
C FnOJECl' 1I FE, YR 
( 

42 I In = (, .. 10 
43 Yu = ;CO.O 

( 

( l.APITAL HEL .... VEhY FAl TO R, Of 
( 

~4 01 = (1. 0 • INT)· *Y R 
ij5 Cfn = f 111 T • 0 1) /(D 1-1) 

C 
46 80 I...C .• T1!.OE 

123 



"7 
"8 ", 

50 
5 1 
52 
53 
5. 

55 
56 

57 
58 
59 
bO 
61 
62 

63 

". 65 
66 
67 

C 

C 
C 
( 

C 
C 

C 

C 
C 
C 

( 

C 
C 
C 
C 

C 
( 

( 

85 

66 

B7 

n ('" .EQ. I) GO TO 85 
If (fS .E C. 2) GO TO 86 
CC NT! liO E 

124 

iA'IEfL'i.L Il'.PACT pnO[iADILITlfS, P(K), A'I LATERAL CfFSE7 DIS 'rA!lCl. 
OF 14 IT. eN RURAL INTERSTATE I-lIGHWA'l (FUNCTICN or E:JCHOACU:1EN'l' 
ANGLi (K»). i'lfDI AN WIDTH = 30 .. 0 FT. 

P(I) = 0 . 60 
P(2) = 0 . 82 
P(J) = 0 . 8<. 
P(4) .:. 0.136 
[' (S) = 0.93 

GC T'J e7 
CCKTI~UE 

LA'lCR.\L I~PAL'i PROBADILITIES,P(K), "'r lA'fERAl CFFSET DIST:,':(: 
Of 7 ~r. (11 UFDldl IlITER5 'rATE II!GIlW AY. MEDIA;; WICTH = 11') f'I. 

P (l) = C.81 
P ( ..;) = O. 94 
P CJ) = 0.57 
1'(4) = C. S7 
P ( 5) .:. O. 99 
CChTTt-;UE 

Ie(IS .EQ. 2 .OR. INJ .GE. 2 .OR. LOOP .GL l)GO 'IO J01 

REAl) I,1PAC'I CCNUITION PROBILI'IIES, IF(K,l). AS FUNCTION 
GF L"'lPACT ANGLE(K) AN[; SPEED(L». 

DO 10 4 17 = 1,2 
DO 11) 4 i'i = 1, 5 

lC .. 
READ (5, 500) (IP(IT,K,L),L = 1, 5 ) 
CC,.TINlJE 

l BEAD !IVOS:1 AlTOMOBILE ROLL A!lO DECELEEiATIO~S 
( 

( 

( 

( 

( 

C 

r = tlUTLl10BILE SIZE!> 
J = SEVERITY-INDEX 
K = 1 ~ P Al T ANGLES 
L = IMPACT SPEEDS 

J = 1 
DC JJ 0 I = 1,2 
DO Ju 0 L = 1,5 
DC 300 K -= 1,5 

ADJUS'l'M£lJ'l PA(TChS 

REAJ(5 , 502) HOLL(I ,J,K,L), GLO~G(I,J,K,L), GLAT (I,J, t\,L), 
• GVERT(I,J,K,L) 

73 300 C(~TI t.UE 
14 :01 CC~TI~DE 

75 
76 
77 

( 

( (AU.ULATE SEVERITY -HiD IC E5 , Sl(I ,J,K,l) 
( Sr(I .l, K,L) SET EliUAL '10 5.00 IF hGIL(1,l.~~,Kl IS <;nr:Ai':'R :l l 
( 

00 3U 0 
DO Jti a 
00 380 

I 
J 
K 

= 
= 

= 

1 , 2 
1. J 
1 • 5 



n 
80 
d 1 

02 
83 
8" 
00 
86 
87 
88 
8J 
90 
9 1 
92 
93 
'l4 
95 
9b 
97 
98 
99 

100 
101 
102 
103 
104 
lOS 
106 
107 
108 
109 
1 10 
11 1 
1 12 
113 
1,.. 
1 15 
1 10 

117 

c 

c 

( 

J61 
380 

362 
317 

3eo 

363 
389 

390 

: 7 1 
391 

J92 

372 
393 

373 
395 

3 \j t: 
350 

DC 3'iLl 1 = 1,5 

GC Tv 13") 0 ,352,354 ), J 
GO TO (30 0 ,3 60 ,36 1,.3 t2 ,363), !( 

Gu 1'0 1300,300,371,]72,373), j( 

Gv=.aT (I .. J,h,L) .= 1.LO .. GVER1 (I,l,K,L) 
G .... 10 350 
GO TLl ( ~d5 ,J Ab),I 
G'W~RT{I ,J,K,L) -= 0 .95. GVERT(I,l,K,L) 
G c '1.,) .3 so 
GViRT(I ,J,K,L) ;: 0.97 . GVERT(l,l,i<,L) 
GO 1u J SI) 
Gf... ~o (3 87 ,3 80) ,1 
GVL~T (I,J, K ,L) = 0.90 . GVERT(I,l,K,L) 
GG 10 3 so 
GVk.rt'l (l,J,K.L) -= O.Q2 .. GVERT (I, 1 ,K,l) 
G(J Tu 350 
GO 10 IJ 89 ,3 90 ),I 
GVl.:.HT (l,J,K,L) = 0.85 • GVE~T(I,l,K,L) 
GO TO J 50 
t~'Jc.R'r ( I ,J,K,L) ;: 0 . 87 " GVERT(I,l,K,L) 
G .... TO .3 50 
GO T0 1]91,392) ,1 
GVER'i'(I,J,h,L) ;: 0.90. GV£RT(I,l,K,L) 
GC TO 350 
GV1:.~·r (l,J,K,L) = 0 .92 .. GVl.:RT(I,l,K,L) 
GC IQ 350 
GO T0 (J '~ ],334),I 

GVlRT (l,J,K,L) = D.RO .. GVERT{I,l,K,L) 
GO '10 .3:0 
GVtflT (I,J,K,L) = 0 . 82 . GVERT{I,l,K,L) 
GO 10 3:0 
GC Tu (3QS,39t:),I 
GVERT {I,J, K,L) -= 0.70" GVERT(I,l,K,L) 
GO TO JSO 
GVERT(I ,J, K,L) = 0 .7 2 " GVtl;'l'(I,l,K,L) 
LUllTr~CE 

Gl = (GLONG(I,1,K,LI/7.0)*.2 
GO:: = ( (LA'l tI,1,K,L)/5 .. 0)**2 
GJ = ( GVEI·:T tl,J,K,LI/O. O) **2 

SI(I ,J,K,L) = tGl t- G2 + G3)**0 . 5 

118 I.f' (Au SlfWLL{I ,l,K,L).L'I. QlJ.O) GO TO .175 
119 IF (.l • EQ. 2 .0 '. J • E~. 3) GO TO 375 
120 SI(I ,J,K,L) = 5 .. 00 
121 375 CCt-TINUE 
122 380 CCt.'rlNUI: 

( 

! 

J 

C wRI'T£ IMPACT (:CNDITICN HICUAoILITIES, IP(K,L) 

125 
126 
127 
12B 

129 

( 

c 

c 

IF(IS .fQ. 2 .OR. INJ .G i:: . 2 .OR. lOCP . GL 1) GO TO '1 1 
DO 50 I K = 1,2 

\dU'IB(t,5S8) ITABlI:. 
rr (IK • EO . 1) WRITE (6,59 9) 
II (Ii~ . EQ . 2) WRITE(6,600) 
wRITe; (E,(01) 

L = 1 

125 



1 )0 
1 J 1 

nC l0UK= 1~ 5 
~rilTG ( 5 ,6 02 ) ANGeK), IP(II\,K,L), If(IK,K,L+l), Ii?(IK,(.,!.l~~, 

• IP(IK,K,L+J),lP(IK,K,L+U) 
132 l Od lCNl'lNLE 

C 
133 It .• J ... .!:. = I1AULE + 1 
1314 50 cCJ.TIt. UE 
135 51 U;:.'!IhLE 

c 
l wiUrl:. ..>.:.V::RI'IY -H;O I CES , S l(I, J , K ,L) 
C 

136 Ir (I..> ~ EQ_ 2 .. Oil .. INJ . GE .. 2 .u R. l OOP .. Gr. 1) GO TO l Jq 

c 
C 

137 D ... 11 0 1 = 1, 2 
138 ~(1 11 0 J ::: 1, 3 
13 1 ;'dT": (c, oU4 ) ITABLE 
1 If\) ljlJ 1'0 (112,114,116), J 
,.1 11 2 ' HII~ (t. 60E I 

1.2 "" T0 ll A 
143 11 4 .RIT';It.,bOI3) 
1t'~ GL 10 1 H~ 
1145 11 1.; Io.'RITE ( t , c l O) 
114 6 11 d li;!.n ~ [jE 
1.7 WIITE ft, t 121 W(II 
14 8 I. ::: 1 
14'1 DC 12 U K = 1, 5 
15v i~i'lI1':: ( o , 6 14) ANG(K), S I(I,J, K,L), !:l I(I, J , h ,L+l ) , ~I ( I " l , K /L " 

. SI(I ,J,K. L+J), S I(I,J,K,L+ IJ) 
151 12 1.1 Ct;.T! I\LE 
152 IT;.UL.E ::: l'IAblC ... 1 
153 11 0 l Ct. TI~L.E 

154 1 0~ lCi'.':'I I'o Ui:': 
C 
C. I li JURY ?FC[ALiI LITIES , PI(I,J,h.,L) 
C 

15 5 n~ 1 ... 2 I .; 1. 2 
1 ~o DO 122 J = 1,3 
157 Ll .... 122 K::. 1, 5 
lS d ou 12 2 L ::. 1,5 
159 Pf (I,J.K,I) = 0 .. 4 0 * SI(I,.J,K,L) 
160 If ( PI (I,J,K,LI .LT. 1.00 ) "0 TO U4 
161 t'l (I,J,K,L) = 1. 00 
102 124 CCl<oTl to UE 
163 1;2 C(';~~TItjUE 

c 
l I~JO B Y ACCIJE~T CIlsrs, A C (I,J,~, L) 

c 
164 Gl! 'IO I I::OO , 80 1, tW2 ), INJ 
16 5 tiCO (CI.rlt..UE 

l 
C "..i( AteI CEll'! COSTS (PROVIDE D BY /,!R . JI!"J HUC'S , fHwA PROJECT :H~:\ 

166 
167 
16 B 

c 
( 

c 
c 
c 
c 

f i)C = $ 
ItlJOhY = , 
cto'rAL = $ 
UiH.1i L1 M II = $ 

II = 
l~ "" 
cJ = 

527 3. 0 
U. O 
'J. U 

~50/At.:CI DENT 

5 , BOO/ AC.CI Dt.NT 
l S0 , OQO/ACCI UENT 

14, SeQ/ACCIDEl,I 



10J 
17J 
171 
1 7 .::: 
17, 
1 7-1 

( 

L4 

" 1 
N2 
;d 
tJ 4 

~L 

; l~S\.Ju.O 
; O~O 
; :-3vu 
; 150u;,JJ 
; 14:"GO 
To bJ4 

17j ::'oJ 1 lL"TIt. Ul 

17t) 
1 77 
170 
1 7 J 

1 dJ 
1 b 1 
1 d~ 
1 d J 

1 ,; j 

1 H") 

1 d, 
1 B7 
l bd 
1 d J 

1 Ju 
"1 
H2 
1 ) J 

1 J4 

1 :1:.) 

190 
1 17 
1 J; 

( 

",: 11I ALdDEb'l' lC!';TS 
( 

( ~~L -= i 70J/ALLIULhT 
l II,JJ B't ;:;; ;, l u . l..(;J/!'.llI~l:.~T 

( ~AlhL = j2\.J0.0&0/ALL~JE~1 
l Ui i'El< .LI ~IT -= iJ 21 , 4JJ/Al LIDtt;T 

l 

d02 
( 

L 1 ; 77132.0 
( . ; C. O 
c..j ; 0. 0 
(. ; ..: 140 0.0 
N 1 ; ?CO 
~2 ; 1 VO vO 
'3 ; .CCOlO 
'4 ; - lL1li(; , 

GC Itl cO~ 

CCt. TI~UE 

C h~b aLlIDE~1 lGSTS 
( 

l f0C = $ 10U/ALlIUENT 
l IhJURY -= $ q,90U/ALcrDE~T 
(FnIAL = $JJ6.LOU/ALllu~NT 
( LilrIf{ Ut'.lT -= i 21.1 . 7711/ ALLlLifNT 
l 

( 1 ; 9( 07 . a 
(2 ; 0. 0 
LJ ; 0. 0 
L4 = 2 4770 . 0 
, 1 ; )00 
H. = 4-JlJu 
i~ 3 = ]';1::000 
1. 4 ; 24770 

( 

oC-I CC •• TI~LE 
C 

co dO 6 1 ; 1 • 2 
ou tiJ t J ; 1 • J 
CO ~J b K ; 1 • 5 
C( dO 6 L ; 1 , 5 

C 
1':1:1 rlL(l,J.i<.l) -= Cl*SI (I,J, K, L) + C2"SI(I,J,t\,L)*~2 + 

• '::J*SI(! ,J, K, L)** 3 
2JJ GC TO ( t! l J . 807,80B) , INJ 
~Jl d1v It (aC(I,J,K,L) . LE . 14 5UU . 0) GO 1C !:jQ1 
20o! ACII , J ,I\, l) = l Uc:,OO . O 
2J3 GC TJ cOl 
2J~ 

205 
2 J r; 

2J7 

007 

dOd 

II: (At.: I l , J ,h, Ll 
ALII .J,r;,l) -= 
GL: TO cOg 
If(AC(l,J,t\,L) 

• LL. ..: 1400. 0) 
21"00.U 

GO 'Ie ~O':l 

GO 'Ie tjO':' 

127 



20a 
209 
210 

211 
212 
213 
214 
215 
216 
217 

21d 

219 
220 

221 
222 

2 2 3 
224 

225 

C 
C 
C 
C 
C 

809 
A<"(I,J,K,L) = 
CCriTlt.OE 

806 CC/;TINlJE 

24770 . 0 

E.HEC'IIVEf\E!):;> CALCULATICNS ( EEDiJCTION IN 
'IAZA~J -IN D ICES DUE TO RE TRutITTING) 

AND 
C l:!Er.i::fI1' CALCULA'l' ICNS (RE DUC'l'ICN IN 

CUE TC RETROFITT ING c 
c 

c 

c 

c 

c 

c 

c 

l OS1J 

", IUT::': ( ( , b 1 5) I 'i.'ABLE 
",hITr:: ( 6,633) 
'"RIrE (6,031) Nl, N2 ,NJ,N4, S( 1) , 5(2) 
1.1' (1..; • EQ . 1) WRITE ( 6 , 6 16) 
Ife!:> . EI,,/ . 2) 'r;"RITE(6,617) 
WBITE ( € , e 18 ) 
IIAJLl=. -= ITABLE + 1 

DC 200 J = 1 , 3 

E::it::12 = 0 . 0 
fj~U l12 = O. U 

JC 204 I = 1, 2 
"c 20 ( K = 1 , 5 

E.:iU,,: l = D. D 
USU 11 1 = 0 . 0 

ilC 2J8 1 = 1, 5 

226 ESU~ l = ESU" '. rr(lS,K,L) * PI ( I ,J, K,L) 
227 iJSI,;11 1 -= 85UM. 1 ... lPCIS,K,L) * AC (I,J,K, L) 
228 20d CON'IINCE 
229 r:SUI12 -= ESUM2 ... ESUM l .. Sf I) * P(K) 
2]0 cSL.'12 = l:lSUM2 ... 85UM l .. 5 (1 ) >I< P(KI 
231 20t) COr.TI NUE 
232 204 C(t.TI ~ UE 

23] 

234 
235 
2 J6 
237 

238 

23' 
240 

241 
242 
243 

244 
245 
246 

C 

C 

210 
2uv 

c 

C 

C 

2 12 
C 

c 

DO 2 1 C " 
HI (J, I':J = 
Il (J, 1'1) = 
C(.t.II~l:E 

:CllTI hUE 

DC 212 M 

E f F Er 1 (~) 
EHET2(M ) 

Er;/;i:f 1 (1'1) 
13LN Lc'2 (1'1) 
CC1,Tl HE 

DO 2S U r. 
21(IS , i~1 

ul (IS ,fO. 1 

= 

= 

= 
= 
= 

1, 10 

E ( H) • c • ESU112 
ElM) • " • I3SU~2 

1, 10 

= iH (1, N) - HI(2,M) 

= HI (l,l'I.) - Hl( 3,i1) 
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The University of Nebraska-lincoln 

Department of 
Civil Engineering 

Uncoln, Nebraska 68588 

Mr. Ted Higgs 
Department of Transportation, RSPA 
Procurement Branch, DPA-14 
400 Seventh Street, S.W. 
Washington, D.C. 20590 

Re: DOT Contract RC-92021 

Dear Mr. Higgs: 

May 19, 1980 

This letter is a request to redefine the scope of several of the work 
tasks in the research contract OOT-RC-92021, entitled lIeost-Effectiveness 
of Retrofitting Concrete Median Barriers". Mr. Michael Freitas. HRS-43, 
who is the project's second Contracting Officer's Technical Representative 
(COTR). is in agreement with this request. 

Copies of the revised work plan are enclosed for your review and dis
tribution to the COTR. The revised budget sheet is shown in Table 1A. The 
revised work plan will require no additional funding from DOT, but it will 
require an increase in the Universities cost sharing funds from $13~500 to 
$17,828. The revised budget sheet in Table 1A is in a format agreed upon 
in a telephone conversation (May 15, 1980) between yourself and Mr. Carl 
Mueller, who is the University's Fiscal Manager of Grants and Contracts. 

There are three reasons for requesting a revision of the work plan. 
These reasons are as follows: 

1. A new and second COTR, Mr. Michael Freitas, HRS-43, was assigned 
to the project. This change in COTR's delayed the review of the 
Task 1 Report by about two months. 

2. Tasks 2, 3 and 4 in the original work plan were dependent upon 
the FHWA providing a computer model named GUARD for simulating 
the impact between a vehicle and the retrofitted concrete median 
barrier. Dr. Morton Oskard, HRS-12, of the FHWA made the decision 
that no attempt should be made to use the GUARD program because 
of the technical difficulties being encountered with the program 
on other research contracts. 

The University of Nebraska-Lincoln The University of Nebraska at Omaha The University of Nebraska Medical Center 



Mr. Higgs 
May 19, 1980 
page 2 

3. The scope of Task 1 was expanded by the second COTR in reqUlrlng 
a more indepth analysis of accident data involving rollovers on 
the concrete median barriers. It is the opinion of the contractor 
that the additional work was well justified because it provided 
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a better understanding of the rollover problem and traffic conditions 
in which the retrofit unit would be potentially cost-effective. 

Task 1 on the cost-effectiveness of retrofitting concrete median barriers 
has been completed to the satisfaction of the COTR, Mr. Michael Freitas. Be
cause of the uncertain operational status of the FHWA's GUARD program. it is 
requested that (1) Tasks 2, 3 and 4 be deleted, and (2) the project proceed 
into the full-scale vehicle crash testing phase in Task 6. The original 
work plan required that two full-scale crash tests be conducted. In lieu 
of the simulation work that would have been done in Tasks 2. 3 and 4. the 
contractor and the COTR are in agreement that two additional full-scale 
crash tests should be conducted in order to determine the feasibility and 
effectiveness of retrofitting concrete median barriers. Conducting two 
additional full-scale crash tests will require that the completion date of 
the project be extended two months from August 31 to October 31. 1980 (see 
Table 18 in revised work plan). 

Mr. Michael Freitas. HRS-43. has reached the decision that the project 
should be turned over to an engineer in FHWA's Protective Systems Group. 
Structures and Applied Mechanics Division for conducting the full-scale 
crash tests in Task 6. Dr. Morton S. Oskard, HRS-12, has agreed to serve. 
if approved, as the new and third COTR. 

Conducting full-scale crash tests requires much lead time in planning 
and preparing the test site and vehicles. Therefore, your consideration of 
this request to modify the work plan at your earliest convenience will be 
greatly appreciated. Thank you. 

Respectfully, 

~;..b.u~d ,~ ;P'~ 
Dr. Edward R. Post, P.E. 
Associate Prof~~or of Civil 
D..<t-><.<.~ .'I fJ.....,/J.. 
Dr. Francis Schmehl 
Research Administrator 

Enclosures (3) 

cc: Dr. E. N. Wilson, P.E. (C.L Chairman) 

mlw 

Dean D. M. Edwards, P.L (Dir. of Engr. Res. Center) 
Mr. Michael Freitas, HRS-43 
Dr. Morton Oskard, HRS-12 

Engineering 



Table IA 

NEW BUDGETc : COST-EFFECTIVENESS OF 
RETROFITTING CONCRETE MEDIAN BARRIERS 

(DOT -RC-9202!) 

Original Estimated 
I T E M Budget Working 

Balance 
($) I ($) 

Personnel I 
E. R. Post I 16,400 5,778 

I P. T. McCoy 7,200 5,778 
i 

Graduate Assistants 8 500 0 
Undergraduates 4,000 0 
Draftsman/Clerical 1,200 1,200 

Staff Benefits 3,348 795 
Operating 1,800 800 
Full-Scale Crash Tests 11,000 II ,000 

Travel 1,000 1,000 
Indirect Costs 22,007 7,480 

Total (OOT) 76,455 33,831 

UNL Cos t Sha re 
Computer 13,500 13,500 
Personnel 

E. R. posta 0 0 
P. T. McCoya 0 0 
T. J. Wipfa 0 0 
R. W. Boltona 0 0 
P. Chastain b 0 0 
Clerica,a 0 0 

Total (UNL) 13,500 13,500 

a. Includes Fringe Benefits and Indirect Costs 
b. lncl udes Indirect Costs Only 

c. New 8udget (5-19-80) 
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New 
Budget 

I 
(Tasks 6&7) , 

, 
($ ) i 

, 
2,889 

I 0 

i 0 

1,500 

0 

390 

800 
24,662 
1,000 

2,590 

33,831 

0 

4,938 
4,938 
2,875 
2,684 
1,193 

1,200 I 
I 17,828 



FEASIBILITY STUDY 
of 

RETROFITTING CONCRETE MEDIAN BARRIERS 

OOT-RC -92021 

REVISED WORK PLAN 
May 19, 1980 

Principal Investigator 
Dr. Edward Robert Post. P.E. 

Associate Professor of Civil Engineering 
226 Bancroft Hall 

Civil Engineering Department 
University of Nebraska-Lincoln 

Lincoln, Nebraska 68588 

135 



WORK SCHEDULES 

The revised work task schedule and personnel assignment schedule are shown 

in Tables IS and Ie. The changes made are shown in a hand written format 

on the original schedules. A brief description of the revised schedules 

follows. 

WORK TASKS 

TASK 1. CONDUCT COST-EFFECTIVENESS STUDY 

As of May 1. 1980, Task 1 was completed to the satisfaction of the 

project's second COTR*, Mr. Michael Freitas. HRS-43. Additional time 

was required to complete Task 1 because of (1) a change in contract 

managers in about December of 1979 which delayed the review of the 

Task 1 report by about two months, and (2) the new COTR increased the 

scope of the project by requiring a more indepth analysis of accident 

information related to vehicle rol1overs on the eMS. However, it is 

the opinion of the contractor that the additional work was well 

justified because it provided a better understanding of the rollover 

problem and traffic conditions in which the retrofit unit would be 

potentially cost-effective. 

TASK 2. OBTAIN AND INSTALL GUARD PROGRAM ON UNL COMPUTER SYSTEM 
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This task and the two following tasks (Tasks 3 and 4) are to be deleted. 

These tasks were designed to determine the feasibility of the concrete 

* COTR - Contracting Officer's Technical Representative 



ITEM/TASK 

ITEMS 

11. Progress Reports 

12. Work Plan 

13. D; rectory of Potent; a 1 Users 

14. Work Task 1 

15. Interim Report 

16. Draft Final Report 

17. Final Oral Briefing 

18. Final 

TASKS 

Tl. Conduct C/E Study 

,W qilWf ap1 Iryi,~ll G,UAAp 
j'R- GiJARP, 5 imu) a,tjo,ns 

,1,(( go;, ~}tl ;Retr?fft , un'}~s 

TS. Interim Report ( --:-ask jan,,!!) 

T6, Full-Scale Tests (,c) 

I T7, Final 

Table 1 B 
WORK SCHED ULE a. (F~ /,_ .= J) b. 

1----- - 1979 -- 1980 - -
S o N D J F M A M J 

I 

,- -
( 

i , , 
---+---- - .... - -- - -- -, 

r 

a. Due to late processlng of the contract. the deadllnes for the contract Items and Tasks 
been changed to the new dates shown in attached letter of September 11, 1979. 

L. ReY/:;,;~d' I'/ork Plo; (hevJ.5lol'1 /Vo . .1 7 1'Y10r /3 .1980) 

J A s 

! 

( 

- --- - = 
have 



Professionals 
TASKS E.R. 

I 
P. T. 

Post McCoy 

3.0 ~.( 
I /,3 i, 

if o'j,S' I 0.0' . 
# S 

.. 
,ryf, .9'& 

.ff .[}# pi/! 
5 p,l o·t 0'. . , 

a.S 
6 1.0 9':2' 
7 1.0 0.5 

Sub- b. 5.7 ./.5 
Totals .5',3 3.6 

i 
. 

! 

Table 2 Je 

PERSONNEL ASSIGNMENTS a. 

(man -months) 

Graduate% A::sJs!<JnT5 

T.J. R.W. 
Wipf Bo1 ton 

.1'.0 0.7 
0.5 ~.h 

0.8 )J.8 . •• 

"YrP .1# 
,pi J1IJ 
0. 1 I 0.1 

i 2.7 ? ~ _ ·L 

0.5 .0. 5 
a,~ "'f 9, 1 ,0 r' 

a.5 

f .5 

7 . . -=?'<!"V.'SI"/1 /v-' .i (5-/9- _90) 

b. I.ncJ.:Jde.s LJNL lost Shqr;;"':J JI»?e 

Under- Sub-
Graduates Staff Totals 

I 

2.S _J. B 8.5 
lI.t 0'.5 6'.1 

I l·P 0.0 H' I 
, 

0;0 I ,r,p ~; 1 'J, ' 

/1// O/..i Xi,] 
" , .L.+ 

0.0 0.5 j.l 
-

5,3 I L'2.9 
1.1 

! 
0.2 3'.5 

.;;.1.2 2. " 9" .. d I 0.5 2,2 ! 

8.0 2S. 7 
5.6 2.0 21( 8 

• 
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median barrier retrofit unit concept by mathematical model simulations 

using the GUARD program developed by FHWA. The decision was made by 

the contractor and the COTR to delete these tasks because of the un

certain operational status of the GUARD program. The FHWA has been 

encountering technical problems in attempting to use the GUARD program 

on other contracts. 

TASK 3. SIMULATE GUARD PROGRAM 

This task ;s to be deleted for reasons discussed in Task 2. 

TASK 4. DESIGN ALTERNATIVE RETROFIT UNIT 

This task ;s to be deleted for reasons discussed in Task 2. 

TASK 5. INTERIM REPORT 

The cost-effectiveness study in Task 1 has been completed to the 

satisfaction of the COTR, Mr. Michael Freitas, HRS-43. Three reports 

of Task 1 have been presented to the COTR. The second and third 

reports were prepared in response to constructive criticism made by 

the COTR. A single consolidated interim report of the findings, con

clusions, and recommendations of Task 1 will be submitted by May 3D, 1980 

The CaTR has stated verbally by telephone that he will sign the interim 

report as having been completed satisfactorily and will recommend that 

(a) Tasks 2, 3 and 4 be deleted because of the uncertain operational 

status of the FHWA computer simulation model, GUARD, (b) the study 

continue into the full-scale vehicle crash testing phase in Task 6, 

and (c) the remainder of the project be monitored by a new CaTR in the 
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FHWA Protective Systems Group. Structures and Applied Mechanics 

Division. The following professional engineer has agreed, if appointed, 

to serve as the new and third project COTR. 

Dr. Morton S. Oskard, HRS-12 
Federal Highway Administration 
U.S. Department of Transportation 
400 Seventh Street, S.W. 
Washington, D.C. 20590 

TASK 6. CONDUCT FULL-SCALE TESTS 

The original work plan dated October 3, 1980 required that two full-

scale vehicle crash tests were to be conducted. Because the computer 

model simulation studies in Tasks 2. 3 and 4 were deleted, the contractor 

and the COTR, Dr. Morton Oskard, have made the decision to conduct two 

additional full-scale tests in lieu of the deleted tasks. It was de-

cided that four tests. without the aid of the computer simulation 

results, was a minimum number of tests required to determine the effec-

tiveness and feasibility of the CMB retrofit unit concept. 

Wherever possible. the full-scale tests will be conducted in accordance 

with the guidelines presented in TRB Circular 191. entitled "Recommended 

Procedures for Vehicle Crash Testing of Highway Appurtenances". Devi-

ations from TRB Circular 191 will be noted in the outline of the subtasks 

to follow. 

Subtask 6.1. Construct New Jersey CMB 

The CMB will be about 80 ft. in length and it will consist of pin

connected 10 ft. precast units. The CMB will be fixed at its base 

against rotations and horizontal displacements under impact. Heavy 
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steel reinforcement will be used to minimize structural impact 

damage. Steel female bolt connection inserts will be cast in the 

eMB for anchoring the retrofit unit to the eMS. 

Subtask 6.2. Vehicle Impact Test Conditions 

The accident record reports in California for the years of 1978 

and 1979, in which eMS rollovers occurred, will be reviewed by 

hand to define and select four test vehicles. An attempt will 

also be made to determine the impact speed-angle combinations in 

which rollovers occurred. 

In the absence of reliable rollover speed-angle accident data. it 

;s predicted from the findings ;n Task 1 that a minimum speed of 

60 mph and a minimum angle of 15 deg. will provide a good measure 

of the effectiveness of the eMB retrofit unit concept in eliminating 

rollovers. 

Subtask 6.3. Design and Construct CMB Retrofit Unit 

No computer simulation model will be available to help design the 

shape of the retrofit unit because Tasks 2. 3. and 4 were deleted. 

Therefore, engineering judgment will be used to accomplish this 

task. Insight into the shape of the retrofit unit will be obtained 

by using prototype plywood mockups of retrofitted eMB's placed 

alongside automobiles of different sizes. 

Subtask 6.4. Data Acquisition Methods 

Vehicle Accelerations. A triaxial accelerometer unit will be used 



to measure the lateral, longitudi nal. and vertical vehicle 

accelerations. 

Occupant Responses. An anthropometric dummy in the driver's 

position will be used "on the condition" that the FHWA will 

furnish the dummy and the high-speed camera to be mounted in the 

rear of the test vehicle. The FHWA shall make the decision on 

whether the side door window shall be open or closed since no 

guidelines have yet been defined in TRB Circular 191. 

The use of anthropometric dummies ;s considered optional for the 

evaluation of highway appurtences. However, in this study a 

dummy would be beneficial and would provide an indication of 

the degree-of-hazardousness associated with the retrofit unit. 

in that, the height of the retrofit unit will be at about the 

same height as the driver's head. 

High-Speed Cameras. Three high-speed cameras operating at a 

minimum speed of 500 fps will be used in this study . One camera 

will be positioned perpendicular to the CMS; and the other two 

cameras mounted side by side will be positioned nearly parallel 

to the CMS on the downstream side of the impact location. 

TASK 7. FINAL REPORT 
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The final report of the findings, conclusions, and recommendations of 

Tasks 1 and 6 will be submitted by October 31. 1980. The report section 

on Task 6 will be prepared in accordance with the guidelines of TR8 
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Circular 191. The report will contain no material on Tasks 2, 3 and 4 

because these tasks have been deleted from this study. 




