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Cost-Effective Bridge Maintenance and 
Rehabilitation Procedures 

RICHARD E. WEYERS, PHILIP D. CADY, AND JOHN M. HUNTER 

Twenty bridge maintenance and rehabilitation areas were 
identified and repair procedures were compiled for each area. 
Initial cost and life for each procedure was determined by 
expert opinion expressed during a group encounter session, 
for which guidelines and procedures are presented. An engi
neering economic evaluation of the alternative procedures for 
each of the 20 bridge maintenance and rehabilitation areas was 
performed considering the time value of money, sensitivity of 
least cost parameters, and economic intangibles. An economic 
decision tree presents the least cost solution to the identified 
bridge maintenance and rehabilitation areas for various field 
conditions. 

The deterioration of the highway transportation system is 
a national trend. As a result, highway maintenance 
expenditures are increasing at a rate of $300 million per 
year (J, 2). By 1990, maintenance could account for more 
than one-half of all highway expenditures . The lack of 
sufficient funds being allocated to bridge maintenance and 
rehabilitation, coupled with past revenue crunches related 
to the fuel crisis and recessionary periods, has resulted in 
a large backlog of bridge maintenance and betterment needs. 
Reflective of this national trend is Pennsylvania's bridge 
problem. 

Pennsylvania currently has approximately 22,500 bridges 
longer than 20 ft. Thirty-five percent of these bridges are 
classified as structurally deficient or functionally obsolete 
(3). The estimated improvement cost to bring the presently 
classified structurally deficient or functionally obsolete 
bridges up to a minimum acceptable condition is $2.5 bil
lion. Pennsylvania's reaction to the bridge problem was 
the enactment of Billion Dollar Bridge Programs I and II 
and the development of a bridge management system (4) . 
The latest program, Billion Dollar Bridge II (Act 100), 
was signed into law on July 9, 1986. The act identified 
approximately 3,300 bridges for replacement and rehabil
itation over a 10- to 12-yr period at a total cost of $1.6 
billion. 

The bridge management system (BMS), which was phased 
into service from December 24, 1986, to April 30, 1987, 
contains an enhanced structural inventory record system 
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(SIRS), a bridge replacement and rehabilitation system 
that is able to determine present needs and project future 
conditions, a bridge maintenance system for present and 
future needs, and an integrator that links the BMS with 
other Pennsylvania Department of Transportation 
(PennDOT) computer management systems. The objec
tive of the BMS is to make the best use of available funds 
in an overall program of maintenance, rehabilitation, and 
replacement, while keeping the bridge system operating 
at the demand level of service and ensuring public safety. 
Thus, there is an urgent need to identify cost-effective 
bridge maintenance and rehabilitation procedures. Rec
ognizing this, PennDOT instituted Research Project 84-
11, "Cost-Effectiveness of Bridge Repair Details and Pro
cedures,'' on September 21, 1985, part of which is reported 
here. The objectives of the study (5, 6) were to 

l. Identify approximately 20 common bridge mainte
nance and rehabilitation problem areas, 

2. Compile procedures used to address the identified 
areas, and 

3. Determine the least-common cost solution to the 20 
identified bridge maintenance and rehabilitation problem 
areas. 

IDENTIFICATION 

Pennsylvania's 11 engineering districts were visited and 
each district bridge engineer and bridge maintenance coor
dinator was interviewed. During the interviews, common 
bridge substructure, superstructure, deck, and appurte
nance problem areas were identified and selected sites were 
visited and photographed. The results of the 11 interviews 
were compiled and a frequency of occurrence number (1 
to 11), potential cost savings (small, moderate, large, very 
large), and effect on safety (small, moderate, extreme) 
term was assigned to each problem area . The potential 
cost savings may result from employing a standard method 
rather than doing nothing at all or from selecting the most 
cost-effective solution. For candidates to be included in 
the final identification list, they had to meet the selection 
criteria of two of the conditions; that is, each final can
didate presented in Table 1 meets the selection criteria of 
frequency of occurrence of five or greater and cost-savings 
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TABLE 1 BRIDGE PROBLEM AREAS 

Item No. 

Substructure 
1 

2 

3 
4 

5 
6 
7 

8 

9 

10 
11 

12 

13 

14 

15 

16 

17 

18 

19 
Appurtenances 

20 
21 

22 
23 

Bridge Element 

Pier 

Pier caps 

Back walls 
Block covered slope 

walls 
Soil slope walls 
Hammerhead piers 
Diaphragms 

Prestressed box beam 

Prestressed beams 

Steel beams 
Patching with 

asphaltic concrete 
Patching with 

portland cement 
concrete deck 

Deck overlay with 
latex-modified 
concrete 

Expansion joints all 
types 

Deck replacement for 
steel superstructure 

Deck replacement for 
prestressed !
superstructure 

Deck replacement for 
pres tressed 
adjacent box beam 
superstructure 

Deck replacement for 
prestressed spread 
box beam 
superstructure 

Drainage-scuppers 

Parapet 
Approach slab--all 

types 
Drainage-drainpipe 
Stress relief joints 

Activity 

Deterioration of concrete 

Deterioration of concrete 

Structural fracture of concrete 
Erosion of soil 

Erosion of soil 
Structural cracking 
Deterioration of concrete or steel 

member 
Longitudinal cracking, breaking of 

strands 
Spalling of concrete cover and 

breaking of strands 
Fatigue cracking 
Spalling of concrete deck 

Spalling of concrete 

Spalling of original concrete deck 

Leaking or failed 

Deterioration of concrete deck 

Deterioration of concrete deck 

Deterioration of concrete deck 

Deterioration of concrete deck 

Clogged 

Geometry 
Horizontal and vertical movement 

Clogged 
Rough riding surface 

Problem Cause 

Corrosion of reinforcing steel (salt water 
from ieaking joims) 

Corrosion of reinforcing steel (salt water 
from leaking joints) 

Pavement migration 
Deck drainage or failed drainage systems 

Deck drainage or failed drainage systems 
Inadequate design 
Corrosion of steel (salt water from leaking 

joints) 
Moisture trapped in hox beam, low cover, 

failure of shear keys 
Collision damage 

Weld detail 
Corrosion of reinforcing steel (deicer salts) 

Corrosion of reinforcing steel (deicer salts) 

Corrosion of reinforcing steel (deicer salts) 

Improper design or construction methods 

Corrosion of reinforcing steel (deicer salts) 

Corrosion of reinforcing steel (deicer salts) 

Corrosion of reinforcing steel (deicer salts) 

Corrosion of reinforcing steel (deicer salts) 

Improper design 

Improper design 
Improper design 

Improper design 
Pavement migration 

potential large or very large, or frequency five or greater 
and effect on safety of moderate or extreme, or cost-saving 
potential large or very large and effect on safety of mod
erate or extreme. Presented in Table 1, in addition to 
problem areas (bridge element and activity), are the prob
able causes of the 23 Pennsylvania bridge candidate prob
lem areas. The four most severe problem areas identified 
are decks, drainage, joints, and piers. 

nance and rehabilitation procedures for the 23 areas pre
sented in Table 1. In addition, methods were compiled 
from the literature. Procedures were selected to maximize 
the number of alternative approaches to the solution of 
the identified problem areas. During the selection of alter
native solutions, deterioration of concrete diaphragms was 
combined with concrete beams. Also, fatigue cracking of 
steel beams was excluded from the selection list because 
this item does not lend itself to an economic evaluation 
(repair details are site specific, and expediency is of pri
mary concern because of public safety). Thus, a total of 
21 bridge maintenance and rehabilitation areas were rep
resented in the economic evaluation of 49 procedures. The 
repair alternatives for the 21 bridge-maintenance and reha
bilitation activities are presented in Table 2. 

COMPILATION OF PROCEDURES 

Six of the 11 Pennsylvania engineering districts compiled 
and submitted common practices and innovative mainte-
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TABLE 2 ALTERNATIVE SOLUTIONS FOR BRIDGE 
MAINTENANCE AND REHABILITATION ACTIVITIES 

Bridge Element 

Pier and pier cap 

Pier 

Structurally cracked 
hammerhead piers 

Block or concrete slope 
walls 

Soil slope walls 

Back walls 
Box beams 

Prestressed I-beams 

Scuppers 

Expansion joints 

Decks 

Drainpipes 
Parapets 

Approach slabs 
Pavement relief joint 

Alternatives 

Repair, depth 
< 1 in. 
1 to 3 in. 
> 3 in. 

Replacement 
Encasement 
Replacement 
Post-tension 
Epoxy grout reinforcement repair 
Replace deteriorated area with stone 
Completely replace with stone 
Partial protection with stone 
Complete protection with stone 
Repair 
Repair 
Replace 
Repair 
Replaced 
New square box design 
Straight drop pipe 
Repair open armored 
Repair sliding plate 
Replace, < 2-in. movement with 

armored compression seal 
Replace, < 2-in. movement with 

unarmored compression seal 
Replace, 2- to 4-in. movement with 

neoprene strip seal 
Replace, > 4-in. movement with 

tooth joint without trough 
Replace , > 4-in. movement with 

tooth joint with trough 
Patch 

Asphalt concrete (temporary) 
Type 1, HES concrete 
Type 1, Mg-phosphate concrete 
Type 1, polymer concrete 
Type 2, HES concrete 
Type 2, Mg-phosphate concrete 
Type 3, HES concrete 
Type 3, Mg-phosphate 

Overlay 
Asphalt concrete 
Latex-modified concrete 

Replacement 
Steel superstructure, 

cast-in-place 
precast 

Prestressed I-beams, 
cast-in-place 
precast 

Adjacent box beams, 
partial depth 
full depth 

Spread box beams, 
cast-in-place 

Remove and replace 
Modify existing 
Replace with precast 
Replace with cast-in-place 
Replace 
Install 
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COST-EFFECTIVE ANALYSIS 

Cost-effectiveness can be achieved through a standardized 
methodology of comparison of all costs incurred over the 
service life of a structure considering the time value of money. 
This is the meaning of cost-effectiveness. Decisions based 
on initial costs or individual events will generally not result 
in a least cost solution. Cost-effective decision models for 
maintenance, rehabilitation, and replacement of bridges have 
been developed (7). The life-cycle models require the initial 
costs and service life of all bridge activities over the life of 
a structure. Before the phased implementation of the BMS, 
Pennsylvania engineering districts were not tracking the 
initial cost and service life of bridge-maintenance and reha
bilitation activities (5). Because the BMS data-gathering 
system is part of the bridge-inspection program, it will take 
a 2-yr inspection cycle to complete the data base. Thus, a 
method to determine the cost and lives of bridge main
tenance and rehabilitation procedures is needed. 

Costs and Lives by Expert Opinion 

Bridge experts from PennDOT staff were asked to partic
ipate in a group encounter session in which they would 
express their opinions on the initial cost and service life 
of various bridge maintenance and rehabilitation proce
dures. From the list of experts who were willing to partic
ipate in the group encounter session, 11 were chosen to 
represent the range of geographic, economic, climatic, and 
demographic conditions throughout Pennsylvania that 
affected bridges. The objective of the encounter session 
was to collect the opinions of individual experts that were 
free from influence exerted by a member or members of 
the group or by observers of the encounter session. 

Guidelines developed to minimize member or observer 
influences included: 

1. Encounter session should be conducted by an indi
vidual familiar with group dynamics; 

2. Observers should be limited and should not be per
ceived as authorities on the subject; 

3. Observers should not discuss activities or results nor 
interject their opinions during, before, or after the encoun
ter session; 

4. The observer's function is only to answer technical 
questions during the question period; 

5. The encounter session must be structured and sched
ules should be maintained; 

6. Group member input that may influence the work of 
the group should be considered and acted upon; and 

7. A sense of accomplishment must be promoted among 
the participants. 

Variability within a group of experts is expected; extreme 
variability limits the usefulness of global economic deci
sions. Therefore, cost and life were clearly defined to exclude 
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TABLE 3 CANDIDATE MAINTENANCE AND REHABILITATION PROCEDURES 

Procedure Description 

1 Pier and pier cap patching: depth of repair < 1 in. 
2 Pier and pier cap patching: depth of repair 1 to 3 

Ill. 

3 Pier and pier cap patching: depth of repair > 3 in. 
4 Pier encasement 
5 Pier and pier cap replacement 
6 Pier replacement 
7 Back wall repair 
8 Rehabilitation of block and concrete slope walls 

(partial repair with stone) 
9 Rehabilitation of block and concrete slope walls 

(replacement with stone) 
10 Soil slope wall protection, partial protection using 

stone 
11 Soil slope wall protection, full protection using 

stone 
12 Post-tensioning of cracked hammerhead piers 
13 Epoxy-grouted reinforcement for repair ~f cracked 

hammerhead piers 
14 Repair of cracked prestressed box beams 
15 Replacement of longitudinally cracked box beams 
16 Prestressed I-beams, patch and restore 

pres tressing 
17 Prestressed I-beams, replace 
18 Bridge deck patching: asphalt concrete 

(temporary) 
19 Type 1 deck removal: Patch with high early-

strength portland cement concrete 
20 Type 1 deck removal: patch with rapid-setting 

magnesium phosphate concrete 
21 Type 1 deck removal: patch with polymer concrete 
22 Type 2 deck removal: patch with high early-

strength portland cement concrete 
23 Type 2 deck removal: patch with rapid-setting 

magnesium phosphate concrete 
24 Type 3 deck removal: patch with high early-

strength portland cement conc.n~tF. 
25 Type 3 deck removal: patch with rapid-setting 

magnesium phosphate concrete 

any highly variable component. However, these highly var
iable components should be considered by a case-by-case 
comparison. Accordingiy, the definitions of cost and iife 
formulated for the group encounter session was as follows: 

Cost: expressed as a single value per specified unit and 
consisting of labor, materials, equipment, and overhead 
(labor fringe rates; insurance; administration, including 
engineering; and inspection). Traffic control, profit, user 
costs, and economic impacts on the service area are all site 
specific and thus were not included in the definition of 
cost. 

Service life: the period of time over which the mainte
nance activity is expected to be effective, assuming that 
appropriate modifications and repairs are made to the other 
bridge elements that contribute to the problem. (For exam
ple, in repairing piers damaged by the corrosion of rein
forcing steel caused by a leaking expansion joint, it is 
assumed that the expansion joint would be repaired.) 

Site difficulties were taken into consideration by for
mulating the cost and life questions to produce a range of 

Procedure Description 

26 Bridge deck overlays: asphalt concrete 
27 Bridge deck overlays: latex-modified concrete 
28 Repa ir of expansion joints (open armored) 
29 Repair of expansion joints (sliding plate) 
30 Expansion joint replacement, replace with 

unarmored compression seal 
31 Expansion joint replacement, replace with 

armored compression seal 
32 Expansion joint replacement, replace with 

armored neoprene strip seal 
33 Expansion joint replacement, replace with tooth 

joint (without trough) 
34 Expansion joint replacement, replace with tooth 

joint (with trough) 
35 Replacement of deck on steel superstructure, cast-

in-place concrete 
36 Replacement of deck on steel superstructure, 

precast deck 
37 Deck replacement, prestressed I-beam 

superstructure, cast-in-place deck 
38 Deck replacement, prestressed I-beam 

superstructure, precast deck 
39 Deck replacement, adjacent box beams, partial 

removal of existing deck, cast-in-place concrete 
40 Deck replacement, adjacent box beams, full deck 

removal, cast-in-place concrete 
41 Deck replacement, spread box beam 

superstructure, full deck removal, cast-in-place 
concrete 

42 Drainage scuppers, replace with new square box 
design 

43 Drainage scuppers, replace with straight drop pipe 
44 Remove and replace deck drain pipe 
4) Parapets, modify existing 
46 Parapets, replace with precast units 
47 Parapets, replace with cast-in-place units 
4H Approach slab replacement 
49 Install pavement relief joints 

costs (reasonably lowest, most frequent, reasonably high
est) and service lives (reasonably shortest, most frequent, 
reasonably longest). in addition, intangible economic fac
tors were considered by asking the experts ·to rate the 
procedure, in words, as poor, good, very good, or excel
lent, and using a number rating of 1 to 10 to define their 
meaning of poor, good, very good, and excelJent. 

The type of information presented for each procedure 
was also considered. The information has to be of such 
detail that the experts can reasonably estimate the cost and 
life of a general application of the procedure rather than 
a specific application. The descriptions and procedure 
numbers for the 49 candidate maintenance and rehabili
tation procedures that were evaluated in the 2-day group 
encounter session are presented in Table 3. 

Data Reduction 

The nature of the data obtained from the encounter ses
sion, largely opinion, would be expected to be highly var-



TABLE 4 DATA REDUCTION SUMMARY 

No. Rating Most Frequent Life (yr) Most Frequent Cost 

Coefficients Points Coefficients Coefficients 
Procedure Letter of Deleted of Points of Points 
No . Rating" Value Variation Value Variation Deleted Value Variation Units Deleted 

1 1.9 4.9 51 0 9.8 77 0 30.0 83 $/ft2 0 
2 2.3 6.5 20 1 13.0 52 0 39.1 30 $/ff 0 
3 2.7 6.6 27 0 18.0 30 0 52.2 15 $/ft2 l 
4 2.7 6.7 24 0 23.9 21 1 232.0 33 $/yd3 0 
5 3.4 7.9 25 0 42.0 33 0 1,155.0 54 $/yd3 0 
6 1.5 3.7 84 0 36.0 37 0 1,244.4 59 $/yd3 0 
7 2.5 6.5 37 0 22.7 44 0 702.5 42 $/yd3 0 
8 2.1 4.6 60 0 18.3 69 0 120.7 48 $/yd3 1 
9 2.7 7.1 23 0 28.5 48 0 113.3 28 $/yd3 1 

10 2.2 5.4 26 0 20.1 50 0 173.5 26 $/yd3 0 
11 2.5 7.3 12 1 27.7 45 0 164.5 28 $/yd3 0 
12 2.4 6.4 28 0 25.2 42 0 28,530.0 75 $/pier 0 
13 1.8 4.1 66 0 20.8 51 0 23,339.0 66 $/pier 1 
14 2.2 5.0 54 0 16.5 39 0 35 .3 42 $/ft 2 
15 3.2 8.4 11 0 44.1 20 0 390.0 53 $/ft 1 
16 2.0 4.8 58 0 19.9 44 0 14,845.0 57 $/beam 0 
17 3.3 8.5 9 1 42.8 8 2 727.9 61 $/ft 0 
18 1.1 2.4 108 0 0.1 90 2 7.28 134 $/ft2 1 
19 1.8 4.4 61 0 4.3 51 0 16.6 43 $/ff 0 
20 1.7 3.7 65 0 3.8 61 2 23.7 49 $/ft2 0 
21 1.7 3.7 68 0 5.5 78 0 24.9 51 $/ft2 1 
22 2.5 5.6 38 0 7.5 37 1 26.7 42 $/ft" 0 
23 2.0 4.2 45 0 6.8 40 1 33.9 55 $/ft2 0 
24 2.8 7.0 26 0 16. l 48 0 52 .9 34 $/ft2 0 
25 2.0 3.9 77 0 12.5 69 0 69.2 36 $/ft 2 0 
26 1.5 4.3 61 0 3.9 39 0 4.1 54 $/ft2 0 
27 2.5 7.1 10 2 13.6 52 1 29.0 82 $/ft 2 0 
28 1.4 3.2 72 0 3.9 74 0 71.4 63 $/ff 1 
29 1.4 3.9 74 0 3.5 46 2 70.5 46 $/ft2 1 
30 2.3 6.0 33 0 15.7 46 0 198 .6 69 $/ft" 0 
31 3.1 7.9 13 0 24.5 29 0 299 .5 49 $/ft 0 
32 3.0 7.7 16 0 22.7 27 0 326.8 50 $/ft 0 
33 2.5 5.7 42 0 26.7 9 2 604.5 45 $/ft 1 
34 3.3 8.3 13 0 26.5 20 1 608 .0 53 $/ft 1 
35 3.6 9.0 7 0 35.0 22 0 42.9 49 $/ff 0 
36 2.4 5.6 25 0 26.l 36 0 82.9 72 $/ft" 0 
37 3.7 9.1 4 1 35.9 30 0 52.1 45 $/ft" 0 
38 2.5 6.2 32 0 24.5 22 1 88.9 70 $/ft" 0 
39 2.1 5.4 52 0 23 .0 24 1 32.2 31 $/ft2 2 
40 3.2 8.1 17 0 30.5 24 0 48 .0 55 $/ff 0 
41 3.5 9.0 6 1 30.5 24 0 54.0 47 $/ft" 0 
42 2.4 5.6 57 0 32.7 26 0 1,295.0 44 $/each 1 
43 2.3 5.5 47 0 27.9 32 0 430.9 57 $/each 0 
44 2.5 6.4 42 0 22.5 36 0 37.3 58 $/ft 0 
45 2.4 6.0 42 0 30.3 36 0 114.8 33 $/ft 0 
46 1.9 4.3 51 0 24.5 23 0 96.8 40 $/ft 0 
47 3.2 7.2 42 0 34.5 22 0 103.6 35 $/ft 0 
48 3.4 8.2 15 0 23.1 20 0 15.4 27 $/ft2 2 
49 3.2 8.4 8 1 19.7 37 0 98.5 42 $/ft 1 

"Meanings of the word rating were poor (A) = 1, good (B) = 2, very good (C) = 3, and excellent (D) = 4. 
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iable. Furthermore, it would be expected to be highly sub
ject to "outli r ," or data points that are obvious errors 
relative to the mainstream of the group. The primary 
potential sources of such errors are deliberate instances of 
inclusion of data that are too high or too low in an effort 
to favor or disfavor a particuiar procedure (bias) and mis
take based on misinterpretation of the procedure being 
ev<t luated. The outlier elimination procedure described in 
the National Bureau of Standards Handbook 91 was used 
(8). The 95 percent confidence level was used to eliminate 
outliers. Outlier elimination was not applied to the word 
rating because that type of data is not readily amenable 
to the process. 

The results of the data reduction for the most frequent 
life, most frequent cost, and work and number ratings are 
presented in Table 4. The values shown are the arithmetic 
means for the encounter group after the elimination of 
outliers . The numerical values for word ratings are based 
on poor (A) = 1, good (B) = 2, very good (C) = 3, and 
excellent (D) = 4 , to h w a relative mean position (i.e., 
1.5 is equivalent to a poor-lo-good rating). Also shown in 
Table 4 are the co fficients of variation, indicati ng the 
degree of variability of the data, and the number of outliers 
eliminated in each instance. 
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Comparison with Data from Another Source 

Co r data obtained from tht: Penns lvania Bureau of Design 
on tract Ma nag ment Division (R . Harley, personal com

mu nication eptcmber 9, 198 ), ar com )a red wirh the 
means of the encounter session cost data for 20 of the 49 
procedures (see Tabl -). More than ha lf (55 percent) of 
the Contract Management Divi ion '. figures do not fall 
within the ranges obtained from the conference session. 
Most (70 percent) of the values from the Contract Man
agement Divi ion fall below the mean "most frequent" 
values obtained in the ncounter e ·'ion. Note that the 
most widely disparate results invC1riably involve lower costs 
from the Contract Management Division data on items 
that require considerable engineering (pier, beam, and deck 
replacement items). The explanation of these differences 
most certainly lies in the definitiou of cost used in the 
encounter sessi n, which specified the in lusion of engi
neering and in p ction costs. It was verifietl with the on
tract Management Division (R. Harley, personal com
munication, September 25, 1986) that their cost figures do 
not include thes it ms. It is believed, therefore, that the 
cost figures generated by the encounter session are rea
sonably representative of actual costs. 

TABLE 5 COMPARISON OF COST DATA FROM ENCOUNTER SESSIONS 
WITH COSTS FROM PENNDOT CONTRACT MANAGEMENT DIVISION 

Mean Cost Values from 
Encounter Sessions ($) 

Procedure 
No. Lowest Highest 

1 16.6 65.2 
2 24.5 61.1 
3 33.6 88.0 
5 932.5 1,670.0 
6 933.3 1,855.6 
7 458.3 852.8 

17 517.3 733.3 
18 J.71 11.20 
19 10.6 30.l 
22 16.5 39.8 
24 36.5 87.0 
26 3.0 7.4 
27 24.4 36.7 
35 33.9 59.5 
37 32.4 74.5 
40 37. l 64.0 
41 40.6 73.2 
47 81.9 140.5 
48 13.9 26.0 
49 78.5 125.0 

"Depth not defined. 
,,Class AA concrete-large work area. 
'Class AA concr tc -small work area. 

Data from 
rontract 
Management 

Most Division 
Frequent ($) U11its 

30.0 ft 2 

39.2 46.88" ft' 
52.2 ft 2 

1, 155.0 482.44" ydJ 
1,244.4 482.44'' ydl 

702.5 600 to 1, 000• yd' 
727.9 193 to 368" ft 

7.28 2.91' ft 2 

16.6 27.28 ft° 
26.7 21.40 ft' 
52.9 46.41 ft 2 

4.1 l.001 ft' 
29 .0 5.09 to 5.62• ft 2 

42.9 23. 73 to 24. 73" ft 2 

52.1 24 .23 to 25.73' ft' 
48.0 20.20 to 21.70' ft 2 

54.0 24.23 to 25.73' [[' 

103.6 68.52 ft 
15.4 16.49 to 16 .801 ft 2 

98.5 110.7 ft 

"Based n bt::am ut $175 to $350/ft and 3 f1 ! of deck removal (partial) ft of beam at $6/ft2 • 

·' Ba ed on $155.34/ton and 3-in . ;1vcr;1ge patch depth. 
1 Based on $3.1 \I/yd~ ($80/ton f r 2-in. -thick overlt1y). 
g I Y1- to l Y:- in . depth , including scarifica tion. 
'' Include. $4 .00 10 $5 .0lJ/f1 2 for deck removal. 
'Includes $4.SO to $6.00/ft2 for deck removal. 
jlncludes $40.00 to $50.00/yd3 for slab removal, assuming 10-in. thick slab. 
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Economic Analysis 

In practice, cost-effective analyses of periodic bridge main
tenance and rehabilitation,,events should be performed on 
a case-by-case basis in an overall bridge maintenance, 
rehabilitation, and replacement program. The periodicity 
of bridge maintenance and rehabilitation procedures pre
sented in the paper is generally undefined and is limited 
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in number. These constraints precluded the effort required 
for an overall economic evaluation. The chosen economic 
engineering method is based on selecting the least equiv
alent uniform annual cost (EUAC) alternative. The EUAC 
for the 49 procedures was calculated from the following 
equation using the mean most frequent cost and life. 

EUAC = P(AIP, i, n) (1) 

TABLE 6 EQUIVALENT UNIFORM ANNUAL COSTS 

EUAC 
Life First Cost (yr-I) 

Procedure No . (yr) (AIP, i, n) ($) ($) 

1 9.8 0.13155 30.0/ft2 3. 95/ft2 

2 13.0 0.10646 39.2/ft2 4.17/ft2 

3 18.0 0.08555 52.2/ft2 4.47/ft2 

4 23 .9 0.07263 232/yd3 16.95/yd3 

5 42.0 0.05739 l ,155.0/yd3 66.29/yd3 

6 36.0 0.06043 1,244.4/yd3 75.20/yd3 

7 22.7 0.07467 702.5/yd3 52.46/yd3 

8 18.3 0.08467 120.7/yd3 10.22/yd3 

9 28.5 0.06657 133 .3/yd3 7.54/yd3 

10 20.1 0.08001 173.5/yd3 13.88/yd3 

11 27.7 0.06746 164.5/yd3 11.10/yd3 

12 25 .2 0.07066 28,530/pier 2,015. 93/pier 
13 20.8 0.07843 23,339/pier 1,830.48/pier 
14 16.5 0.09043 35.3/ft 3.19/ft 
15 44.1 0.05658 390.0/ft 22.07/ft 
16 19.9 0.08048 14,845/beam 1, 194. 72/beam 
17 42 .8 0.05707 727 .9/ft 41.54/ft 
18 0.1 10.27495 7.28/ft2 74.79/ft2 

19 4.3 0.26419 16.6/ft2 4.39/ft2 

20 3.8 0.29545 23.7/ft2 7 .OO/ft2 

21 5.5 0.21244 24.9/ft2 5.29/ft2 

22 7.5 0.16316 26. 7/ft2 4.36/ft2 

23 6.8 0.17708 33.9/ft2 6.00/ft2 

24 16.1 0.09189 52.9/ft2 4.86/ft2 

25 12.5 0.10951 69.2/ft2 7 .58/ft2 

26 3.9 0.28855 4.1/ft2 1.18/ft2 

2'7 - - 13:6- -0 .10310 ·· 29. 0/ftL .. 2~99/ft2 

28 3.9 0.28855 71.4/ft 20.60/ft 
29 3.5 0.31850 70.5/ft 22.45/ft 
30 15.7 0.09343 198.6/ft 18.56/ft 
31 24.5 0.07169 229.5/ft 16.45/ft 
32 22.7 0.07467 326.8/ft 24.40/ft 
33 26.7 0.06866 604.5/ft 41.51/ft 
34 26.5 0.06891 608.0/ft 41. 90/ft 
35 35.0 0.06107 42 . 9/ft2 2.62/ft2 

36 26.1 0.06943 82.9/ft2 5.76/ft2 

37 35.9 0.06050 52.1/ft2 3.15/ft2 
38 24.5 0.07169 88.9/ft2 6.37/ft2 

39 23 .0 0.07414 32.2/ft2 2.39/ft 2 

40 30.5 0.06458 48 .0/ft 2 3. lQ/ft2 

41 30.5 0.06458 54.0/ft2 3.49/ft2 

42 32.7 0.06272 1,295 .0/each 81.22/each 
43 29.7 0.06723 430.9/each 28 .97/each 
44 22.5 0.07503 37 .3/ft 2.80/ft 
45 30.3 0.06477 114.8/ft 7.44/ft 
46 24.5 0.07169 98.6/ft 6.94/ft 
47 34.5 0.06141 103.6/ft 6.36/ft 
48 23 .1 0.07396 15.4/ft2 1.14/ft2 

49 19.7 0.08496 98.5/ft 7.97/ft 
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where 

p 

(AIP, i, n) 

n 

most frequent first cost, 
capital recovery factor, 
interest rate (in decimal form), and 
mn~t frP.n11P.nt 11fP ( ,,r'\ 
-·•~ ~ • 6. &_'1.._....,,, .. .&LL..., \J.J.J• 

An interest rate of 5 percent was based on the observation 
that the true (inflation-adjusted) time value of money is 4 
to 6 percent on a long-term basis (9). The computer EUAC 
values are presented in Table 6. 

In addition to the selections ba ed on EU A , the ratings 
of the alternatives were examined to tak intangibles into 
account. In order to incorporate both the word and number 
ratings into this process, these two variables were first 
subjected to linear regression analysis to establish the rela
tionship between them. The results are shown in Figure 
l. It was decided, a priori, that the cutoff period should 
lie midway between a word rating of "poor" (A) = 1 and 
"good" (B) = 2, or at a word rating of 1.5. From the regres
sion line in Figure 1 this results in a number rating cut-off 
value of between 3.3 and 3.4. Therefore , all maintenance 
procedures with a number rating of less than 3.4 were con
sidered unacceptable. Examination of Table 6 reveals that 
only two procedures were eliminated by this process: Num
ber 18 (asphalt patching of bridge decks) and Number 28 
(repair of open armored expansion joints) . Both of these 
were also eliminated in the economic analyses . A decision 
matrix summarizing the selected procedures , based on the 
economic analysis , is shown in Figure 2. 

Sensitivity Analysis 

The economic analysis presented is based on the most 
probable cost and life values. However, the data for cost 
and life are, not unexpectedly, highly variable for most of 
the alternative strategies. Thus , the effects of variability 
or sensitivity analysis were performed on the economic 
decisions rendered. The sensitivity analysis was performed 
using a procedure sometimes called m?nimin-rnaximax in 
the technical literature. The objective function (E UAC) 
used in the economic decision making is the product of 
the initial cost and the capital recovery factor that, in turn, 

c 
0 
Q) 

0 (4) 

2 C(3) 

l9 
z 
~ 8(2) 
0: 

0 

i§ A( I) 
:;;:: 

0 

No Ro ting Sca le 0 (wors t ) to !O(be st) 
Word Ro t ing : A Poo r ( • I I 

B Good (• 2) 
C Very Good (• 3 ) 
D E<cell ent 1•4) 

2 3 4 
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is a function of the life of the alternative . It is intuitively 
clear that low initial costs or long service lives will lead to 
low annual costs. Likewise, high initial costs or short lives 
will lead to high annual costs. Therefore , the combination 
of the shortest life with the highest first cost gives the 
highest annual cost (maximax), while the combination of 
the longest life with the lowest first cost gives the lowest 
annual cost (minimin). Because the individual elements 
(high and low cost, long and short life) are, in themselves, 
extreme values (i .e. , low probability of occurrence) , their 
products in maximum or minimum represent values having 
an infinitesimal probability of occurrence. They do, how
ever, define ranges of values that are representative of the 
sensitivity of equivalent uniform annual cost to expected 
variability in first cost and service life. 

Because the minimin and maximax values represent 
extremes of very low probaliilily of occurrence , it is gen
erally not appropriate to use them for evaluating economic 
decisions rendered on the basis of most probable values. 
Rather, the most probable value within each minimin
maximax range should be used, midpoint range (arithmetic 
mean) being the most logical choice. If the mean values 
for the maximin-minimax ranges are then substituted for 
the most frequent values in the economic calculations , the 
effect of sensitivity on the economic decisions becomes 
evident. The results are summarized in Table 7. In general, 
the decisions rendered in the economic analysis are not 
significantly affected by the expected variations in first cost 
and service life . Notice that even in those few instances 
that show a different decision (break-even point and, in 
one case, procedure), no changes should be made in the 
decision matrix developed using " most frequent" values 
(see Figure 2). Rather, the sensitivity ;imllysis results merely 
flag those items that display tendencies to be sensitivt: lo 
the variability of the input data. 

CONCLUSIONS AND DISCUSSION 

Bridge maintenance and rehabil itation p1oull.:m areas and 
least cost repair solutions have been identified. In addition, 
a method to determine costs and lives of bridge activities 
using expert opinion has been developed. It must be rec-

5 6 7 8 9 10 

NUMBER RATING (Mean) 

FIGURE 1 Correlation of word rating and numbering system. 
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ION) 

SUBSTRUCTURE ELEMENTS 
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COLLISION 
DAMAGE 
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1· llEAMS 

DRAIN PIPE 
REPLACEMENT 

DAMAGED 
BLOCK OR 
CONCRETE 

SUPERSTRUCTURE ELEMENTS 

PROTEC
TION OF 
SOIL 

DECK DETERIORATION 

REPLACEMENT REO'D DUE TO 
STRUCTURAL INADEQUACrr 

APPURTENANCES 

I 
I 

PARAPET 
MODIFICATIONS 

APPROACH SLAB 
REPLACEMENT 

PAVEMENT _ _ _ J 
RELIEF JOINT 

FIGURE 2 Summary of selected procedures. 
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TABLE 7 EFFECTS OF SENSITIVITY ON ECONOMIC 
DECISIONS 

Element 

Piers 
Pie1 cap:; ( uclt:rioraTed) 

Hammerhead piers 
(structurally cracked) 

Slope walls (deteriorated 
block or concrete) 

Slope walls (protect soil) 

Back walls 
Cracked box beams 
Collision damage to 

prestressed I-beams 
Drainage scuppers 
Expansion joints 
Decks 
Drain pipe replacement 
Parapets 
Approach slab 

replacement 
Pavement relief joint 

Sensitivity Effect on Economic 
Decision 

None 
Average breakeven point 

reduced from 40 percent to 20 
percent deterioration 

Breakeven point increased from 
28 yd3 to 38 yd3 

None 

Breakeven point decreased 
slightly (80 percent to 75 
percent) 

Not applicable (only one choice) 
None 
None (assuming beams > 43-ft 

length) 
None 
None 
None 
Not applicable (only one choice) 
None 
Not applicable (only one choice) 

Not applicable (only one choice) 

ognized that in such a dynamic field as bridge maintenance, 
rehabilitation, and replacement, three categories of infor
mation will always exist: massive numerical data from 
tracked past experience, limited data from newly applied 
technological development , and vague data from emerg
ing technologie . The expert opinion method th at include 
economic intangibles and a sensitivity analysis presents a 
solution to the problem of identifying emerging bridge 
!tchnologies that may be least cost solutions to existing 
problem . 
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