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PREFACE 	A vast storehouse of information exists on nearly every subject of concern to highway 
administrators and engineers. Much of this information has resulted from both research 
and the successful application of solutions to the problems faced by practitioners in their 
daily work. Because previously there has been no systematic means for compiling such 
useful information and making it available to the entire community, the American As-
sociation of State Highway and Transportation Officials has, through the mechanism of 
the National Cooperative Highway Research Program, authorized the Transportation 
Research Board to undertake a continuing project to search Out and synthesize useful 
knowledge from all available sources and to prepare documented reports on current 
practices in the subject areas of concern. 

This synthesis series reports on various practices, making specific recommendations 
where appropriate but without the detailed directions usually found in handbooks or de-
sign manuals. Nonetheless, these documents can serve similar purposes, for each is a 
compendium of the best knowledge available on those measures found to be the most 
successful in resolving specific problems. The extent to which these reports are useful 
will be tempered by the user's knowledge and experience in the particular problem area. 

	

FOREWORD 	This synthesis will be of interest to state DOT bridge design and structural engineers, 
By Staff bridge consultants, and others involved in applied and research methods for increasing 

Transportation the live load capacity of existing highway bridges. The synthesis descnbes the current 
Research Board state of the practice for the various methods used to increase the live load capacity of 

existing highway bridges. This is done predominantly for bridges in the short- to me-
dium-span range. Information on the more common bridge material types (e.g., steel, 
reinforced concrete, prestressed concrete and wood) is presented. There is an emphasis 
on superstructure rather than substructure strengthening. 

Administrators, engineers, and researchers are continually faced with highway problems 
on which much information exists, either in the form of reports or in terms of undocumented 
experience and practice. Unfortunately, this information often is scattered and unevalu-
ated and, as a consequence, in seeking solutions, full information on what has been 
learned about a problem frequently is not assembled. Costly research findings may go 
unused, valuable experience may be overlooked, and full consideration may not be given 
to available practices for solving or alleviating the problem. In an effort to correct this 
situation, a continuing NCHRP project, carried out by the Transportation Research 
Board as the research agency, has the objective of reporting on common highway prob-
lems and synthesizing available information. The synthesis reports from this endeavor 
constitute an NCHRP publication series in which various forms of relevant information 
are assembled into single, concise documents pertaining to specific highway problems or 
sets of closely related problems. 

This report of the Transportation Research Board presents information on the meth-
ods used during the past 10 years to increase the live load capacity of existing highway 



bridges. The information of North American agencies was mostly collected from a sur-
vey of transportation agencies; information on international practices was collected 
through a literature search. A specific focus on the physical methods to increase capac-
ity, and the selection of the most appropriate methods is included. In addition, the extent 
of bridge management systems used in identifying needs and making selections between 
strengthening and replacement is reported. Finally, several project case studies and 
profiles of innovation using emerging technology are presented. 

To develop this synthesis in a comprehensive manner and to ensure inclusion of 
significant knowledge, the Board analyzed available information assembled from nu-
merous sources, including a large number of state highway and transportation depart-
ments. A topic panel of experts in the subject area was established to guide the research 
in organizing and evaluating the collected data, and to review the final synthesis report. 

This synthesis is an immediately useful document that records the practices that were  
acceptable within the limitations of the knowledge available at the time of its prepara-
tion. As the processes of advancement continue, new knowledge can be expected to be 
added to that now at hand. 
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METHODS FOR INCREASING LIVE LOAD 
CAPACITY OF EXISTING HIGHWAY 

BRIDGES 

SUMMARY 	The need to increase the live load capacity of existing highway bridges is becoming 
more important, as more trucks are using the highways and their weights frequently exceed 
the live loads for which older bridges were designed. Sixty-three percent of the North 
American transportation agencies responding to a survey for this synthesis expect this need 
to increase as the infrastructure ages, and capital for bridge replacement remains in short 
supply. The methods being used or developed to increase capacity need to be documented to 
help agencies address these challenges. 

NCHRP Report 293: Methods of Strengthening Existing Highway Bridges, which was 
published in 1987 and which included a strengthening manual, is largely still valid for this 
synthesis study. Therefore, agencies and consultants were asked to report on their work 
during the past 10 years so that new and innovative methods could be identified. 

To evaluate load carrying capacity, agencies in the United States generally use working 
stress or load factor methods, with little application of the load and resistance factor ap-
proach, which is particularly suited to evaluation and could raise calculated capacity. If 
simple analytical techniques produce low ratings, most agencies apply more sophisticated 
methods of analysis, which frequently produces a higher rating. The use of full-scale load 
testing to evaluate live load capacity appearsto be on the increase. 

Standard strengthening methods have not changed significantly in the past 10 years. 
The most frequently used methods are developing composite action, increasing the resis-
tance of individual members, and adding post-tensioning. Agencies reported that 1,268 
bridges have been strengthened for increased live load since 1987. This figure is question-
able, however, because some agencies did not report totals, and a number of bridges were 
rehabilitated as a result of deterioration, not as a result of live load inadequacy. 

Although few new methods have been devised and put into practice recently, some inter-
esting applications of established techniques were reported or identified in the literature. 
These include the increased use of orthotropic decks and stress-laminated wood decks to 
reduce dead weight and, hence, increase live load capacity. The addition of external post-
tensioning to steel box girders and segmental concrete boxes has been used in Europe for 
some years, and is now being applied to segmental concrete construction in North America. 
The epoxy bonding of steel plates to concrete bridges has been widely used in the United 
Kingdom, continental Europe, and Japan, but has not been adopted in North America, 
where there is considerable interest in developing advanced composite materials to replace 
the steel. There is concern in Europe and North America about the durability of the bond-
ing interface, and the steel plates are heavy and difficult to apply in the field; therefore, the 
future of this technique appears limited. 

Seismic retrofitting of piers for increased strength and ductility is a major program, par-
ticularly on the West Coast. In California, steel jacketing of columns is now an established 
procedure with the state depariment of transportation (CALTRANS), and wrapping columns 
with fiber-reinforced plastic sheets is becoming a viable alternative. Very few agencies 
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check the effect on seismic response when they strengthen the superstructure to increase 
live load capacity. 

Most agencies have an operating Bridge Management System, but these systems are 
used infrequently for making decisions on bridge strengthening. These systems currently 
lack sufficient data for this purpose, and more information on first cost and life-cycle costs 
for a variety of bridge types, materials, and strengthening methods are needed if they are to 
be used more fully. A decision matrix containing relative assessments of suitability, first 
cost, and effects on traffic for a variety of bridge types, materials, and strengthening meth-
ods is presented in chapter 2. This matrix is shown for information only, but may be useful 
in making decisions on bridge strengthening. 

There are some interesting new developments in lightweight decks and the bonding of 
fiber-reinforced plastic sheets for component strengthening. A new aluminum deck system 
was used on two projects in 1996, and a fiber-reinforced concrete deck, which has no rein-
forcing steel, has been used on two demonstration projects. The use of bonded fiber-
reinforced plastic sheets to strengthen concrete components is in the early stages of field 
testing in North America, however, considerable research is being conducted. The preferred 
composite materials are carbon fibers with an epoxy resin. This research is a follow-up to 
European developments in this field, primarily those in Switzerland. More investigations of 
long-term durability, ductility at the ultimate limit state, resin embrittlement over time, and 
behavior at extreme temperatures are needed. With satisfactoty answers to these concerns, 

-this method of strengthening is likely to be used in the future. 
To ensure that optimum decisions are made regarding increasing bridge capacity for live 

load, more performance and life-cycle cost data need to be collected and included in exist-
ing bridge management systems. Useful decision matrices incorporating these data can 
then be developed for these systems, which should eventually include data on fiber-
reinforced plastics. Strengthening design using fiber-reinforced plastics is more compli-
cated than designs using traditional materials, because of the many variables. There is a 
need for standards across the industry and for simpler design methods. For consistency and 
economy, there is a need for live load evaluation and strengthening design to be in a load 
and resistance factor format, similar to the AASHTO-LRFD Bridge Design Specification 
(1994). The upcoming NCHRP Project 12-46, Manual for Condition Evaluation and Load 
Rating of Highway Bridges Using Load and Resistance Factor Philosophy, represents an 
important step in this direction. 



CHAPTER ONE 

INTRODUCTION 

BACKGROUND 

This synthesis reports on the methods currently used to in-
crease live load capacity of existing highway bridges. It 
covers methods used in the past 10 years by North Ameri-
can transportation agencies that responded to a survey, and 
internationally through a literature search, for bridges pre-
dominately in the short- to medium-span range. The more com-
mon bridge types and construction materials (e.g., steel, rein-
forced concrete, prestressed concrete, and wood) are addressed 
with emphasis on superstructure strengthening rather than 
substructure. 

The need to increase live load capacity of many bridges has 
become increasingly important because of the maturing infra-
structure, a reduction in available capital, and the demand for 
heavier truck loads, frequently in excess of the bridge design 
capacity. In the opinion of 63 percent of the North American 
agencies surveyed, the need for strengthening to increase live 
load capacity is increasing. In the past 20 years, concern over 
bridge deterioration has increased and all agencies have car-
ried Out major bridge rehabilitation programs. Bridge rehabili-
tation often results in an upgrading of capacity, but this syn-
thesis concentrates on work specifically carried Out to increase 
live load capacity above the original design load, although it is 
sometimes difficult to separate the two procedures. 

The rated live load capacity of a bridge can often be in-
creased by the use of evaluation techniques and analysis 
methods more sophisticated than the standard procedures. 
These methods, along with full-scale load testing, are re- - 
viewed. However, the main thrust of this synthesis is to cover 
physical methods of modifying to increase capacity, and the 
selection of the most appropriate methods. The extent to which 
bridge management systems are used to identify needs and 
choose between strengthening and replacement is also re- - 
ported. There was insufficient cost data from the agencies to 
evaluate different strengthening methods on a cost basis, but 
perceived advantages and disadvantages of the various meth-
ods are shown in tabular form. 

One of the important objectives was to identify and evalu-
ate innovative methods being used or under development. 
Only seven of the 47 responding North American agencies re- - 
ported the development of innovative methods, but several ex-
pressed interest in the use of advanced composite materials 
(ACM) such as carbon fiber-reinforced plastic (CFRP) sheets. 
Although ACM sheets are now used for seismic retrofit of 
columns, their use for superstructure strengthening in North 
America is still in the experimental stage. These materials are 
more widely used in Europe and Japan, therefore the literature 
and on-going research reported in this synthesis place particu-
lar emphasis on overseas work on ACM, along with the 
growing research effort in North America on this topic. 

PREVIOUS WORK 

In 1987 the National Cooperative Highway Research Pro-
gram (NCHRP) issued Report 293: Methods of Strengthening 
Existing Highway Bridges (1), which was the culmination of 
Phase I research for NCHRP Project 12-28 of the same name, 
conducted by Iowa State University. That report detailed the 
results of a study of various methods of strengthening highway 
bridges, and included a thorough review of pertinent U.S. and 
international literature to determine the methods being used at 
that time and to discover innovative ideas being considered. 
Much of this work is still valid, and most of the strengthening 
methods identified are still commonly used. Report 293 has 
been used as the starting point for this synthesis, which in ef-
fect reviews and updates the methods used since the Iowa 
State University survey of 1986. The 379 references given in 
the bibliography of Report 293 are very comprehensive and 
are not repeated in this synthesis-, the references herein cover 
only publications since 1986. 

The major part of Report 293 consists of a 60-page 
strengthening manual for use by practicing engineers, which 
describes the most effective techniques for strengthening exist-
ing highway bridges, and includes a cost-effectiveness analy-
sis. This manual will continue to be of practical use for some 
years to come. An updating or preparation of such a manual is 
not included in the scope of this synthesis. 

NCHRP Project 12-28 originally envisaged a Phase II to 
pursue promising new techniques that were not fully devel-
oped. Most new techniques identified would not have had 
sufficiently widespread application to warrant conducting 
Phase H. However, the epoxy bonding of steel plates appeared 
to hold promise, particularly for concrete bridges, and a short 
report on overseas applications, on-going research, and adhe-
sive problems was included as Appendix B of Report 293 (1). 
The use of bonded steel plates is considered further in this 
synthesis. 

CURRENT SITUA11ON 

Six methods for increasing live load capacity have been 
used for many years and can be considered standard methods. 
They were all identified in 1987 (1), have continued to be used 
since, and are expected to be used in the future. New tech-
niques to achieve the desired results may be developed, but are 
still likely to fall within these six categories: 

Reduce dead load, 
Develop composite action, 
Increase transverse stiffness, 
Improve member strength, 



TABLE I 

NUMBER OF NORTH AMERICAN AGENCIES STRENGTHENING BRIDGES FOR LIVE LOAD CAPACITY BETWEEN 
1986 AND 1996, BY METHOD AND MATRRIAL 

Methods for Increasing 
Live Load Capacity Steel 

Reinforced 
Concrete 

Superstructure Material 

Pre-tensioned 	Post-tensioned 
Concrete 	Concrete Wood 

Total 
Number 

Reduce dead load 11 4 3 	 - 4 22 
Develop composite action 22 3 2 	 - - 27 
Increase transverse stiffness 3 2 - 	1 - 6 
Improve member strength 26 4 4 	 - 3 37 
Post—tension members 12 2 1 	 1 3 19 
Develop continuity 7 1 2 	 - - 10 
Other methods 

- 

3 4 1 	 1 2 11 

Post-tension members, and 
Develop continuity. 

A survey questionnaire (Appendix A) was sent to the state 
departments of transportation in the United States, and their 
provincial counterparts in Canada, and responses were re-
ceived from 47. The number of these agencies that have car-
ried Out bridge strengthening for live load capacity since 1986 
is shown in Table 1, categorized by strengthening method and 
superstructure material. Of the six standard methods, improv-
ing member strength is used by the most agencies, followed by 
developing composite action, reducing dead load, and post-
tensioning members, with developing continuity and increas-
ing transverse stiffness the least used. The Other Methods cate-
gory includes such techniques as adding longitudinal beams or 
reducing span lengths by constructing extra piers. The agency 
interest in steel bridge superstructure strengthening exceeds 
the combination of all the other materials. This is probably be-
cause of the age of bridges needing upgrading and the relative 
ease with which steel structures can be strengthened. Masonry 
was included as a material in the survey, but as there was zero 
response, it was dropped from further consideration. 

Only seven of the 47 responding agencies indicated that 
they had developed any innovative techniques for increasing 
live load capacity of bridges. No use of the bonding of steel 
plates for strengthening was reported. The expectation in 1987 
(1) that this method would have considerable promise for use 
following further research has not been realized. The literature 
search identified only two research papers on the subject in the 
United States, The method has been used overseas, where 25 
papers were noted, mostly from the United Kingdom. One pa-
per (2) listed 31 bridges that have been strengthened by steel 
plate bonding in the United Kingdom between 1974 and 1994. 
Some of the concerns about the method have not been fully re- - 
solved however, including the need for high-quality workman-
ship and materials (3), anchorage at the ends of the plates (4), 
premature plate peeling (5), long-term performance of the ad-
hesive (6), and possible plate corrosion (7). Practical problems 
arise because the heavy steel plates are difficult to handile and 
support, particularly during installation over traffic. These 
handling and weight problems are minimized by the use of 
ACM plates or sheets, which compensates, to some extent, for 

- 

the much higher material costs of ACM. Much more research 
is now centered on composite materials such as CFRP, rather 
than bonded steel plates, with 62 papers located, including 17 
from the United States. It now appears unlikely that bonded 
steel plates will find any significant use in North America, and 
the most likely new techniques for strengthening will involve 
fiber-reinforced plastic (FRP) plates and sheets. The situation 
regarding FRP in 1996 is very similar to that of bonded steel 
plates 10 years ago, but with a greater expectation of their 
successful application in North America. 

The development of bridge management systems has been 
a major activity in recent years, and most agencies now have 
such a system in place. Ideally, a bridge management system 
should be able to identify the need to strengthen a bridge, in-
clude relevant cost data, and, through a decision matrix, be 
able to recommend whether to strengthen or replace the 
structure. The survey indicates that little use is being made of 
bridge management systems by agencies to decide these ques-
tions to dale. Only four agencies stated that their bridge man-
agement systems had identified the need to increase capacity 
for the projects they reported on. Six agencies, or 13 percent of 
those replying, indicated that their systems have decision ma-
trices for increasing capacity, the two systems mentioned be-
ing 

e
ing PONTIS and BRIDGIT (8). 

If normal analytical methods show the need to increase ca-
pacity, the use of more sophisticated analytical methods can 
sometimes raise the predicted live load capacity and eliminate 
or reduce the need to upgrade. Forty-three percent of the 
agencies reported using more sophisticated analytical meth-
ods, with finite element methods (FEM) being the most com-
monly used. 

Full-scale load testing of bridges has often revealed load 
capacity beyond the analytical prediction (9). To make load 
test data available more widely, and have it used for evaluation 
purposes where possible, NCHRP issued Report 306 (10) in 
1988. The report also indicated when load testing may still be 
appropriate. The survey questionnaire indicates that 16 agen-
cies have carried Out load tests on individual bridges to up-
grade their rating in the past 10 years. Load testing appears to 
be on the increase, a trend that should continue with the avail-
ability of an NCHRP manual to determine load rating by 
simple load testing techniques (11). 



PROCEDURES 

This synthesis was prepared following a detailed literature 
review, and after the return of survey questionnaires sent to 
highway agencies in the United States and Canada, and to se-
lected consultants. A number of researchers were contacted di-
rectly in North America and Europe for the latest information on 
newly developing techniques. The latest CD-rom from the Minis-
try of Transportation of Ontario (MTO) was used for the initial 
search for papers since 1986. This CD includes the TRB-TR[S 
list and the IRRD-OECD list, to provide the needed North Ameri-
can and international coverage. In addition, the proceedings  

of several recent conferences (12-15) were obtained for review 
to ensure the currency of data, particularly in relation to ACM 
developments. Similarly, relevant journal volumes issued in 
1996 were searched. The articles listed in the references are 
only those published in English since 1986. 

The survey questionnaire (Appendix A) was sent to the 
highway agencies in 50 states, Puerto Rico, the District of 
Columbia, the FHWA, the Canadian Federal Government, and 
nine provinces. The questionnaire was also sent to a number 
of consulting firms in the United States and Canada. Replies 
were received from 76 percent of the agencies contacted, and 
from 27 consulting offices. 



CHAVER TWO 

BRIDGE EVALUATION AND ANALYSIS 

This chapter describes the procedures used to evaluate the 
load-carrying capacity of existing bridges. Inspection methods, 
condition surveys, analysis methods, bridge design, and 
evaluation codes and load testing used for evaluating the ca-
pacity of bridges are described. Methods to predict the future 
life of the bridges and decision criteria used to increase the 
load-carrying capacity are given. The results of the survey of 
current practices are summarized. 

EVALUATION PROCESS 

The evaluation process for calculating the live load capac-
ity of a bridge consists of 

Determining the need for the evaluation; 
Conducting an inspection and condition rating to deter-

mine the condition of the bridge, its components, and material 
properties; 

Choosing the code, evaluation method, and analysis 
method to be used; and 

Calculating the live load capacity. 

If the calculated live load capacity is too low, changes to 
the evaluation process may be made, including better assess-
ment of the material properties, use of a different code, rating 
methodology, or refined methods of analysis. If the load-
carrying capacity is still low, load testing the bridge may be 
selected to ascertain its behavior or proof load. 

Need for Evaluation 

The Manual for Condition Inspection of Bridges (16) rec-
ommends that load rating for live load capacity for all bridges 
should be reviewed and updated every 2 years based on the 
findings of the latest routine inspection. The need for an 
evaluation may be based on any of the following: 

Defects, deterioration, damage, or scour affecting the 
load-carrying capacity; 

A change in design or evaluation load specifications, 
road classification, or review of an existing load posting or 
previous evaluation; 

Rehabilitation affecting load-carrying capacity; 
Application for a permit to allow a controlled vehicle to 

use the bridge; and 
An unsatisfactory serviceability or fatigue performance. 

Inspection Methods 

Routine inspections must fully satisfy the requirements of 
the National Bridge Inspection Standards (17), and the Fed-
eral Highway Administration (FHWA) Technical Advisory—
Revisions to the National Bridge Inspection Standards (18). 
These inspections are generally visual and are conducted from 
the deck, ground, water, and permanent walkway, if present. 
Each Canadian province sets its own standards and frequency 
for routine inspections; however, they generally follow the 2-
year cycle for bridges under their jurisdiction. Detailed proce-
dures for carrying Out routine inspections are provided in the 
following: 

American Association of State Highway and Transporta-
tion Officials (AASHTO) Manualfor Bridge Maintenance (19) 

FHWA, Bridge inspector's Manual for Movable 
Bridges (20) 

FHWA, Inspection of Fractue Critical Bridge Mem-
bers (21) 

FHWA, Culvert Inspection Manual (22) 
FHWA, Recording and Coding Guide for the Structure 

Inventory and Appraisal of the Nation s Bridges (23) 
FHWA, Bridge inspectors Training Manual 90 (24) 
FHWA, PONTIS Users' Manual (25) 
Ministry of Transportation, Ontario (MTO), Ontario 

Structure inspection Manual (26). 

All the routine bridge inspection procedures require the 
rating of the condition of the bridge and/or its elements on a 
numerical scale of 0 to 9, 1 to 5, or 1 to 6, etc. PONTIS (25) 
rates the environment the element is exposed to, and the per-
centage of the element in any condition state. Routine inspec-
tions may identify the need for in-depth inspections needed to 
evaluate live load capacity, underwater investigations, mainte-
nance, rehabilitation, and replacement programs. 

In-depth Inspections and Condition 
Surveys 

An in-depth inspection is a close-up, hands-on inspection 
of one or more members of the bridge. A condition survey is 
the measurement and recording of the extent of material and 
performance deficiencies and deterioration, and the establish-
ment of the material properties of the component. In-depth in-
spections and condition surveys are carried Out where routine 
inspections do not provide sufficient information about the 
extent of deficiency, deterioration, or material properties 
needed to evaluate the live load capacity of the bridge. They 
are also required for fatigue-prone details and fracture-critical 



members to identify any fatigue cracks. Condition surveys 
may involve destructive and nondestructive techniques. De-
tailed procedures for carrying out in-depth inspections and 
condition surveys are given in the following: 

evaluated. CAN-CSA-6, Supplement 1 (41), allows a multiple 
number of evaluation levels based on a number of factors from 
which the engineer can choose. 

FHWA, Non-destructive Testing Methods for Steel 
Bridges (27) 

FHWA, Technical Advisoiy—Evaluating Scour at Bridges 
(28) 

FHWA, Underwater Inspection of Bridges (29) 
MTO, Ontario Highway Bridge Design Code (OHBDC) 

(30). 

Inventory Rating Level 

For working stress design (WSD), the inventory rating 
level corresponds to allowable stresses that are similar to the 
design stresses. For load factor design (LFD), the inventory 
rating level has a live load factor of 2.17, which is similar to 
the design live load factor. 

Bridge Design and Evaluation Codes, Guides, 

and Technical Requirements 

The codes, manuals, guides, and technical requirements 
used for the design and evaluation of existing bridges are 
listed below. 

AASHTO, Standard Specification for Movable High-
way Bridges (31) 

AASHTO, Guide Specification  for Strength Evaluation 
of Existing Steel and Concrete Bridges (32) 

AASHTO, Guide Specification for Fatigue Evaluation 
of Existing Steel Bridges (33) 

AASHTO, Manual for Condition Evaluation of Bridges 
(34) 

AASHTO, LFRD (Load and Resistance Factor Design) 
Bridge Design Specifications,  5.1 First Edition, with annual 
updated interim specifications (35) 

AASHTO, Standard Specification for Highway Bridges, 
with annual updated interim specifications (36) 

NCHRP Report 292: Strength Evaluation of Existing 
Concrete Bridges (37) 

NCHRP Report 301: Load capacity Evaluation of Ex-
isting Bridges (38) 

NCHRP Report 319: Recommended Guidelines for Re-
dundancy Design and Rating of Two-Girder Steel Bridges (39) 

NCHRP Report 352: Inelastic Rating Procedures for 
Steel Beam and Girder Bridges (40) 

Canadian Standards Association, CAN-CSA-S6, Sup-
plement No. 1, Existing Bridge Evaluation (41) 

MTO, Ontario Highway Bridge Design Code (30) 
BD 46/92, Technical Requirements for the Assessment 

and Strengthening Programme of Highway Structures, Stage 
2—Modem Short Span Bridges (42) 

BD 5 0/92, Technical Requirements for the Assessment 
and Strengthening Programme of Highway Structures, Stage 
3—Long Span Bridges (43) 

RATING LEVELS 

In the United States, bridges are rated at two levels—
inventory and operating (34). In Canada, OHBDC (30) allows 
two evaluation levels depending on how often the bridge is 

Operating Rating Level 

For WSD, the operating rating level corresponds to stresses 
that are higher than the design stresses by approximately 30 
percent. For LFD, the operating level has a live load factor of 
1.3, which is lower than the design live load factor of 2.17. 
The bridge life may be reduced if the operating level becomes 
the norm (34). 

ANALYSIS METhODS AND EVALUATION 

PROCEDURES 

The analysis methods and evaluation procedures commonly 
used include the three types described below. 

Linear elastic methods of analysis using one of the following 
evaluation procedures: 

Working stress design, also called allowable stress de-
sign 

e
sign (ASD), or service load design (SLD) (34); 

Load factor design, also called strength design (SD) 
(34); 

Load and resistance factor rating (LRFR) (32); 
Load and resistance factor design (LRFD) (35); 
Ultimate limit state (ULS), serviceability limit states 

(SLS), and fatigue limit state (FLS) (30, 41). 

Inelastic methods of analysis: 
Alternate load factor design, also called autostress (40). 

Plastic collapse methods of analysis: 
Yield line theory for decksiabs (30,35). 

In the United States, the rating methods generally used are 
WSD or LFD. The LRFD method has not been calibrated for 
evaluation of live load capacity of existing bridges; it can be 
used for evaluations if the load factors and performance factors 
are considered to be the same as those for design or are modi-
fied rationally. The inelastic methods have not been used 
widely, even though the procedures are well established (40). 

In Canada, evaluations are generally carried out at the 
ULS. However, as in the United States, concrete bridges that 
do not show any signs of distress may not need to be posted 
(30). 



The load-carrying capacity of existing bridges can first be 
calculated by using simplified methods of analysis combined 
with simple live load distribution factors and evaluation proce-
dures. If the live load capacity needs to be increased, more refined 
methods of analysis with more sophisticated evaluation proce-
dures may be used. Examples of refined methods of analysis 
are grid analysis, orthotropic plate theory, finite element, finite 
strip, folded plate, and semi-continuum. Codified examples of 
more sophisticated evaluation methods are LRFD and ULS. 

Most of the evaluation codes only allow linear elastic 
methods. However, some reclisiribution of moments over interior 
spans is allowed even when the analysis is linear. Nonlinear meth-
ods are permitted sometimes for the primary load-carrying mem-
bers (40). Plastic system behavior is not generally allowed for 
primary members but is permitted for decks (30,35). 

These analysis and evaluation methods can lead to very 
different live load capacities for the same bridge because of the 
inherent differences in the methods and the bridge design 
codes. The more sophisticated methods of analysis would 
usually lead to higher live load capacities. The effects of ma-
terial and performance defects and deficiencies are incorpo-
rated in each of these methods to arrive at the rating factors 
(RF) and posting loads. 

It is not possible to generalize how much gain in load-
carrying capacity can be achieved by the refined methods of 
analysis and by the different evaluation methods as the gain is 
very site specific and is a function of the assumptions made in 
the original design. It may, however, make the difference be- - 
tween having to post or not post the bridge. 

Calibration of the OHBDC (44-46) and the LRFD code 
(47) provides a comparison of bridges designed by previous 
AASHTO Standard Highway Specifications for Highway 
Bridges and by OHBDC and LRFD. A more detailed com-
parison is given in a study of the impact on the highway in-
frastructure of existing and alternative vehicle configurations 
and weight limits (48). For this study, reinforced concrete, 
prestressed concrete, steel, and wooden bridges for spans be- - 
tween 5 in and 40 in at 5-m intervals were designed to H15, 
H20, HS15, HS20, and OHBDC loads and compared with 
new truck loads being proposed for Ontario. 

The analysis methods and evaluation procedures listed 
above are also applicable to culverts. However, distribution of 
the live load through the fill to the culvert must be taken into 
account. Culverts with more than 0.6 in (2.0 ft) of fill are not 
usually posted for load restrictions as most of the load is from 
the fill and not from the live load. Culverts that are showing 
signs of distress should be investigated for the required reme-
dial measures. Guidelines for assessing soil-steel culverts are 
provided in two of the references (49, 50). 

- 

LOAD TESTING 

If the engineer believes that the analytical evaluation pro-
cedures do not reflect the bridge's actual behavior or some of 
its components, load tests may be carried out (11,30) to ascer-
tain structural behavior, to proof load, and to find out the ulti-
mate load capacity. 

The experiences gained from a number of load tests are re-
ported in an ASCE journal (9) and NCHRP Report 306 (10). 
Considerable data about a bridge's structural behavior can be 
gained by instrumenting and load testing individual compo-
nents or parts of the bridge. However, because of the inherent 
high safety risks involved, load tests should be carried out un-
der the direction of an engineer with sufficient experience in 
monitoring the behavior of structures under load test condi-
tions (11,30). 

The bridge's load-carrying capacity is not directly related to 
test loads that the bridge is subjected to during controlled test 
conditions. Therefore, considerable judgment is required in 
calculating the load-carrying capacity, especially if load test 
results are to be extrapolated (30, 11). 

FATIGUE 

Bridges are not usually posted for load restrictions because 
of fatigue-related defects (30). Instead, it is preferable to re-
habilitate fatigue-related defects (51) or accept a reduced life 
of the bridge based on an assessment of the remaining fatigue 
life (38). 

FUTURE LIFE PREDICTION 

The future life of a bridge is dependent on a number of in-
terrelated criteria such as: 

Design details, materials, codes, and specifications; 
Fatigue details and defects; 
Construction practices, quality control, quality assur-

ance, and initial defects; 
Protection systems used, e.g., coatings, water proofing, 

cathodic protection; 
Environmental and traffic exposure; 
The extent and location of material defects, deterioration, 

and distress; 
The extent of performance defects; and 
Maintenance practices and past history of the bridge. 

Because of the nature of the interrelationships of these in-
dependent criteria, predicting the future life of a bridge is very 
site specific. Further details are covered in chapter 6. 

DECISION CRITERIA TO INCREASE LOAD-
CARRYING CAPACITY 

- 

The decision to increase the load-carrying capacity of a 
bridge is usually based on a careful study of alternative 
schemes influenced by a number of interrelated factors, such 
as the structural condition of the bridge, functional needs at 
the bridge, remaining life of the bridge, life-cycle costs to the 
agency and users, socioeconomic costs to the community, and 
the historical aspects of the bridge. 



Structural Condition 

Structural condition may be established through routine in-
spections, condition surveys, evaluations or load testing. 
Based on the structural condition of the bridge, it may be de-
cided that the bridge does not need strengthening, that the 
bridge can be strengthened to full highway loadings, or that 
the bridge can be strengthened to partial highway loading and 
would need to be posted. Various other components, such as 
fatigue-prone details, may also need rehabilitation at the same 
time to improve their structural condition. 

Functional Needs 

The functional needs are the vehicular and pedestrian needs 
over the bridge; the size of opening related to the road, rail, 
utilities, or stream under the bridge; the horizontal and 
vertical clearance and alignments at the bridge. The functional 
needs may require that the bridge be widened or lengthened 
and may be addressed at the same time as the bridge is being 
strengthened. 

Remaining Life Of The Bridge 

The remaining life of the bridge should be established prior 
to strengthening. If the remaining life is less than 10 years for 
severe exposure, or 20 years for mild exposure conditions, it 
may be more cost effective to replace the bridge at the end of 
the remaining life rather than strengthen it. In the meantime, it 
may be necessary to increase the frequency of inspection and 
routine maintenance and rehabilitation of individual compo-
nents may be necessary. 

Life-Cycle Costing 

Life-cycle costing should be carried out for alternative 
schemes that address the structural and functional needs at the 
bridge. Life-cycle cost analysis should take into account 
agency and user costs, including detour costs, and should be 
based over a period (usually 50 years) that includes at least 
one bridge replacement cycle. The analysis should be based on 
the appropriate discount rate and should account for the resid-
ual value of the different alternatives (52, 53). 

Socioeconomic Costs 

The socioeconomic costs during strengthening refer to costs 
to the community that the bridge serves, such as loss of com-
merce. These costs are not normally considered in the life-
cycle cost analysis but may have to be in cases where they di-
rectly impact the decision to strengthen.  

9 

Historical Aspects 

Historical aspects of the structure need to be considered 
during strengthening, especially if the structure is designated 
or is likely to be designated a historical structure or a cul-
tural resource. The type of strengthening may be influ-
enced by the need to maintain the structure's historical ap-
pearance (54,55). 

Flow Chart 

The flow chart in Figure 1 maps out some of the criteria 
considered during the decision-making process. The historical 
aspects, however, are not included as they impact on all the 
possible decisions and therefore should be considered in addi-
tion to the other criteria. 

SURVEY OF CURRENT PRACTICES 

The United States, FHWA, nine Canadian provinces, Pub-
lic Works Canada (PWC), and a selected number of consult-
ants in the United States and Canada were surveyed for their 
current practices for bridge evaluation and load testing. The 
number of respondents are as follows: 

United States 40 out of 50 
FHWA 1 
Canadian provinces 6 out of 9 
pwC 1 
U.S. consultants 21 
Canadian consultants 5 

The following questions were asked. 

Question 1—What analytical methods do you normally use to 
evaluate the live load capacity of bridges? 

The answers are tabulated in Table 2. Most of the agencies 
use more than one analytical method. A number of respon-
dents indicated the computer program or the bridge design 
code they use instead of the method. 

Question 2—Have you used more sophisticated analytical 
methods in an attempt to raise the predicted live load capacity? 

The answers are tabulated in Table 3. Two states mentioned 
LFD as being more sophisticated than WSD. Most of the 
agencies and consultants use grid analysis or a fmite element 
method (FEM). 

One state mentioned that it would use any method to avoid 
posting bridges. Two of the consultants used non-linear pro-
grains to improve the predicted live load capacity. 
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FIGURE 1 Flow chart for bridge strengthening. 

TABLE 2 

ANALYTICAL METHODS USED TO EVALUATE LIVE LOAD CAPACITY OF BRIDGES 

Analytical Method United States and FHWA U.S. Consultants Canadian Provinces and PWC Canadian Consultants 

Linear Method 
WSD 3 - - - 
LFD 7 2 - - 
LRFD - 2 - - 
WSD and LFD. 8 2 - - 
LFD and LRFD 2 - - - 
WSD, LFD, LRFD - 
AASHTO 2 1 - - 
ULS,CSA-S6, Supplement 1 - - 5 - 
ULS-OHBDC - - 1 2 
Computer Program Used 17 11 1 3 
Hand Calculations 1 - - - 

No method indicated 1 2 . 	= 
Total 41 21 7 5 

Question 3—Have 'you used full-scale load testing, directly 	how bridges behave under load, to proof load the bridges, and 
or indirectly, to upgrade the live load ratin8 of a bridge? 	to upgrade the live load capacity of bridges. 

The' answers are tabulated in Table 4. A number of agen- 	Appendix B provides more detailed information on re- 
cies are starting to use load test methods to better understand 	sponses to these questions. 



TABLE 3 

MORE SOPHISTICATED ANALYTICAL METHODS USED TO RAISE THE PREDICTED LWE LOAD CAPACITY 

Analytical Method 	United States and FHWA U.S. Consu1tnts 	Canadian Provinces and PWC 	Canadian Consultants 

Linear Method 
LFD 	 2 	 - 	 - 	 - 
LRFD 	 1  
Computerprograms used 	 15 	 11 	 4 	 .5 

Nonliner Methods 	 : 

Plastic 	 - 	 - 	 - 	 2 

Notused 	 23 	 9 	 3 	 - 

TABLE4 

FULL-SCALE LOAD TESTING USED TO UPGRADE THE LIVE LOAD RATING OF A BRIDGE 

Load Test Used 	 United States and FHWA U.S. Consultants Canadian Provinces and PWC Canadian Consultants 

Yes 
No 

18 
23 

12 
9 

4 	 5 
3 	 0 
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CHAFFER THREE 

STANDARD METHODS 

BACKGROUND 

NCHRP Report 293 (1), published in 1987, identified the 
most widely used methods for increasing live load capacity. 
These methods were listed in a table in the questionnaire sent 
to transportation agencies for this synthesis. Agency re-
sponses, shown in Table 5, indicate the methods are still used, 
and no new method, developed since 1986, has any substan-
tial application. These methods can be considered standard 
methods, and they will be reviewed briefly in this chapter. 

In addition to agency and consultant responses, some 
measure of interest in the various standard methods can be 
obtained from the literature. The relevant papers have thus 
been calegorized in this chapter by the standard method ad-
dressed for increasing capacity. This chapter covers actual 
physical modification methods for increasing the strength of 
bridge superstructures. 

Chapter 4 covers methods by superstructure material, and 
chapter 7 covers new technologies, innovative methods, and 
ongoing research. 

AGENCY RESPONSES 

In the questionnaire for this synthesis, agencies were asked 
to identify which methods they used to increase live load ca-
pacity. Agency responses are provided in Table 1, and the total 
number of agencies using each of the standard methods, 
shown in the last column, gives a good measure of relative 
popularity of these methods. In addition, the agencies were 
asked for the number of bridges modified by each method, and 
the responses are provided in Table 5. The data are of ques-
tionable value, however, because, in many cases, data were 
not available or were difficult to compile because some agen-
cies gave a "yes" or "no" answer rather than a number; for this 
synthesis, a "yes" counted as one bridge but in actuality, could 
have been many. A high number of bridges, however, does  

not necessarily represent widespread use of a method. For in-
stance, the most popular method would appear to be "develop 
composite action," with a total of 658 bridges in the United 
States and Canada. However, 500 of the reported bridges are 
from Ohio, where decks were automatically made composite 
under a deck replacement program. This not only distorts the 
usefulness of the figure, but brings into question whether these 
decks have all been made composite to increase live load ca-
pacity or whether this condition is a by-product of a rehabili-
tation program. 

As indicated in Table 5, North American agencies have re-
ported the strengthening of 1,268 bridges for live load capacity 
since 1986. Several anomalies in the breakdown of methods 
used should be pointed out. Of the 264 bridges in the Improve 
Member Strength category, 73 are from one province, Alberta. 
Of the 143 bridges in the Post-tension Members category, 70 
represent the post-tensioning of wood truss bridges in one 
province, New Brunswick. Of the 39 bridges in the Other 
Methods category, 30 are from one state, Oregon, and repre-
sent 

epre
sent the adding of stringers or bents to deficient wood bridges. 

Thirty-six agencies indicated that they had modified a 
bridge superstructure specifically to increase live load capacity 
since 1986, and 12 answered in the negative. However, only 
29 of the agencies gave any numbers. For this, and other rea-
sons given, it should not be assumed that the individual num-
bers, or the 1,268 bridge total, are reliable. The figures may be 
of some interest for comparative purposes, but the tabulated 
numbers do not accurately reflect the real numbers of bridges 
modified for live load by standard methods since 1986. 

LITERATURE SEARCH 

A review of literature for this synthesis identified 210 pa-
pers published since 1986 that relate to strengthening meth-
ods. Table 6 lists the number of papers by standard methods. 
Seventy-three of the papers deal with actual strengthening 

- 

TABLE 5 

NUMBER OF NORTH AMERICAN BRIDGES STRENGTHENED FOR LIVE LOAD CAPACITY 
BETWEEN 1986 AND 1996, AS REPORTED BY AGENCIES 

Methods for Increasing Live Load Capacity United States Canada Total Number 

ReduceDead Load 89 19 108 
Develop Composite Action 638 20 658 
Increase Transverse Stiffness 7 5 12 
Improve Member Strength 164 100 264 
Post-Tension Members 53 90 143 
Develop Continuity 43 1 44 
Other Methods 

Total Strengthened 1,031 237 1,268 
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carried out on bridges in service, while the others cover labora-
tory testing, theory, and research. 

TABLE 6 

NUMBER OF PAPERS PUBLISHED BETWEEN 1986 AND 1996 
RELATED TO STRENGTHENING BRIDGES FOR LIVE LOAD 
CAPACITY, BY METhOD 

Methods for Increasing Live 	 Total 
Load Capacity 	 Number 

Reduce Dead Load 9 
Develop Composite Action 6 
Increase Transverse Stiffness 6 
Improve Member Strength 122 
Post-Tension Members 43 
Develop Continuity 6 
Other Methods 18 

By far the greatest interest for publication lies in two meth-
ods, improving member strength and post-tensioning of mem-
bers, comprising 78 percent of the total. A significant portion 
of the Improve Member Strength category is accounted for by 
the increasing research and development effort on the use of 
ACM, particularly CFRP, to strengthen members. This is not 
yet a standard method, and is thus covered in chapter 7, 
Emerging Technologies. Of the 43 papers on post-tensioning, 
almost half refer to actual installations. International interest 
in this method is widespread with 17 papers from the United 
States, five from Canada, five from the United Kingdom, and 
16 from other countries, including Switzerland, France, and 
Germany. In the Other Methods group, 15 of the 18 papers 
cover the addition of members to increase capacity. 

The single digit numbers in Table 6 for each of the four 
categories might appear surprising, as three of the categories 
are shown to be commonly used methods (see Table 5). The 
explanation is probably that the methods have been used so 
much that they are no longer thought worth reporting on for 
project papers, and that they are not providing enough future 
promise to justify significant research and development effort. 

The numbers in Table 6 do not reflect the relative popular-
ity of the standard methods in practice. They do indicate, how-
ever, that improving member strength and post-tensioning 
members have the most promise for further development using 
new techniques. 

METHODS 

Chapter 2 of NCHRP Report 293 (1) gives a useful historic 
overview .of the development of each of the standard methods 
considered herein. More detailed information on each method, 
including a description of use and limitations, plus informa-
tion on basic cost is given in chapter 3 of that same report. 
This synthesis chapter reports on the use of standard methods 
during the past 10 years, based on information from agencies, 
consultants, and the literature. 

Reduce Dead Load 

Reducing dead load was the third most popular method 
reported by North American agencies (Table 1). It was  

similarly ranked when considering the number of bridges 
strengthened in the United States and fourth for the North 
American totals (Table 5). 

The most effective way of reducing dead load to increase 
live load capacity is to replace a heavy deck for a slab on a 
girder bridge with a lighter one. This is only cost effective, 
however, if the deck needs replacing for other reasons. 
Frequently, the need to replace a concrete deck because of 
deterioration and delamination occurs at much the same time 
as the need to increase live load capacity, around 40 years or 
less. In these cases, deck replacement and live load upgrade 
can be carried out as part of a major rehabilitation program. If 
the beams were noncomposite, they could be made composite 
at the same time to further increase capacity. 

Many options exist for providing a lighter deck. If there is a 
substantial thickness of asphalt, the removal of the asphalt and 
replacement with a thin wearing surface can raise the capacity, 
but this method is not likely to be very effective for short spans.. 
Both New Brunswick and Public Works Canada (PWC) reported 
this method where deck protection was needed. The removal of 
asphalt only was reported by Arkansas and New Jersey. Re-
placing the full deck slab is the usual standard method, and 
the various replacement systems are now each considered. 

Lightweight Concrete Decks 

New Mexico, New York, and North Carolina reported 
using lightweight concrete decks, as did three consultants. 
Decks may be cast-in-place or precast. The former is usually 
lower in construction cost, but precast decks may be necessary 
to minimize lane-closure times if the bridge must be kept open 
to traffic. For precast panel construction, particular attention 
should be paid to joint details, prestressing, seating, and 
connection to girders. These issues are covered in two 1995 
reports (56,57) in the PCI Journal. Selecting the lightweight 
aggregate and the mix design should be done with care to 
ensure durability (58-60). 

The Massachusetts Highway Department provided data on 
the deck replacement in 1992 for a two-span steel stringer 
bridge. A required increase in live load capacity from H20-44 
to HS20-44 was achieved by combining lightweight concrete 
deck, composite action, and bottom cover plates. The control-
ling moment capacity was increased by 22 percent. Lane clo-
sures were required, and traffic protection represented 17 per-
cent of the contract cost. The wearing surface weight was 
minimized by use of a thin latex-modified concrete overlay. 

Steel Grid Decks 

Steel grids have been used for many years to provide light-
weight decks, generally on steel stringers. No agencies re-
ported 

e
ported on their use to increase live load capacity, but one con-
sultant noted such an application. Grids can be left open, or 
filled with concrete with or without overfill. 

In addition to their light weight, grids have the advantage 
of composite action if welded to the stringers, but these welds 
tend to be fatigue prone. Disadvantages with the open grids 
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FIGURE 2 Exodermic deck system (1). 

are the need to protect the structure beneath the deck, poor 
skid resistance of the exposed steel, and high noise level. 
These problems can be overcome by concrete filling, but with 
a weight penalty. Grids concreted to the level of the top of the 
steel have had problems because of corroding of the vertical 
bars, causing longitudinal expansion and breaking of welds to 
the stringers. The problem can be alleviated by concreting over 
the top of the grid, which also improves skid frictional resis-
tance but generally at further weight increase. 

The Exodermic deck is a proprietary system that combines 
a thin, 75-mm (3-in.) minimum, concrete deck on top of a 
steel grid (Figure 2). The concrete can be precast to provide 
prefabricated modules for fast construction, or cast-in-place. 
First used in 1984 in New Jersey, the deck was identified by 
New York for recent use. In a 1992 application in St. Johns-
ville, N.Y., a reinforced concrete deck was replaced by the 
Exodermic deck, enabling the load rating to be upgraded to 
HS-20 (61). The 1,730 m2  (18,600 ft2) deck, using cast-in-
place concrete, had an in-place cost of $365 per m2  ($34 per 
ft2) including steel grid, rebar, concrete, and labor. 

Orthotropic Decks 

Steel orthotropic decks have been used primarily on new 
long-span steel bridges, such as suspension bridges, where re-
duced dead weight is important for economy (Figure 3). The 
deck consists of a wearing surface on a steel plate stiffened by 
welded longitudinal ribs, spanning between integral floor-
beams. The ribs can be open or closed, and the closed trape-
zoidal rib has predominated in North America. Although ex-
pensive to construct, this deck type is attractive on long-span 
bridges because it reduces dead weight and acts integrally 
with the main structural system to increase the bridge's ca-
pacity (62). In Japan, where reinforced concrete decks were 
replaced, this method was cost-effective on some relatively 

SECTION 

FIGURE 3 Orthotropic deck on a suspension bridge. 

short spans, suchas arch spans of 54 m (177 ft) and 74 in 
(243 ft) (63,64). In Canada, reinforced concrete decks on the 
main cantilever spans and four-deck truss approach spans for 
the Champlain Bridge over the St. Lawrence River were re-
placed 

e
placed by orthotropic decks in 1993 (62). The shorter deck 
truss spans are 77 m (252 ft), and the new decks act integrally 
with the truss top chords. Orthotropic deck panels can be 
paved prior to erection to minimize lane closure time. At deck 
joints, steel bulkheads can be added to contain the paving. 

A number of orthotropic decks have suffered from failure of 
the wearing surface. It is essential that the bond between the 
deck plate and the wearing surface is maintained this requires 
careful consideration of the specific environmental and load-
ing conditions for each site before selecting the most appro-
priate system. In particular, interaction forces at the interface 
of the wearing surface and the underlying plate must be char-
acterized throughout the entire expected range of temperature. 
A paper on six orthotropic redecking projects in North Ameri-
can (62) covers wearing surfaces and costs. 

Develop Composite Action 

Developing composite action was the second most popular 
method of increasing live load capacity among North American 
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agencies (Table 1), but when considering the number of 
bridges strengthened (Table 5), it was the leading method. 

In 1988 a review of full-scale load tests to assess the de-
gree of unintended composite action in beam and slab high-
way bridges was reported (10). It was limited to bridges with 
reinforced concrete decks on steel beams with no mechanical 
horizontal shear connection between the slab and beams. The 
tests showed significant composite action from the natural 
bond at this interface, but because the values varied, they were 
not considered reliable enough to evaluate live load capacity, 
particularly at ultimate load levels. It would be possible to in-
crease the capacity by breaking out some pockets in the slab 
over the beam, welding stud shear connectors in groups, and 
grouting the pockets. This method was not reported by any 
agencies, and the composite action is usually fully developed 
only when the slab is due for replacement from deterioration. 
At that time, the simple welding of studs provides a rela-
tively inexpensive way of obtaining a substantial increase in 
capacity. 

Although most cases reported for this synthesis were for 
steel beams, the method has also been applied to deck trusses. 
Both cast-in-place and precast decks have been used. The 
most common technique for precast decks is placing studs in 
groups to match block-outs in the precast slab, later grouted. 

Developing composite action for concrete beams is a slow 
and more costly operation, generally requiring the drilling and 
grouting of dowels between the slab and beam. The number of 
agency applications reported was small, with only 14 for con-
crete beams compared with 644 for steel (Table 7). 

Alaska DOT reported a major upgrading project to bring 
two bridges, designed to HS20, up to new HS25 loading, to 
match new adjacent parallel structures. The construction took 
place in 1992 for $22 million on 14 spans between 48 m (156 
ft) and 62 m (202 ft) and featured welding cover plate to beam 
flanges, welding shear studs, and adding a new composite 
concrete deck. If field welding is to be used in strengthening 
members, fatigue performance will need to be evaluated. 

Increase Transverse Stiffness 

For beam and slab bridges, increasing the transverse stiff-
ness improves the load distribution to the beams and enables a  

higher live load to be applied. It is a relatively expensive way 
of increasing capacity, however, and the increase may be small 
(65), which may account for the few applications reported. Of 
the 1,268 bridges reported, only 12 used this method (Table 
7), and only six agencies employed it (Table 1). 

Although few cases of transverse strengthening were 
identified, it is common to seek an improvement in load dis-
tribution by analytical means. In reply to question two, 20 
agencies reported using more sophisticated analytical methods 
to raise the predicted live load capacity. Such methods will 
frequently give improved load distribution with no change in 
transverse stiffness compared with the simplified distribution 
factor approach. If transverse strengthening is selected, by 
adding cross frames or diaphragms for instance, then a so-
phisticated analysis will be required to evaluate the modifica-
tion's full benefit. 

Increased transverse stiffness can be obtained by thicken-
ing the deck slab. Michigan DOT reported on casting a con-
crete slab over an existing slab on a concrete T-beam bridge to 
upgrade from the HiS design capacity. After testing the 
strengthened bridge, a 32 percent increase in live load was 
permitted. This could be an economical method for relatively 
short spans, as no special deck forms are needed. The Michi-
gan project had spans of 12.5 m (42 ft.) or less, but longer 
spans would result in an increasing dead load penalty. 

In Minnesota, a retrofit scheme to strengthen longitudinal 
nail-laminated timber decks was evaluated (66). The scheme 
consisted of laying a second transverse layer of timbers above 
the existing deck and casting, a grout layer between the two. A 
number of longitudinal nail-laminated decks have been 
strengthened by transversely post-tensioning the laminates 
(67). This restores the full transverse stiffness of the wood 
deck, providing better load distribution and increased live load 
capacity. In Ontario, a second cycle of stressing is performed 
to compensate for creep and relaxation effects. 

Improve Member Strength 

Adding material to improve the strength of a deficient 
member is the most obvious way of increasing live load ca-
pacity. It is the method used by more agencies than any other 
(Table 1), and is second only to composite action in the number of 

TABLE 7 

BRIDGES STRENGTHENED FOR LIVE LOAD CAPACITY BY NORTH AMERICAN AGENCIES BETWEEN 1986 AND 1996, BY 
METHOD AND MATERIAL 

Methods for Increasing 	 Superstructure Material 

Live Load Capacity 	 Steel 	Reinforced Concrete 	Pre-tensioned Concrete 	Post-tensioned Concrete 	Wood 

ReduceDead Load 34 49 3 - 22 
Develop Composite Action 644 9 5 - - 
Increase Transverse Stiffness 6 5 - I - 
Improve MemberStrength 216 16 28 - 4 
Post-Tension Members 57 11 1 1 73 
Develop Continuity 40 2 2 - - 
Other Methods 3 4 1 1 30 

Total All Methods 1,000 96 -40 3 129 
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FIGURE 4 Rebar insertion to increase shear capacity (Kansas DOT). 

actual applications reported (Table 5). Although the method is 
considered standard, there are many ways of carrying out 
strengthening, as illustrated by the high level of interest shown 
by the number of published papers (Fable 6). The 122 papers 
on improving member strength is nearly three times the num-
ber in any other category. 

The method can be relatively simple if additional plates or 
sections are attached to a member, whether for flexural or axial 
load deficiencies. If the dead load stress in a member is high, 
however, a large increase in section may be required to limit 
the dead plus live load stress in the parent material. At the 
same time, the stress in the added material, due to live load 
only, could be very low. A more effective method, requiring 
less strengthening material and giving more even stress distri-
bution, is to reduce the dead load stress before strengthening. 
This can be done by jacking and supporting beams, or by us-
ing temporary members loaded to relieve the stress in axially 
loaded truss members, before carrying out the strengthening. 
For truss members, it is important to check the capacity of the 
connections if a member is to sustain an increased load. 

Member strengthening can be effective in all bridge materials, 
and the standard techniques are presented in NCHRP Report 293 
(1). These are covered in the following categories, and the refer-
ences noted provide information on recent uses of the techniques. 

Addition of steel cover plates: 
Steel stringer bridges (68,69); 
Reinforced concrete bridges (70); 
Timber stringer bridges: 
Compression members in steel truss bridges: 
Strengthening tension members of truss bridges (71). 

Shear reinforcement: 
External shear reinforcement for concrete, steel, and 
timber beams (72,73); 
Epoxy injection and rebar insertion. 

Jacketing of timber or concrete piles and pier columns 
(74,75). 

Kansas'rebar insertion method to increase shear capacity in 
concrete beams is an interesting example of the development 
of an experimental method into a standard one. Kansas DOT 
reported that about 80 bridges have been strengthened this 
way, where bridges designed to HS20 loading have had shear 
capacity increased by up to 75 percent. Most of the work was 
done in the early 1980s, but Kansas still strengthens about 
three bridges a year this way. The technique as used in 1995 is 
illustrated in Figure 4. The cost of drilling the inclined holes, 
placing the rebars, and filling with epoxy is $62 to $75/m ($19 
to $23/ft). 

Post-Tension Members 

For more than 30 years, post-tensioning of members to in-
crease their capacity has been used for steel, concrete, and 
wood bridges. If a member is overstressed in tension, a con-
centric post-tension force will reduce the tension. If a member 
is overstressed in flexure, local post-tensioning or full-length 
longitudinal eccentric• post-tensioning can counteract the 
condition. The bending effect can be magnified by having the 
tendons below the soffit in a king-post arrangement. Figure 5 
shows these tendon arrangements for beams, but they are also 
applicable in a similar fashion to trusses. Shear deficiencies 
can be corrected by external vertical post-tensioning usually 
with rods rather than strands. Transverse post-tensioning can 
be applied to side-by-side box girders or laminated wood 
decks (67) to improve load distribution. The details of various 
techniques, and tables showing some 42 application examples 
before 1987, make NCHRP Report 293 (1) an important 
source for standard methods still in use. 
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SCHEME A, ECCENTRIC TENDON 

SCHEME B, POLYGONAL TENDON 

SCHEME C, POLYGONAL TENDON WITH 
COMPRESSION STRUT 

SCHEME D, KING POST 

SCHEME AA, ECCENTRIC TENDONS 

SCHEME BB, POLYGONAL TENDONS 

FIGURE 5 Tendon conflgurations for flexural post-tensioning 
of beams (1). 

The flexibility and wide potential for application ensures 
the popularity of the post-tensioning method, with 19 agencies 
reporting on its use since 1986. It is interesting to note that 
although post-tensioning is traditionally associated with con-
crete, 12 agencies have applied it to steel members, compared 
to only four agencies with concrete applications. Prestressed 
Steel Bridges (76), published in 1990, covers all aspects of 
theory and design, including detailing of tendons, anchorage, 
and corrosion protection, and has one chapter devoted to re-
habilitation and strengthening. Post-tensioning to increase 
strength of reinforced concrete or prestressed concrete bridges 
will normally involve external tendons. This topic is covered 
in detail in an ACI publication, External Prestressing of 
Bridges (77), and by work at the University of Texas on seg-
mented box girders (78). Post-tensioning is more complicated 
than the other methods considered for a number of reasons. 
From a design standpoint, the effect of post-tensioning on all 
parts of the structure must be considered, not just the element 
of direct concern. There may be secondary effects to consider, 
and the high local stresses at anchorages can be a problem. 
Post-tensioning can overcome an allowable stress problem at 
the serviceability level, but the ultimate strength condition 
needs checking and may not produce equal benefit. In the 
field, the construction requires care, particularly the stressing 
operation itself. Advantages of the method are considerable, 
however. By using high-strength wire or rod, the weight of added 
material is minimized and used efficiently. The operation can 
usually be carried out with little traffic disruption. 

The 143 bridges strengthened by post-tensioning (Table 5) 
places the method in third place for number of applications, 
with the largest one coming from post-tensioning the bottom 
chords of wood trusses. This has become a standard method in 
New Brunswick, being applied to 70 bridges. Connecticut 
DOT supplied drawings for the 1987 post-tensioning of a pre-
cast concrete beam bridge, and some details are reproduced in. 
Figure 6. In Indiana, a similar prestressing system has been 
protected against corrosion by enclosing in a polyethylene 
pipe. Information from Colorado DOT emphasizes the impor-
tance of design and detailing of the anchorage, particularly 
with steel beams. In the post-tensioning of steel wide flange 
girders in 1991 the anchorage to the bottom flange had to be 
modified during construction following the occurrence of local 
flange buckling. 

Although post-tensioning is not new, the number of new 
and interesting applications is reflected in the many papers 
published on the subject (43 papers, Table 6), second only to 
improving member strength. Because prestressed concrete 
started in Europe well before its introduction to North Amer-
ica in the late 1950s, many European bridges have undergone 
strengthening by post-tensioning recently, and much of the lit-
erature on this method comes from that continent. Some re-
view papers of general interest come from France (79), Austria 
(80), Germany (81), Italy (82), and Switzerland (83). Papers 
dealing with particular projects and nonstandard applications 
will be considered in chapter 4. 

Develop Continuity 

- 

- 

Changing simple spans into continuous spans reduces the 
positive moment and is an established method of increasing 
live load capacity. The agencies did not indicate frequent use 
of the method, however, with 10 agencies reporting 44 appli-
cations (Table 5), of which 22 were in Kansas, 10 in Ohio, and 
six in Colorado. Details of the means of providing continuity 
were provided only by Kansas, where all 22 bridges used 
girder encasement, 20 for steel girders and two for reinforced 
concrete beams. 

A widely used method for new precast beam and slab type 
construction, is to make the simple beam spans continuous for 
live load by casting an encasing diaphragm at the piers, inte- - 
grally with the deck, and reinforcing the deck for negative 
moments (84). The same method can be used for existing 
simple-span concrete structures, but would only be cost-
effective if a new deck were required. In fact, only four con-
crete bridges were strengthened by developing continuity 
(Table 7). The method can be expensive for concrete bridges 
on which the deck slab and beams act compositely by the use 
of stirrups connecting the two elements, as slab removal while 
preserving the stirrup steel is difficult. 

The same method of developing continuity can be used for 
steel girder bridges, with shear studs welded to the girders to 
engage the new diaphragm concrete. If the steel girders were 
originally noncomposite, the slab removal is relatively simple, 
and the combination of providing continuity and composite 
action could be cost-effective. 
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FIGURE 6 Post-tensioning of precast concrete beam (Connecticut DOT). 

If the slab does not need replacing, noncomposite steel 
beams may be made continuous by splicing the webs and 
flanges at the piers. This can be done by welding without dis-
rupting traffic, but is not very common and can present fatigue 
problems with field welding. If the top flange splice requires 
bolting, the deck slab has to be broken out locally, requiring 
temporary lane closures. 

Continuity can be most easily developed on timber stringer 
bridges by bolting steel side plates to stringers at the piers, but 
no instance of this was reported. The literature search did not 
reveal any recent papers of significant interest on developing 
continuity. 

Other Methods 

Of the other methods reported, adding members, either 
beams or piers, to increase capacity could be considered stan-
dard. Thirty-nine applications were reported, with 30 of those 
from Colorado, all in timber structures (Fable 7). Roughly half 
of the Colorado bridges were strengthened by doubling the  

longitudinal stringers, the other half by adding intermediate 
pier bents. In each case, the structures were designed for H-15 
loading and needed to be brought up to current legal or annual 
permit loads. 

For short-span timber bridges this is an effective method, 
as the members are not heavy to handle and timber lends itself 
to field modifications quite readily. In 1994-1995 in Colorado, 
adding a timber bent cost $10,000 and adding a timber 
stringer $1,000 or $9,000 per span for a two-lane bridge with 
spans around 6 rn (20 ft). 

Saskatchewan reported on a three-span flat slab-reinforced 
concrete overpass, with 10-rn (33-ft) spans, that was deficient 
in flexure in the end spans. The addition of new lines of sup-
port near the points of maximum positive moment in the end 
spans raised the live load capacity. 

The addition of a pier to raise the capacity of a larger 
bridge took place in 1995 on the Langleybury Lane Bridge in 
the United Kingdom (85). The overall length of the original 
three-span bridge (Figure 7(a)) was 72 rn (236 ft), and con-
struction was in reinforced concrete. Shear cracks were ob-
served in the main span spine beams, and analysis showed a 



(a) Elevotion of original bridge 

(b) Elevation after addition of central pier and replacement of side piers 	 - 

FIGURE 7 Change from 3-spans to 4-spans, Langleybury Lane Bridge (85). 

serious capacity deficiency. The change from a three-span to a 	be upgraded to full current code requirements. The contract 
four-span structure (Figure 7(b)), was carried Out keeping one 	cost was roughly half the estimated cost of a replacement 
lane open to traffic, and enabled the shear-deficient bridge to 	structure. 
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CHAFFER FOUR 

SUPERSTRUCTURE CASE STUDIES 

- 

This chapter presents case studies of methods to increase 
live load capacities of bridge superstructures since 1986. They 
include interesting or unusual applications of standard meth-
ods, as well as innovative methods, and are categorized by the 
main superstructure materials: steel, reinforced concrete, pre-
stressed concrete, and wood. The cases cover practical and 
tested techniques, and do not include methods still under de-
velopment, such as the use of advanced composite materials 
(ACM) for superstructures, which are covered in chapter 7. 
The projects have been selected from a review of the agency 
responses, consultant replies, and the literature search, and 
include a number of overseas applications that could be of in-
terest to North American agencies. References are given for 
several relevant papers not selected for detailed review. 

- 

- 

STEEL 

Interesting applications of standard methods for steel 
bridges will be presented in the same order as used in chapter 
3. Two new categories have been added to cover combined 
methods and other methods. 

Reduce Dead Load 

Woichuk (62) reported on redecking of the following major 
North American bridges, using steel orthotropic decks to re-
duce the dead load: 

Lions' Gate Bridge, Vancouver;  

George Washington Bridge, New York; 
Golden Gate Bridge, San Francisco; 
Throgs Neck Bridge, New York; 
Ben Franklin Bridge, Philadelphia; and 
Champlain Bridge, Montreal. 

Although the main spans of these bridges are all in the 
long-span range, some shorter approach spans were also re-
decked with steel orthotropic decks. The Lions' Gate Bridge 
approach spans were 13 m (42.6 ft) to 38 m (125 ft), the 
Throgs Neck viaducts 42 m (138 ft) to 58 m (190 ft), and the 
Champlain Bridge deck trusses 77 m (252 ft). 

Another interesting example of this method comes from Ja-
pan (64) on the Showa Bridge, a stiffened steel arch with a span of 
73 m (240 ft). The bridge was opened in 1959, and after 30 years, 
the reinforced concrete deck slab required replacement. At the 
same time, sidewalks needed to be added to the bridge, and the 
live load needed upgrading from Class 2 to Class 1, a 40 percent 
increase. The extra width increased the dead weight by 15 per-
cent, but the weight was minimized by using a steel orthotropic 
deck composite with the stiffening girder (Figure 8). The steel 
deck also best suited the need to keep one lane open to traffic at all 
times and thus shortened the construction period. The increased 
dead and live load caused the overstressing of some members and 
was corrected by adding diagonals. This change to the structural 
system reduced the bending moments in the arch rib and stiff-
ening girder satisfactorily, but increased the load in some ver-
ticals, which needed reinforcing with cover plates. The struc-
ture was load tested before, and after reinforcement and the 
results showed a 50 percent reduction in deflections for the re-
habilitated bridge, which was reopened in 1992. 
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FIGURE 8 General view of the Showa Bridge, Japan (64). 
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Orthotropic decks can be made even lighter by fabricating 
with aluminum rather than steel. The aluminum industry con-
tends that aluminum may be a viable economic alternative for 
lightweight decks, particularly if life-cycle costs are consid-
ered (86). Ten aluminum bridges have been built in North 
America and are expected to give satisfactory service for up to 
50 years. Although aluminum decks are relatively new to this 
continent, about 40 have been built in the Nordic countries in 
the past decade. Following a recent testing and development 
program, orthotropic aluminum decks were used on two 
bridges in the United States in 1996. A demonstration project 
for a replacement deck on the Corbin suspension bridge in 

Pennsylvania, with a span of 91 m (300 ft), has tripled truck 
live load capacity. A second system (Figure 9) was used on the 
Route 58, Little Buffalo Creek Bridge in Virginia, weighing 
about 98 kg per m2  (20 lbs. per ft2). 

Improve Member Strength 

The Corpus Christi Harbor Bridge (Figure 10) was com-
pleted in 1959, and was the last major riveted structure built 
in Texas (58). The original lightweight concrete deck had de-
teriorated and the use of a replacement deck of normal weight 
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concrete was investigated. However, as this would have 
caused an overstress in many main span members, a thicker 
lightweight deck was selected for the central portion instead, 
with normal weight concrete elsewhere. The selection of nor-
mal weight concrete for the anchor arms reduced the number 
of compression members requiring strengthening. The original 
design was by working stress methods to the 1953 AASHO 
specification, whereas the rehabilitation design used load fac-
tor methods to the 1983 specifications. The two specifications 
employed different compression member design methods, and 
frame analysis also indicated some long compression mem-
bers had K factors well above the recommended AASHTO 
value of 0.75. The combination showed serious overstress to 
the main V-struts (Figure 11), which was corrected by adding 
a system of triangular bracing in both planes. Some of the 
cantilever truss compression members, with lengths up to 24 
m (78 ft), were strengthened by bolting side plates to the box-
shaped members. Twenty-four approach truss compression 
members, 10 m (34 ft) long, were strengthened by bracing to 
the adjacent roadway stringers. 

- 

Combined Stress 	 urn 

liQIL 	L8 

+ denotes Tension 

FIGURE 11 Added bracing at main pier (58). 

The Friarton Bridge is a major steel/concrete composite 
box girder bridge over the River Tay in Scotland. Built in 
1978, the bridge was assessed for current BS5400 design  

standards and live loading in 1991 (87). The new live loading 
gave lane loadings, which vary with loaded length, as much as 
90 percent above the original design values. The most serious 
overstress areas were at the main piers, where the tension 
flange required modification over a 41-rn (135-ft) length and 
the compression flange over a 85-rn (279-ft) length (Figure 
12). The bridge was strengthened using a combination of post-
tensioning, additional stiffeners and bracing. As it was not 
practical to prop the deck before strengthening, and as the 
dead loads were dominant, the addition of steel to the top 
flange would be an inefficient approach. However, as the 
overall buckling strength of the compression flange was also 
increased, it was more efficient to stiffen the bottom flange 
(Figure 13). The top flange was post-tensioned over the re-
quired length using a multi-strand system. The ring beams 
needed to distribute the loads at the tendon anchorage areas 
required additional bracing, also shown in Figure 13. 

The South Muskoka River Bridge in Ontario was built in 
1952, and by 1988 required deck replacement. The two-span 
deck trusses, with spans of 20.5 m (67 ft) and 30.8 m (101 ft), 
were evaluated for current loading and were found to be defi-
cient (88). Most truss members in the twb-truss system were 
overstressed, as were all of the floorbeams. Alternative ap-
proaches considered were replacing the bridge, strengthening 
members, post-tensioning members, and adding a third truss 
in the center. The third truss option was selected as it halved 
the floorbeam spans, which then did not require strengthening. 
A decision had also been made to detour the traffic off the 
bridge as lane closures were not acceptable. The bracing be-
tween the two original trusses had to be removed, and new 
bracing installed for the three-truss system. The preliminary 
estimates indicated this was the most cost-effective alternative, 
but final costs were higher than estimated. Replacing the su-
perstructure may have been a better choice, if the value of re-
duced construction and detour time were built into the esti-
mated cost. 

The overseas strengthening project that has received the 
most publicity in North America is the Severn Crossing in the 
United Kingdom (89). The crossing opened in 1966 and com-
prises a four-lane motorway on a major suspension bridge, a 
cable-stayed bridge, and several approach viaduct structures. 
The suspension and cable-stayed structures featured. revolu-
tionary shallow box sections, aemdynamically shaped, consisting 
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FIGURE 12 Friarton Bridge, showing area of overstress (87). 
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FIGURE 13 Friarton Bridge section, showing strengthening (87). 

of thin stiffened plate elements and an orthotropic deck. Prob-
lems with this structural form on other bridges led to publica-
tion of the Merrison Committee rules in 1975 (90), and some 
modifications to the Severn Bridge diaphragms were made in 
1972. In 1976, a lengthy appraisal was initiated as a result of 
increased traffic loading that had taken place since the design 
criteria were set in 1960. A statistical analysis of observed 
vehicle weight and length distribution data indicated that lane 
loads were 20 to 160 percent higher than the design loading 
for some loaded lengths over 100 in (328 ft). This resulted in 
what is probably the largest strengthening project ever under-
taken for perceived live load deficiencies, and various con-
tracts between 1985 and 1991 upgraded the original live 
loading by a factor of three to take care of present and antici-
pated future commercial traffic (89). The need for the amount 
of strengthening done has been a source of controversy, how-
ever, and has been featured in the North American technical 
press (91). Other bridges are also being upgraded in Europe to 
take the 40-tonne (88-kip) trucks that will soon be adopted. 

The requirement to keep all lanes open to traffic on the Severn 
Crossing during strengthening had interesting ramifications 
on the design criteria. Reinforcement was designed to partici-
pate in carrying full live load only if it was to be attached 
when traffic controls would prevent significant live load stress. 
Otherwise the reinforcement was considered effective for 67 
percent of the live load only. To minimize the amount of 
strengthening, specific site conditions regarding traffic, wind, 
and temperature were built into the rehabilitation criteria. The 
design dead weight of the deck was lowered by reducing the 
usual dead load factor on the deck wearing surface; this was 
justified by carrying Out site surveys and exercising extra con-
trol on the thickness during application. 

Extensive strengthening of the suspension bridge deck box 
girders was required, mainly by welding additional internal 
plates, amounting to 3.3 percent of the original deck steel 
weight. Additional stiffening of the compression flanges at the 
piers of the approach viaducts was required. The components 
most effected by the increase in live load were the suspension 
bridge towers. The unique corrective measure chosen was to 
install and jack additional internal columns in each corner of 
the tower legs to relieve the existing towers of 22 percent of 
the dead load and 25 percent of the live load. 

The most significant visual change from strengthening oc-
curred on the Wye cable-stayed bridge, (Figure 14). To reduce 
the amount of deck box girder strengthening that would be re-
quired, the single-stay girder system was replaced by a twin-
stay system, thus reducing the effective girder span lengths. 
The scheme entailed extending the towers and installing new 
stay cables and anchorages and local box girder strengthening 
at the anchorage locations. The additional steel amounted to 
16 percent of the original steel weight. Full details of this £20-
million project are given in four additional papers published 
by the Institution of Civil Engineers in 1992 (92-95). 

Post-tension Members 

Although post-tensioning of simple-span steel bridges is a 
standard method of strengthening, the method has been less 
frequently used for continuous bridges. Methods have been 
developed in Iowa and have been applied on two three-span 
continuous beam bridges for testing (96-98). The two-lane 
bridges were each 45.7-rn (150-ft) long with four continuous 
beams. When subjected to legal live loads, both bridges were 
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FIGURE 14 Wye Bridge, showing new cable system (89). 
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FIGURE 15 Superimposed truss system (98). 

overstressed in positive- and negative-moment regions. For 
Bridge 1, positive-moment regions were post-tensioned using 
anchorages attached to the bottom flanges. For Bridge 2, su-
perimposed trusses over the piers of external beams (Figure 
15) were employed in addition to post-tensioning in positive-
moment regions. Both systems were considered cost-effective 
and practical, and have been incorporated in a design manual 
(99) for strengthening continuous-span composite bridges. 

The Walnut Street bridge crosses the Tennessee River in 
Chattanooga with six pin-connected truss spans over 100 
years old and 64 m (210 ft) and 98 m (321 ft) in length. As 
part of a major renovation program in 1991, the eye-bar bot-
tom-chord members were post-tensioned to relieve them of 
some dead load and increase the truss live load capacity (100). 
Reinforcing the eye bars was investigated but would have 
been difficult because of the close spacing of the bars. Thus, 
the bridge was strengthened by post-tensioning with straight 
and deflected strands. This method was not only more effec-
tive but also provided redundancy for the bottom-chord mem-
bers, which proved advantageous as many of the eye-bars had 
existing flaws that could initiate cracks in these fracture-
critical members. 

The Burlington Skyway is a high-level crossing of the 
shipping channel to Hamilton Harbor, Ontario. With the 
opening of a second structure, the original four-lane structure 
was closed for upgrading with another lane added and in-
creased live load design criteria. The main structure is a three-
span arched through-truss with spans of 83.8 m (275 ft), 150.9 
m (495 ft), and 83.8 m (275 ft); the deck is supported on floor 
trusses spanning 19.1 m (63 ft). Members in the floor trusses 
were significantly overloaded with the new design require-
ments, and post-tensioning was selected to strengthen the 
bottom chord (101). The most effective end-anchorage location 
was in the concrete deck slab, which was to be replaced, 
enabling proper reinforcing for the anchorages to be placed 
(Figure 16). Twin prestressing bars were used, with a transfer  

plate added at the first node of the bottom chord, to anchor the 
bars and distribute prestress force to the members (Figure 17). 
All six bars on one truss were stressed simultaneously to 
minimize the chance of component buckling. The procedure 
proved to be cost-effective and structurally efficient. 

A number of papers from the literature search deal with 
post-tensioning of steel structures (76, 87, 102-106). 

WVVIL)P,., 

FIGURE 16 Burlington Skyway, floor truss post-tensioning 
(101). 

Combined Methods 

Several agencies submitted bridge data sheets on bridges 
that had been strengthened using combinations of some of 
the standard methods. Three interesting strengthening 
projects designed by Modjeski and Masters are presented in 
this category. 

The Worthington Bridge in Pennsylvania on U.S. 422 is a 
six-span continuous plate girder bridge, 18.3-m (60-ft) wide 
curb to curb, with pinned hanger hinges at two locations in the 
main girders. In 1992-93, the deck was replaced; the width 
was increased to 19.2 m (63 ft) and the load capacity was in-
creased from HS20, as originally designed, to HS25. The span 
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lengths varied between 15.2 m (50 ft) and 53.3 m (175'ft) and 
the, contract cost was $7,390,000. The new deck was made 
composite with the stringers, and a new composite stringer 
was added over each plate girder (Figure 18) to increase girder 
capacity and reduce fatigue effects. By eliminating the hanger 
assemblies, the girders were made fully continuous (Figure 
19), thereby increasing their strength and redundancy. In ad-
dition, tack welds used during fabrication were ground off to 
improve the fatigue capacity. 

The Walt Whitman Bridge over the Delaware River in 
Philadelphia is being redecked in a series of contracts, and the 
original design capacity of HS20 is being upgraded to HS25 
using the 1989 AASHTO specification. The bridge consists of 
a suspension main span, and approaches with beam spans 
from 15.2 in (50 ft) to 30.5 m (100 ft), girder spans from 32.3 
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FIGURE 17 Burlington Skyway, post-tensioning transfer 
plate details (101). 
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m (106 ft) to 40.5 m (133 ft), and truss spans from 54.9 m 
(180 ft) to 108.2 m (355 ft). The total redecking and upgrad-
ing cost will be more than $1 million. On the approach spans, 
the stringers are being made composite with the new deck, 
and tack welds are being removed to increase the fatigue life 
of the built-up longitudinal girders. On the cantilever deck-
truss span, a back-up system of hanger rods is being added to 
provide redundancy at the pin and hanger locations (Figure 
20). 

The White Hill Overpass (1-58 1) in Pennsylvania is a 15-
span structure that was redecked in 1992 at a contract cost of 
$4,194,000, with two percent of the cost for traffic protection. 
The live load capacity was increased from HS20 to HS25. The 
beam spans vary between 14 m (46 ft.) and 31,7 m (104 ft.) 
with two plate-girder spans of 36.6 m (120 ft). In the redeck-
ing, all girders, stringers, and beams were made composite by 
adding shear connectors. The shear capacity of the riveted 
plate girders was increased by adding web reinforcement 
plates. The moment capacity of the rolled beam floorbeams 
was increased by adding angles to the webs. Existing riveted  

cover plates were replaced with larger bolted plates, and 
bolted cover plates were added to the bottom flanges of exist-
ing rolled beams. 

Other Methods 

The Hagwilget Bridge is a small single-lane suspension 
bridge in British Columbia, constructed in 1937 for a maxi-
mum vehicle weight of 13.5 tonnes (29.7 kips) (Figure 21). By 
1987, the open-grating deck had deteriorated from corrosion 
and fatigue and required replacement. As the local logging in-
dustry had been crossing the bridge with 52-tonne (144.4-kip) 
trucks, an upgrade in load level was sought. The chords of the 
stiffening truss were overstressed. The top-chord condition was 
corrected by making the new open-grating deck act compositely 
by a shear connection between the deck and the top chord. The 
bottom-chord condition was corrected with no strengthening 
or added material (107); rather the truss system was combined 
upwards by shortening the hangers and inducing moments 
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I 140m 

FIGURE 21 Hagwilget Bridge, general arrangement (107). 

opposite to those caused by the trucks. Adjustments to the 
hangers were made in seven passes to avoid local overloading 
and provide the required moment envelope. The resulting 
bottom-chord tension capacity then exceeded the demand 
(Figure 22). The renovation was completed in 1992 at a cost 
of $2.4 million Canadian. 

The Avonmouth Bridge near Bristol in the United Kingdom 
is a major motorway river crossing, built in 1975, that requires 
strengthening to meet current loading standards. In 1999, 40-
tonne (88-kip) trucks will be admitted into the United King-
dom and the bridge is undergoing assessment and strengthen-
ing design to meet this date (108). The present configuration is 
for three lanes in each direction, plus cycle paths and side-
walks on each side. The new layout will use the cy-
cle/sidewalk space on one side to convert to four traffic lanes 
in each direction. The bridge superstructure consists of twin 
steel box girders with composite concrete deck on the ap-
proaches and steel orthotopic deck on the main river spans. 
The overall length is 1400 m (4,590 ft) with the 20 spans 
varying in length between 30 m (98 ft) and 174 m (570 ft). To 
strengthen for extra lanes and increased truck loads to current 
standards on such a large bridge would be expensive. Thus, to 
minimize the cost, designers have investigated specific site 
conditions to see what departures from the current standards 
could be justified. 

Special restrictions will be imposed on the movement of 
heavy abnormal loads, which will be limited to a lane centered 
on a steel box girder. Study of the present usage of the cy-
cle/sidewalk indicates the standard global loading is high and  

can be reduced at this location. Measurements on the existing 
wearing-course thickness show that the dead load factor for 
paving is higher than required, provided tight tolerances in 
construction can be controlled. The modified criteria will re-
duce this dead load factor for ultimate limit states to 1.20. The 
mill certificates from the original steelwork are available along 
with records of where each plate was used in the bridge. De-
signers are taking advantage of the fact that the yield points 
from the certificates exceed the guaranteed minimum of 355 
MPa (51 ksi), and the actual values will be used in redesign. 
If the project had been treated as a new bridge to meet current 
standards, some 6000 tonnes (13,200 kips) of additional steel 
would be required. Gill et al. (108) note that: 

When strengthening an existing structure, minimizing the 
added strengthening steelwork has an additional benefit. The 
structure is designed to carry both its self weight and the ap-
plied loads; by minimizing the amount of extra steel added to 
strengthen the structure, the capacity for canying traffic load-
ing is increased. 

By applying considerations outlined and modifying the cur-
rent standards accordingly, significant savings in strengthen-
ing steelwork are expected. 

REINFORCED CONCRETE 

Strengthening reinforced concrete bridges will be consid-
ered under two of the standard categories, improve member 
strength and post-tension members. A third category, bonded 
steel plates, has been added, as there are many examples of 
this method in Europe, particularly in the United Kingdom, 
but few in North America. The application of ACM sheets for 
strengthening will not be considered in this section. As it is 
still in the developmental phase in North America it will be 
considered in chapter 7. 

Improve Member Strength 

Kansas DOT has a number of hollow-tube slab bridges that 
have been rehabilitated using a 127-mm (5-in.) thick bonded 
overlay. At the same time, openings to the tubes enable them 
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FIGURE 22 Hagwilget Bridge, tension in bottom chords of truss (107). 
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to be concrete filled after rebar stirrups are placed (Figure 23). 
When load rated, the overlay is assumed to act compositely 
with the T-sections formed by the overlay and the concrete-
filled cells. 

FIGURE 23 Hollow tube slab, with thick bonded overlay 
(Kansas DOT). 

CALTRANS participated in a test program at the Univer-
sity of California, San Diego, for strengthening a T-girder 
bridge (109). A 25-year-old section of the obsolete Gepford 
Overhead was brought to the laboratory and a precast soffit 
slab panel was added to it (Figure 24). The 76-mm (3-in.) 
thick soffit panel was pretensioned with nine 13-mm (0.5-in.) 
Grade 270 strands prior to casting the high-strength concrete. 
The panel was supported by 10 set bolts, whereas the horizon 
tal load transfer between the panel and the T-girder was de-
signed to be achieved by the epoxy bonding. Tests showed that 
the panel not only increased the flexural capacity but also im-
proved the transverse load distribution. The epoxy bonding 
was satisfactory for the overload tests, but a horizontal shear 
failure occurred in the concrete cover of the T-girder before 
reaching the ultimate limit state. For suitable performance at 
this level, additional mechanical anchoring of the soffit panel 
through dowels into the core of the T-girders is proposed. 

Between 1949 and 1963, the province of Alberta built more 
than 30 cast-in-place concrete T-girder bridges with designs 
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FIGURE 24 Bottom soffit slab panel addition (109). 

based on HS20 truck loading (72). Since then, the legal truck 
load has increased to nearly twice the HS20 truck weight, and 
the allowable shear stress in concrete has decreased. A shear 
assessment was carried Out on seven of the bridges, followed 
by a refined assessment using more accurate shear, capacity 
equations, in-situ concrete strength determinations, and a grid 
analysis for improved load distribution. As a result of these 
assessments, the number of bridges requiring shear strength-
ening was reduced to three, and strengthening was achieved 
by using high-strength rods in an external stirrup assembly 
(Figure 25). The Highwood River bridge was strengthened in 
1987 by installing 804 such assemblies, for a contract cost of 
$112,000 Canadian, or $139 Canadian per external assembly. 
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FIGURE 25 Shear strengthening system using high strength 
rods (72). 

Steel plates can be bolted to reinforced concrete beams to 
increase flexural and shear capacity. A paper from Australia 
(70) covers both theoretical and practical aspects of soffit 
plating and side plating, and limitations of the methods. 

Post-tension Members 

The addition of external post-tensioning cables has become 
a widely used method to increase the capacity of prestressed 
concrete bridges. The technique has not been used as fre-
quently on reinforced concrete bridges. One of the difficulties 
with stressing reinforced concrete members is that it creates a 
partially prestressed structure, a system not addressed by most 
bridge codes. This situation has been addressed by Naaman 
(110) in a review of some code provisions and in a proposed 
analytical solution to determine the resistance of partially pre-
stressed beams using unbonded tendon. 

With the addition of a streetcar track, a reinforced concrete 
T-beam bridge in Romania required strengthening for heavier 
loading (111). This bridge has a central span of 24.2 In (79 ft) 
and two cantilever spans of 9.5 m (31 ft), with transverse con-
crete diaphragms approximately every 3.5 In (11.5 ft). A ten-
don profile was selected to reduce dead load moments at the 
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FIGURE 26 Bowstring post-tensioning system (112). 

supports and midspan; the tendons and steel ducts were 
passed through holes drilled in the diaphragms and were an-
chored at each end of the cantilever spans. 

A different method of applying external post-tensioning has 
been developed in Australia (112). Called "bowstring" post-
tensioning, the method was developed using laboratory mod-
els (Figure 26) and later applied in the field to the Kaiawha 
Stream bridge, a T-beam structure with a 15-rn (49-ft) simple 
span. With this method, the cable is initially installed high 
then pulled down by jacking against the soffit to develop the 
required prestress load. A braãket with a large pin through the 
beam web provides end anchorage. Laboratory tests were con-
ducted with one pull-down position, whereas the field instal-
lation required two positions because of the presence of a cen-
tral diaphragm. The field installation was estimated to be 
between 10 and 20 percent less expensive than the standard 
post-tensioning method, probably because of the simplicity of 
the stressing system. 

Bonded Steel Plates 

Since 1974, more than 30 concrete highway bridges in the 
United Kingdom have been strengthened by using externally 
bonded steel plates (2). The method has been used in other 
European countries, such as Finland (113) and Portugal (114), 
but the United Kingdom has by far the most European appli-
cations and continues to use the method. The survey question-
naire did not identify any North American applications, but 
one responding consultant, T.Y. Lin International, has applied 
steel plate bonding to 202 concrete cap beams on an elevated 
transit structure in Taipei. With a contract cost of $6 million in 
1995, this could be the method's largest application. The 
country with the most applications, however, is Japan. In 

LABORATORY MODEL 8m BEAN 

1994, the U.K. Department of Transport issued an advice note 
on the subject as part of their Design Manual (115), which 
covered all aspects including design, materials, quality con-
trol, and specifications for the epoxy-resin adhesive. The larg-
est application in the United Kingdom is for the Boiney Flyo-
ver (116) where a total of 676 plates were applied in up to 
three layers. The plate bonding method is not without con-
cerns, however, and questions have been raised about the du-
rability of the adhesive (117), possible corrosion at the 
steel/adhesive interface, and acceptability of the method at ul-
timate limit states. Nevertheless, an examination of the first 
major bridges strengthened this way in the United Kingdom, 
the Quinton bridges, indicated satisfactory structural perform-
ance 20 years after strengthening (6). 

From an installation viewpoint, 'however, 'this method has a 
number of disadvantages including transportation and han-
dling of heavy plates, limited delivery lengths of plates, the 
need to prepare the steel surface for bonding, and the need for 
expensive falsework to hold the plates in position during cur-
ing of the adhesive. These items, plus the concerns about du-
rability, have probably had a negative effect and account for 
the limited interest in North America for this strengthening 
method. 

PRESTRESSED CONCRETE 

The most obvious and common method of increasing the 
strength of prestressed concrete bridges is the addition of ex-
ternal prestressing. This has been covered in NCHRP Reports 
293 (1) and 280 (118) for I-beam bridges, the most frequently 
used bridge type since the 1950s. An example 'of an I-beam 
bridge is shown in Figure 27 (82). Side-by-side precast box 
beams have been strengthened by adding epoxy-coated strand 
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FIGURE 27 New cables incorporated in I-beam (82). 

and bonding with gunite; this method was the subject of a 
Pennsylvania DOT and FHWA research project (119). As 
these are now standard methods, this section will only address 
the addition of cables inside box girders generally built by 
segmented methods, either precast or cast-in-place. These 
boxes are large enough for access so that anchorages and de-
viator blocks can be added inside for the cable installation. 
This form of large single-cell box construction was used in 
Europe some 10 to 15 years before its introduction to North 
America in the mid 1960s. There is thus a greater history of 
strengthening these structures in Europe, and this is reflected 
in the literature search. In the late 1950s, a number of segmen-
tal bridges in France were built by balanced cantilever meth-
ods, with a hinge at the center of the span. Because of a lack 
of knowledge of concrete creep at the time, though, large mid-
span deflections required strengthening by restraining rota-
tions at the hinges to make the spans continuous (79). Bridges 
designed as continuous structures also had some deformation 
problems in Europe as a result of insufficient information on 
temperature gradient effects, as well as creep, elastic modulus, 
and friction values. Although the ultimate strength was usu-
ally adequate, the service load capacity could be impaired. 
These bridges were built with cables fully bonded inside the 
webs or flanges. They were generally strengthened to restore 
service live load capacity, when necessary, by the addition of 
unbonded tendons inside the boxes (80, 81). In France, about 
50 box-girder bridges have been strengthened since 1970 by 
additional post-tensioning, and the method is considered to be 
very effective (79). In Germany, of the prestressed concrete 
bridges built since 1950, five have had to be replaced, and 
more than 25 have been strengthened with external tendons 
(81). 

The strengthening of box girders for increased live load 
capacity by the use of external tendons has a number of 
advantages. 

- 

The work can normally, be done under traffic, which is 
often a requirement (83). 

The method adds very little extra dead weight and does 
not alter the appearance of the bridge. 

The deviators can often be provided by drilling through 
existing diaphragms. 

The end anchorage can sometimes be provided in the end 
diaphragms, but may need additional anchor blocks. 

Straight tendons may be used when only flexural 
strength is deficient. Draped tendons may be more effective, 
however, they also increase the shear capacity. 

The external cables are visible for inspection. 

The most widely used tendon comprises seven wire strands 
protected by a polyethylene outer tube, with a cement grout 
injected into the tube. 

A recent example of this strengthening method is the Ole-
ron Viaduct in France (120). Constructed in 1966 by the bal-
anced cantilever method using precast single-box seg-
ments, the bridge's total length is 2,862 m (9,387 ft) 
consisting of 46 spans varying in length, but with the major-
ity 79 in (259 ft). The viaduct is made up of nine continuous 
units, each about 320-m (1,050-ft) long. Figure 28 shows the 
external cable layout for the haunched girder spans, and de- - 
tails of the deviation saddies provided at the piers and at mid-
span. Continuous tendons over the full 320-m (1,050-ft) 
length of each unit were provided, with new anchorage blocks 
at each end. 

The first precast segmental bridge in North America was 
the Lièvre River Bridge in Quebec, built in 1967. The seg-
ments were not epoxy glued, as became the normal practice, 
and they started opening at the joints because of insufficient 
prestress. In 1987, the bridge was restored to its design live 
load capacity by external post-tensioning. The first cast-in-
place segmental bridge in North America was also constructed 
in Quebec, crossing the Mulets River near Ste. Adele, about 
70 km (42 ml.) north of Montreal. The crossing consists of 
twin single-box structures with continuous haunched girder 
spans of 40.38 m (132.5 ft), 80.77 in (265 ft), and 40.38 m 
(132.5 ft). Built by the balanced cantilever method with travel-
ing forms, the bridge opened in 1964. The design criteria were 
much the same as used in Europe at that time, and, predicta-
bly, the bridge exhibited similar behavior through the years of 
excessive mid-span deflection and some cracking, and it was 
decided to strengthen the bridge (121). The original design did 
not allow for moment redistribution from concrete creep or for 
thermal gradient effects. The use of lower values of friction 
and wobble coefficients than currently considered realistic re-
sulted in actual prestress forces below those anticipated at the 
design stage. The structure was reanalyzed and indicated 
tensile stresses at mid-span of 4.3 MPa (615 psi). The 
strengthening design allowed for temperature gradient effects 
and an increase in live load to reflect current traffic loads. 
Straight longitudinal tendons were attached in the end spans 
and at mid-span, as shown in Figure 29. The tendon anchor-
ages were provided by concrete blocks attached by prestressed 
bars on each side of the web. While this technique exposed 
tendons, which are protected by polyvinyl chloride (PVC) 
ducts, outside the boxes, it eliminated transverse flexural 
stresses that would result from blocks on the inside only 
(Figure 29). The box girder cracks were grouted before the 
tendons were stressed. The strengthening contract was com-
pleted in 1988, with the bridges being kept open to traffic at 
all times, but with some lane closures. 
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Most North American segmental bridges were built after 
the mid 1970s when their behavior and the required design 
and material data were better understood. While no agencies 
reported on strengthening of such bridges, the procedure has 
taken place and is reported in two papers on external post-
tensioning of a major cast-in-place segmental bridge at Grand-
Mere, Quebec (122, 123). Built in 1977, the single-cell struc-
tare has a main span of 181.4 m (595 ft) with short counter-
weighted end spans (Figure 30) (122). With a mid-span depth 
of only 2.9 in (9.5 ft.), the bridge has an unusually high span-
to-depth ratio of 62.6. The first paper mentioned above (122) 
includes discussion of various problems during and after con-
structiol) that resulted in local cracking and increasing main 
span deflection, which reached a value of 39.4 mm (15.5 in.). 
The distress was caused by insufficient prestress and some in-
correct design assumptions, particularly regarding thermal ef-
fects. The bridge was strengthened in 1991 by additional pre-
stress of 30 percent, shown in Figure 31(122). Each cable 
consisted of several individually lubricated sheathed strands 
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FIGURE 31 Added post-tensioning cables, Grand-Mere 
Bridge (122). 

grouted in a PVC duct, and the prestress was successively 
applied to each strand. Throughout the seven-month contract, 
which cost $1.3 million Canadian, the bridge was kept open to 
traffic, but with some lane and speed restrictions. The second 
paper listed above (123) reports on the research, testing, and 
monitoring program that was done in conjunction with the 
strengthening. The two papers provide useful data that may be 
applied to any future segmental bridge strengthening projects. 

WOOD 

Various types of wood bridges have been strengthened by 
post-tensioning, usually using bar systems. Oregon DOT re-
ported on upgrading a timber stringer bridge crossing Bear 
Creek in 1993. The bridge was built in 1933, to H-15 live 
loading, which was inadequate for legal and permit loads. 
Eight stringers spanning 8.84 m (29 ft) were strengthened 
with a king-post system, using two rods per stringer. .The live 
load capacity was increased by 25 percent at a cost of only 
$9,000. 

In British Columbia, the Ministry of Transportation and 
Highways have post-tensioned the bottom chords of two tim-
ber Howe truss bridges, each spanning 55 m (180 ft), to.  carry 
live loads in excess of the original H-is design load. The 
Willow River Bridge was strengthened in 1992, and the 
Bulkley River Bridge in 1994. On the latter bridge, the deck 
was replaced with a stress-laminated timber deck. 

The stressing of laminated timber decks is the most signifi-
cant new strengthening method developed for wood bridges in 
recent years. Longitudinal nail-laminated decks tend to loosen 
with time. By applying transverse post-tensioning, the pianks 
are compressed and the system becomes a more rigid slab 
with improved load distribution capability. The method was 
developed in Ontario, where 10 laminated deck bridges were 
upgraded using this method prior to 1987 (67). Figure 32 
shows a typical installation, with prestressing bars over and 
under the deck. The upper bars are covered with an asphalt 
wearing surface. The required prestress level is low, but a re-
stressing cycle is normally needed because of the creep of the 
wood laminates. The concept has since been applied to new 
laminated decks and is covered by recent codes in Canada 
(30) and the United States (35). 

An interesting example of the use of a new stress-
laminated deck is the Sioux Narrows Bridge in northern On-
tario (Figure 33). This wooden Howe truss bridge was built in 
1936, and with a span of 64 m (210 ft) is thought to be the 
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FIGURE 33 The Sioux Narrows Bridge. 

longest single-span wood highway bridge in North America. 
The bridge is listed under the Ontario Heritage Bridge Pro-
gram and is a fine example of wood bridge construction, using 
British Columbia Douglas fir in sizes no longer available. In 
an effort to keep the bridge in service beyond the lifetime of 
typical wooden bridges, a detailed condition survey and 
analysis were undertaken (124). The load capacity of the main 
trusses was found to be adequate; the capacity analysis even 
applied current loads in excess of the desIgn loads. However, 
there was a significant oversiress in the transverse floor-beam 
king-post and lie bars (Figure 34). The original floor system con-
sisted of a transverse nail-laminated wood deck on longitudinal 
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FIGURE 34 Sioux Narrows Bridge, cross-section of floor system. 
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wood stringers, and the deck had deteriorated and needed re-
placing. By using a new longitudinal stress-laminated deck, 
rather than transverse, it was calculated that longitudinal load 
distribution would be improved enough to reduce the stresses 
in the floorhearn to acceptable levels. The new deck was con-
structed in two halves to keep one lane open to traffic. The 
new deck was stressed with 25-mm (1-in.) bars in the center 
01 the deck in predrilled holes at 1,52-111 (5-It) centers, ten-
sioned by hydraulic jacks. The improved load distribution 
characteristics were confirmed by full-scale load tests carried 
out before and after the deck replacement (Figure 35). The tie 
bars of eight floorheams were strain gauged, and the measured 
bar strains were reduced by 35 percent. No further strengthen-
ing of the floor system was needed. 
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CHAFFER FIVE 

SUBSTRUCTURE PRACTICES 

As the emphasis of this synthesis is on superstructures, 
strengthening of substructures for increased live load is a mi-
nor consideration. Two questions were put to the agencies in 
the questionnaire, (Appendix A) however, relating to substruc-
tures. The first asked for information on any substructure modifi-
cation used specifically to increase live load capacity, and the sec-
ond related to the effect on seismic behavior of any live load 
modifications to the structure. This chapter covers the re-
sponses received, but as there were only six replies to the sec-
ond question, the discussion on seismic behavior is augmented 
by information from the literature search and current research. 

- 

- 

STRENGTHENING METHODS 

Sixteen agencies reported on substructure strengthening, 
but it is uncertain that a need to increase live load capacity was the 
prime reason in every case. The strengthening methods included: 

Adding piles to a pile bent, 
Encasing and bracing piles, 
Adding steel jacket and concrete to slender pier columns, 
Thickening concrete wall-type piers, 
Deepening pier cap on column bent, 
Installing additional pile bents, and 
Post-tensioning hammerhead pier cap. 

Additional steel or timber frame bents have been added to 
about 15 timber stringer bridges in Oregon. Originally de-
signed for H-15 loading, these bridges were found to be in-
adequate for legal or annual permit loads. Span lengths varied 
between 5.8 in (19 ft) and 12.2 in (40 ft), and the additional 
bents could solve both substructure and superstructure defi-
ciencies. At an approximate contract cost of $10,000 per bent 
in 1994-95, this was a cost-effective solution for a projected 
service life in excess of 15 years. 

Post-tensioning of hammerhead pier caps was reported by 
four agencies, including Connecticut. An example of how this 
agency employed the method is shown in Figure 36. When a 
design deficiency was discovered, the agency used post-
tensioning on the pier cap to bring it up to design live load ca-
pacity. The procedure followed was: 

Concrete a wedge at the ends of the pier cap, doweled, 
epoxy-bonded, and reinforced to provide a vertical face; 

Install bearing plate and weldment with two rocker 
bearings and two anchorages for 12-15-mm (0.6-in.) tendons; 

Stress multistrand tendon on each side to 1,734 kN (390 
kips) after losses and grout ducts; and 

Concrete a reinforced and doweled encasement at the sides 
and ends of the cap. 

FIGURE 36 Pier cap strengthening by post-tensioning 
(Connecticut DOT). 

In Rhode Island, a pier cap was strengthened in the tension 
zones by external post-tensioning using anchoring cones in-
serted into steel tubes attached to both ends of the cap. A 20 
percent increase in live load capacity was achieved for the un-
der-designed pier cap at a contract cost of $100,000 in 1993. 

A common seismic retrofit method for columns in Califor-
nia (125,126) is to encase them in a steel jacket. More re-
cently, wrapping columns with ACM sheets has become an 
attractive alternative, particularly for round columns (127). 

These methods, although developed for seismic strengthening, 
can be of use to strengthen columns deficient in shear, bend-
ing, or axial load capacity. Tests on columns confined with 
ACM wrapping have shown strength increases of up to 70 
percent for round columns, with ductilities seven times those 
of plain concrete columns (128). Square columns showed 
similar ductility increase but negligible increases in strength 
as a result of stress concentrations and ACM failures at the 
corners. The method has potential for restoring the strength of 
deteriorated concrete columns, and Ontario is investigating 
this aspect (129). A demonstration project is being carried out 
by MTO using glass and carbon fiber-reinforced plastic 
wrapping with a sprayed-on protection (Figure 37). 

SEISMIC CAPACITY 

Some of the live load strengthening methods used could 
affect the seismic capacity or behavior of a bridge. Agencies 



37 

FIGURE 37 FRP wrapped column. 

were asked if this effect was assessed when modifications were 
being designed. Only six agencies replied in the affirmative. 

In one case the structural stiffening for live load capacity 
increased the dead load. As the bridge was at a site with an 
acceleration coefficient between 10 and 15 percent, the effect 
of the extra dead load on seismic behavior was checked. In 
another case, where a wall-type pier was thickened for live 
load capacity, the rebar was detailed to enable plastic hinge 
formation to take place, and the footing and piles were 
checked for earthquake effects. One agency noted that its su-
perstructure strengthening had no adverse effects on seismic 
behavior, and could improve it when reducing dead loads or 
providing girder continuity. Providing girder continuity, how-
ever, does not necessarily improve seismic performance. The 
articulation at the piers will change. and depending on where 
fixity is established, the seismic performance of individual 
substructure elements may or may not be improved. Load 
sharing bearings or shock transmission units (130) may be 
required to maintain the same longitudinal load distribu-
tion to piers as assumed in the design of the original sim-
ple-span layout. It would appear, perhaps, that more consid-
eration should be given to the effect on seismic performance of 
live load upgrading than apparentiy has been the norm in the 
past. 

The reverse effect, namely the increase in live load capacity 
as a result of seismic retrofitting, could also be of interest. The 
current methods of increasing seismic resistance and ductility 
of concrete columns by jacketing with steel plates or wrapping 
with ACM sheets will increase live load braking capacity. De-
pending on the extent of the jacketing or wrapping of the col-
umn, the vertical live load capacity could also be increased. 
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CHAPTER SIX 

DECISION MAKING 

This chapter reviews the extent to which the responding 
agencies use bridge management systems in the decision-
making process to strengthen existing bridges for increased 
live load. This chapter also presents a decision-making matrix 
that may assist in strengthening method selection. 

BRIDGE MANAGEMENT SYSTEMS 

Specific Bridge Management Systems 

The following bridge management systems have been 
developed in recent years at the national level for use by var-
ious agencies: BRIDGIT (131) and PONTIS (132). 

State Bridge Management Systems 

The following states have developed or are deyeloping their 
own bridge management systems: Alabama (133), Connec-
ticut (134), Indiana (135), Iowa (136), New York (137), North 
Carolina (138), Pennsylvania (139), South Carolina (140), 
Texas (141), Virginia (142), and Washington (143). 

Provincial Bridge Management Systems 

The following Canadian provinces have developed or are 
developing their own bridge management systems: Alberta 
(144) and Ontario (145). 

International Bridge Management Systems 

The following countries are developing or have developed 
their own bridge management systems: Australia (146), Den-
mark (147), Finland (148), Poland (149), Thailand (150), and 
the United Kingdom (151). 

PRIORITY SET11NG MODULES IN PONTIS 

AND BRIDGIT 

PONTIS and BRIDGIT do not specifically prioritize bridge 
strengthening. However, for existing bridges or their compo-
nents at the network level, decision-making modules are avail-
able for prioritizing maintenance, repairs, and replacements 
(MR&R), and for improvements related to functional 
deficiencies. 

PONTIS initially separates MR&R decisions from improve-
ment decisions. In determining MR&R decisions, PONTIS  

uses a top-down approach. Optimal actions are first 
determined for each element of a bridge and are then brought 
together to form the optimal MR&R actions for each bridge. 
The total costs and benefits of the actions and the total 
benefit/cost ratio of the MR&R actions are calculated for each 
bridge. If a separate budget is specified for MR&R actions, 
projects are selected in order of decreasing benefit/cost ratio 
until the budget is exhausted. If the budget cannot 
accommodate all the projects, the remaining projects form the 
backlog and are carried to the next period. In the next period, 
projects on backlog go first, followed by new projects sorted 
by total benefit/cost ratio. 

In determining functional improvement actions, PONTIS 
compares each bridge with standards for level of service. 
Bridges that do not meet the standards are identified for 
improvement actions. The total costs of the improvement 
actions, associated benefits, and the total benefit/cost ratio are 
calculated for each bridge. 

If a separate budget is used for improvements, projects are 
selected in decreasing order of benefit/cost ratios until the 
budget is exhausted. If projects remain, the projects are carried 
to the next period and form the backlog. 

If a total budget is specified for MR&R and improvements, 
the costs and benefits for all MR&R and improvement actions 
for the bridge are summed and the total benefit/cost ratio is 
calculated. Similar to separate budgets, projects are selected 
for the total budget in decreasing order of benefit/cost ratio 
until the budget is exhausted. Projects that remain are carried 
over to the next period, as described above (152). 

BRIDGIT follows a bottom-up approach in determining 
network needs and priorities. Optimal MR&R and improve-
ments are determined for each bridge in the network, and the 
results of this bridge level optimization are used to determine 
network needs and priorities. BRIDGIT uses a cost-effective-
ness index (CEI) to determine which alternatives to select for a 
structure. The CEI is the rate of internal return between two 
alternatives. The CEI for an alternative is determined by 
comparing the present value cost of agency and user life-cycle 
costs with the present value of the do-nothing alternative. For 
each bridge, BRIDGIT determines the CEIs of all feasible 
alternatives in each period of the optimization analysis 
horizon. The alternative with the highest CEI over the analysis 
horizon is the optimal choice for that bridge. If the budget is 
unlimited, the alternatives with the highest CEIs are selected 
and allocated to the period of the analysis horizon in which 
they should be optimally implemented. If insufficient funds are 
available to match the needs, other lower cost alternatives are 
evaluated using an incremental benefit/cost approach. Alter-
natives with the highest CEI are iteratively selected until the 
budget constraints are satisfied. For any period, the selected 
actions are listed in order of CEI (153). 
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SURVEY OF CURRENT PRACTICES 

All 50 states, nine Canadian provinces, FHWA, Public 
Works Canada (PWC), and a selected number of consultants 
in the United States and Canada were surveyed for their cur-
rent usage practices of bridge management systems in the 
decision-making process to strengthen existing bridges. The 
following questions were asked: 

Question 11—Was the need to increase capacity identified 
by your bridge management system for any of the projects you 
have listed on the bridge data sheets? 

The answers are tabulated in Table 8. 

Question 12—Does your bridge management system have 
decision matrices for increasing capacity? 

The answers are tabulated in Table 9. 

Analysis of the Answers TO 0-1 1 
AND Q-12 

Only four states indicated that PONTIS has a decision 
matrix for identifying bridge strengthening needs. One state 

TABLE 8 

USE OF BRIDGE MANAGEMENT SYSTEMS IN DECISION 
MAKING TO STRENGTHEN EXISTING BRIDGES 

Jurisdiction 	 Yes 	No 

indicated that BRIDGIT had a decision matrix for identifying 
bridge strengthening needs. However, 32 states answered in 
the negative to this question, which reflects the fact that most 
of the agencies have only recently acquired bridge manage-
ment systems and that they are currently adding data to the 
systems but are not yet familiar with all the decision matrices 
available. 

DECISION MATRIX 

In the absence of necessary data in existing bridge 
management systems to make decisions on the most suitable 
methods to increase live load capacity on a particular bridge, 
an example matrix in Table 10 has been developed for infor-
mational purposes. Each structure type is assessed against the 
common methods of increasing capacity, in the following 
categories: 

Suitability of the method—Yes (Y) or No (N) 
First cost—High (H) Medium (M) or Low (L) 
Traffic disruption—High (H) Medium (M) or Low (L). 

The entries are subjective and may not apply directly to any 
state, but should enable relative evaluations to be made to as-
sist in decision making. 

TABLE 9 

USE OF DECISION-MAKING MATRICES IN BRIDGE 
MANAGEMENT SYSTEMS FOR INCREASING CAPACITY 

Jurisdiction 	 Yes 	No 

U.S. States 1 21 U.S. States 5 32 
FHWA 	• I -. FHWA -'. 
Canadian Provinces 2 2 Canadian Provinces 1 3 
PWC I - PWC - .1 
U.S. Consultants 0 7 U.S. Consultants 0 8 
Canadian Consultants 0 3 Canadian Consultants 	• 1 2 



TABLEIO 
C 

COMPARISON OF STRENGTHENING METHODS BY STRUCTURE TYPE (EXAMPLE) 

Mateiial 

Structure 

Type 
Lightweight 

Deck 
Composite 

Action 
Transverse 
Stiffness 

Method 

Strengthen 
Member 

Post 
Tension 

Develop 
Continuity 

FRP Sheet 
Bonding 

Add 
Members 

Steel Multi Girders 
Method Y Y Y Y Y Y N Y 
Cost H L H M M H - H 
Traffic H H L L L M - H 

Deck Trusses 
Method Y Y Y Y Y Y N Y 
Cost H L H M M H - M 
Traffic H H L L L M - L 

Through Trusses 
Method Y N N Y Y Y N Y 
Cost H - - M M H - M 
Traffic H - - M L M - M 

Reinforced Concrete Slabs 
Method N N N N Y N Y N 
Cost - - - - M - H - 
Traffic - - - - L - L - 

IandT Beams 
Method Y Y Y Y Y Y Y Y 
Cost H H H M M H H H 
Traffic H H M M L H L H 

Pitstressed Concrete Precast I Beams Y Y Y Y 
Method Y Y Y Y M H H H 
Cost H H H M L H L H 
Traffic H H M M 

Precast Adjacent Boxes 
Method Y Y Y Y Y Y Y N 
Cost H H H H H H H - 
Traffic H H H M M H L - 

CIP Slabs 
Method N N N N Y N Y N 
Cost - - - M - H - 
Traffic - - - - L - L - 

CIP Multi-Cell Boxes 
Method N N Y Y Y N Y N 
Cost - - H H M - .H - 
Traffic - - M L L - L - 



TABLE 10 (Continued) 

Structure 

Material 
	

Type 

Prestressed Concrete 
	

Segmental Box 
Method 
Cost 
Traffic 

Wood 
	

Beam and Stringer 
Method 
Cost 
Traffic 

Laminated Decks 
Method 
Cost 
Traffic 

Through Trusses 
Method 
Cost 
Traffic 

Method 

Lightweight 
Deck 

Composite 
Action 

Transverse 
Stiffness 

Strengthen 
Member 

Post 
Tension 

Develop 
Continuity 

FRP Sheet 
Bonding 

Add 
Members 

N N Y Y Y N Y N 
- - H H M - H - 
- - 	- H M L - L - 

Y Y Y Y Y Y Y Y 
H H M M M M H H 
H H M M L M L H 

N Y Y N Y 	• N N N 
- H M - M - - - 
- H M - H - - - 

Y Y N Y Y Y Y. Y 
H H - M M H H M 
H H - M L M M M 

Note: Suitability of the method: Yes (Y) or No (N); First cost: High (H), Medium (M) or Low (L); Traffic disruption: High (H), Medium (M) or Low (L). 
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CHAPTER SEVEN 

EMERGING TECHNOLOGIES 

BACKGROUND 

In the survey questionnaire, agencies were asked to identify 
any innovative techniques they had recently developed for in-
creasing the live load capacity of bridges. Seven agencies and 
three consultants listed new techniques, some of which have 
been discussed in earlier chapters. Two agencies, Florida and 
Alberta, indicated they were working with universities on the 
use of carbon fiber-reinforced plastics (CFRP) for concrete 
beam strengthening. Agencies were also asked if they were 
aware of new techniques or materials being researched or de-
veloped by others. Several agencies mentioned use of fiber-
reinforced plastics (FRP); they also noted work in this area at 
the University of Arizona, the University of Alberta, Case 
Western University, and the Georgia Institute of Technology. 
Development of a lightweight aluminum orthotropic deck to 
be used as a replacement deck to reduce dead load was also 
mentioned. 

The literature search revealed that improving member 
strength has received a great deal of coverage. Bonding of 
steel plates to achieve this was addressed in 27 papers, 20 of 
which were from the United Kingdom, but only two from 
North America. Bonding of FRP sheets was the technique of 
most interest, with over 60 papers covering the topic applied 
to bridge superstructure strengthening. Most papers dealt with 
reinforced concrete or prestressed concrete beams with carbon 
as the most common fiber and epoxy resin as the most com-
mon adhesive. This application has the most potential for fu-
ture use in North America. Several papers addressed light-
weight decks in different materials. 

The two emerging technologies of most interest, from both 
the survey responses and the literature search, are the use of 
bonded FRP laminates and new lightweight decks; these 
methods are the focus of this chapter. 

- 

LIGHTWEIGHT DECKS 

Aluminum Decks 

The Reynolds Metal Company and their consultants have 
recently developed three lightweight aluminum deck systems. 
The first application is for redecking of the Corbin Bridge, a 
91-m (300-ft) single-lane suspension bridge in Pennsylvania 
(86). By reducing the dead weight of the structure, the or-
thotropic aluminum deck will enable the live load capacity to 
be raised from 62 kN (7 tons) to 196 kN (22 tons). The deck 
replacement was completed in 1996. 

The second project, let for bid in late 1996, is for deck re-
placement on the Little Buffalo Creek Bridge in Virginia. The 
reduced weight will allow the bridge to be widened from 6.1  

m (20 ft) to 8.5 m (28 ft) without strengthening the substruc-
ture. The deck system, which has near isotropic properties, is 
shown in Figure 38. The deck is made to act compositely with 
the steel girders by the use of welded shear studs grouted in-
side the local deck voids (Figure 9, Detail A). This method of 
connection isolates the aluminum deck from the steel girders. 
The thin wearing surface consists of a 9.5-mm (0.375-in.) 
layer of polymer concrete. 

FIGURE 38 Aluminum deck system (86). 
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FIGURE 39 FRC deck slab model (156). 

Fiber-Reinforced Concrete Decks 

Canada has developed a fiber-reinforced concrete (FRC) 
deck slab system using inexpensive polypropylene fibers with 
no reinforcing steel in the slab (154, 155). A full-scale model 
was tested in the laboratory. Figure 39 shows the cross-section 
of the model, with steel straps attached to the girder flanges to 
take the tie force generated by the arching action of the slab 
under a wheel load. The model was tested for fatigue as well 
as ultimate strength (156). Although the deck itself is not 
lightweight, the absence of reinforcing steel, with its cover re-
quirements, enables a slab thickness of 175 mm (6.9 in.) to be 
used instead of the usual 225 mm (8.9 in.) in Ontario. In ad-
dition, the waterproofing and wearing surface normally used 
in Canada to protect against salt attack is not required because 
of corrosion-resistance qualities of the FRC slab. 

The system was first used as a demonstration project on the 
Salmon River Bridge in Nova Scotia (157), which was opened 
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in 1995. The bridge Consists of two simple spans of 31.2 m 
(102 t) each, one span with the FRC slab and the other with a 
conventional slab, so the performances could be compared. 
Figure 40 shows the placing of the FRC deck slab, which is 
supported on steel girders spaced at 2.7 in (8.9 ft). The FRC 
deck is performing satisfactorily, and the system is now being 
tried on projects in Ontario and Alberta. Design of FRC 
deck slabs is covered in the draft of the Canadian Highway 
Bridge Design Code presently being written, with an expected 
publication date in 1998. Based on deck prices from the 
Salmon River Bridge, S63,000 (Can) for the conventional 
deck and S66,850 (Can) for the FRC deck, the steel-free deck 
could be very competitive based on life-cycle costing. Al-
though developed for new construction, the technology is 
equally applicable for deck replacement to increase live load 
capacity on selected projects. A variation on the FRC deck 
slab system is presently being researched, whereby the steel 
straps are replaced by CFRP prestressing rods to create a 
bridge deck devoid of steel (158). 

The Ontario project is for a deck replacement on an exist-
ing bridge in Chatham (159). Reinforcement for negative 
moments was required at the deck cantilevers, and CFRP 
grids were used to maintain a steel-free deck. The bridge was 
re-opened to traffic in November 1996, and will be monitored 
on a long-term basis by MTO. 

iT ILI 
FIGURE 40 Placing FRC deck, Salmon River Bridge (157) 

Fiber-Reinforced Composite Decks 

Fiber-reinforced polymer composite materials were used 
for a complete deck system on a bridge in China and the 
Aberfeldy footbridge in Scotland. The University of Califor-
nia, San Diego is investigating the possibility of using such a 
deck type as a replacement bridge deck on existing steel or 
concrete girders (160). The topic has also been the subject of 
research sponsored by FHWA (161). The deck would be sig-
nificantly lighter than other decks and, if cost-effective, could  

be attractive as a means of increasing live load capacity. With 
the high strength-to-weight ratios of these materials and their 
corrosion resistance, the decks could become economical 
based on life-cycle costing. To date, several hollow deck con-
figurations have been investigated for ease of manufacture and 
have been load tested in the laboratory. 

MEMBER STRENGTHENING 

Strengthening of two segmental concrete box girder bridges 
in North America using straight external cables was described 
in chapter 4. The use of draped external cables may be more 
effective for future strengthening needs. l)raped external ca-
bles have been used in a major new expressway construction 
in Houston. An extensive research and testing program was 
carried out at the University of Texas at Austin on a three-span 
one-quarter scale model of a post-tensioned segmental box 
girder bridge. Bonding of external cables at the deviators was 
tested (162), followed by tests for ultimate strength. The model 
was repaired and supplementary internal cables were added. The 
eliects of improved bonding of the external cables and grouting of 
the supplementary cables on the ultimate strength and ductility 
were examined (78,163). The work will be of interest for 
strengthening existing segmental box girder bridges. 

A new method of strengthening to accommodate increased 
live loading for simple-span steel girder bridges has been in-
vestigated at Iowa State University (164), using partial end 
restraint. A one-third scale model was tested with varying de-
grees of end restraint. The most effective technique was to re-
strain both the bottom flange and the web. Within the restric-
tion of practical-sized restraint mechanisms, percentage 
reductions in mid-span strains and deflections ranged from 12 
to 30, and the system appears feasible. 

Ten years ago, the strengthening of concrete bridges by ep-
oxy bonding steel plates appeared promising. Although popu-
lar in the United Kingdom, continental Europe and Japan, the 
method has not been used in North America. For reasons out-
lined in chapter 1, it now appears unlikely that it will be used 
in North America, and there is now greater interest in bonding 
FRP plates or sheets. The initial interest in North America in 
applying FRP to bridges was to increase shear strength and 
ductility of concrete columns in seismic areas. Research at the 
University of California, San Diego first tested glass Ii-
ber/epoxy jacketing (165), but has recently adopted carbon fi-
bers (127) and found that such wrapping by automatic wind-
ing machine was faster than the usual steel jacketing system. 
For seismic retrofit applications, the carbon fibers would be 
oriented circumferentially. The technology could be applied to 
column strengthening for increased live load capacity in flex-
ure by orienting the fibers both vertically and circumferen-
tially. For smaller projects, FRP sheets and epoxy can be hand 
applied, rather than by wrapping machine. Figure 41 shows a 
hand application of glass FRP on bridge columns primarily for 
improved durability. The technology for column strengthening 
using FRP wrapping can be considered sufficiently advanced 
for selected application. As this synthesis is primarily con-
cerned with superstructure strengthening, substructure appli-
cations will not be considered further. 
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FIGURE 41 Glass RFP sheets applied to columns. 

The first use of bonded FRP plates for strengthening bridge 
superstructures took place in Germany in 1987 on the Katten-
busch Bridge (166), an 11-span continuous post-tensioned box 
girder bridge. Wide cracks occurred at construction joints as a 
result of temperature gradient effects and the coupling of ca-
bles at these points. The increase in dynamic steel stresses at 
these cracks put the fatigue strength in jeopardy, and the 
structure required reinforcing at these points. The joints were 
strengthened, eight with steel plates and two with glass fiber-
reinforced plastic (GFRP) plates in an epoxy-resin matrix, 
bonded to the bottom slab inside the box (Figure 42). The 
bridge was load tested before and after strengthening, and the 
substantial reduction in measured stress change in the lowest 
presiress tendon is shown in Figure 42. The strengthening ef-
fect of the steel plates and the GFRP plates was identical and 
the bridge is now functioning satisfactorily. 
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The first use of carbon laminates (CFRP) was to repair the 
Ibach Bridge in Switzerland (167,168) in 1991. This concrete 
box girder bridge had a prestressing tendon accidentally dam-
aged, and heavy permit loads were banned until the original 
strength was restored. This was carried Out by bonding three 
CFRP sheets, each 150-mm (5.9-in.) wide and 5-rn (16.4-ft) 
long, with one 2-mm (0.079-in.) thick and the other two 1.75-
mm (0.069-in.) thick. The bridge was load tested with an 
840-kN (92-ton) truck and responded satisfactorily. The 
wood crossbeams of a 185-year-old bridge near Sins in 
Switzerland were subsequently strengthened with CFRP 
sheets without detracting from the historic design and apptIr-
ance (167). 

The application of bonded FRP laminates to bridge super-
structure strengthening is just starting on a trial basis in North 
America. The first full-scale use of CFRP sheets for a hricigci 
rehabilitation project in the United States was on the Foulk Road 
Bridge #26 in Wilmington, Delaware (169). The prestressed 
adjacent box beams developed longitudinal cracking on the 
bottom soffit because of insufficient transverse reinforcements 
on the bottom slab. In a joint project between the University of 
Delaware and the Delaware Department of Transportation, a 
field demonstration was undertaken using CFRP sheets, 
supplied by the Tonen Corporation, bonded to six of the sof-
fits. The Forca tow sheets had the fibers oriented transversely 
to the beam length. The sheets had tensile strengths between 
2942 MPa (427 ksi) and 3480 MPa (505 ksi). The work was 
completed in October 1994, and monitoring will continue for 
several years to evaluate effectiveness and durability. 

In 1995, the Florida DOT repaired damaged concrete 
beams to restore them to their original capacity with CFRP 
sheets. In Ontario, a pretensioned concrete beam was hit by a 
high vehicle, which broke away concrete, severed three 
strands and damaged four more out of a total of twelve. The 
severed tendons were coupled, the beam grouted, and a CFRP 
sheet applied to the soflit to restore the original strength and 
durability of the beam. This experimental project was com-
pleted in 1995 and is now being monitored. 
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FIGURE 42 Strengthening Kattenbusch Bridge with CFRP plates (165). 
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In another field demonstration, CFRP plates were applied 
to a concrete bridge in Butler County, Ohio, using a vacuum 
bag system (170). The purpose was to assess the durability of 
the material under severe environmental conditions. Finally, as 
part of an ongoing investigation of FRP applications at the 
Georgia Institute of Technology, two bridge decks located in 
Gilmer County, Georgia, will be repaired and strengthened to 
test the effectiveness of the techniques used (171). 

Although trial installations are few, the interest in FRP 
strengthening methods is high in North America. Of the more 
than 60 relevant papers identified on this topic, the split was 
roughly one-third each between Europe, Canada, and the 
United States. The outcome of much of the current research 
will go a long way in determining how soon and how widely 
the technique will be used on a production basis. For this rea-
son, the following section is devoted to recent research and 
development work in this area. 

RESEARCH ON BONDED FRP LAMINATES 

The wide range of materials available for bonded FRP 
laminates to strengthen bridge superstructures includes the 
many types of fibers and polymer resins, as well as adhesives. 
The field has narrowed in recent years, and most research is 
investigating glass, carbon, or aramid fibers, with carbon be-
ing the most common. Typical mechanical properties of these 
three laminates for continuous fibers laid in the direction of 
stress are shown in Table 11(172). Even within each material 
combination, the range of properties is wide and can vary fur-
ther for fibers laid in different directions and arranged in mat 
form. When selecting the most suitable material for the lami-
nates, other criteria must be considered. Table 12 (173) shows  

a qualitative comparison of several criteria for glass, aramid, 
and carbon composite sheets, including relative price. 

Europe 

Since 1984, the Swiss Federal Laboratories for Material 
Testing and Research (EMPA) have been leaders in advanced 
composite materials research, and particularly in FRP lami-
nates for concrete superstructure strengthening (167). Early 
concerns were the possible sudden tensile failure of the CFRP 
sheets and possible peeling at the end of the sheets from shear 
cracking. EMPA formulated a design rule that CFRP sheets 
should fail during yielding of the steel rebar, before failure of 
concrete in the compression zone. EMPA is now investigating 
the use of pretensioned CFRP sheets, stressed to 50 percent of 
the strength of the sheet, for improved performance compared 
to unstressed sheets. There are application difficulties, however, as 
the sheets must be mechanically stretched and held during 
bonding. The question of satisfactory anchorage of the ends of 
pretensioned sheets has to be solved, and it may be a year or 
two before pretensioned sheets are used in practice (173). 
Recommendations that are applicable to both unstressed and 
prestressed sheets have been made for preparation of the 
bonding surfaces to achieve optimum composite action, and 
for application of the adhesive and bonding of the sheets 
(173). In their concern for safety, EMPA has recommended 
that post-strengthening of a structure should not be more than 
50 percent. Then, should an accidental failure of the strength-
ening system occur, a suitable residual factor of safety against 
collapse would already be in place (174). Sika AG, a Swiss 
manufacturer, has also provided guidelines on substrate prepa-
ration, field application of CFRP laminates, and characteris-
tics of the epoxy-resin adhesive (175). 

TABLE 11 

TYPICAL MECHANICAL PROPERTIES FOR GRFP, AFRP, AND CFRP (171) 

Urn-Directional Composite Fiber Content Longitudinal Tensile Tensile Strength 
Material (% by weight) Modulus GPa (ksi) MPa (ksi) 

Glass Fiber/Polyester 50-80 20-5 5 400-1800 
GFRP laminate (2900-7975) (58-261) 
Aramid/Epoxy 60-70 40-125 1000-1800 
AFRP laminate (5800-18125) (145-261) 
CarbonlEpxoy 65-75 120-250 1200-2250 
CFRP laminate (17400-36250) (174-326) 

TABLE 12 

QUALITATIVE COMPARISON BETWEEN E-GLASS, ARAMID, AND CARBON 
FIBERS (173) 

Fiber Composite Sheets Made Of 
Criterion Carbon Fibers Aramid Fibers E-glass Fibers 
Tensile Strength Very good Very good Very good 
Compressive Strength Very good Inadequate Good 
Young's Modulus Very good Good Adequate 
Long-term Behavior Very good Good Adequate 
Fatigue Behavior Excellent Good Adequate 
Bulk Density Good Excellent Adequate 
Alkaline Resistance Very good Good Inadequate 
Relative Price Very high High Moderate 



46 

CFRP Sheets 	25 cm sheets without spacing 	25 cm sheets with 5 cm spacing 

Cross-section 	 Side view 

FIGURE 43 Upgrading shear capacity with CFRP sheets (190). 

In Greece, a reliability study of reinforced concrete 
beams strengthened with epoxy-bonded CFRP laminates has 
been performed, and tentative recommendations have been 
made on strength reduction factor values for ultimate strength 
design and evaluation purposes (176). In France, CFRP plates 
bonded to the tension flange of reinforced concrete beams have 
been tested and analyzed for ultimate capacity. An iterative 
analytical model capable of simulating bond slip and material 
non-linearity has been developed (177,178). 

In May 1994, a 3-year project called ROBUST was 
launched in the United Kingdom to investigate the viability of 
using CFRP and GFRP materials as alternatives to the exist-
ing steel plate bonding used for strengthening reinforced or 
prestressed concrete bridges. ROBUST is a consortium of two 
universities and seven industrial partners, managed by L.G. 
Mouchel & Partners Ltd. (179). It is investigating the technical, 
commercial, and economic viability and aims to develop 
guidelines for design and installation. Reinforced concrete 
beams with glass-fiber plates are being tested at the University 
of Surrey (180) using three different adhesives. At Oxford 
Brookes University, more than 30 beams are being tested us-
ing both glass and carbon fiber laminates (181). The laminates 
are unstressed and are bonded using epoxy adhesives. Bond-
ing of steel plates has been widely used in the United King-
dom. Much of the research for this method was conducted at 
the University of Sheffield, where testing is now being carried 
out on GFRP strengthening (182). The university's review of 
the test data available from all sources on FRP strengthening 
recognizes the advantages of this method but cautions that 
there are many material and structural implications that are 
still unclear (183). 

Canada 

The Advanced Composite Materials in Bridges and Struc-
tures (ACMBS) Network of Canada consists of a number of 
universities and agencies investigating and coordinating the 
use of advanced composite materials in bridges and structures. 
Research work has been conducted into the use of FRP lami-
nates for bridge strengthening at eight universities. The main 
center for this technology is in Kingston, Ontario at the Royal 
Military College (RIvIC). Reinforced concrete beams strength-
ened with CFRP sheets have been tested, and an equivalent 
capacity concept has been proposed based on the load at 
which the tensile steel yields (184,185). Tests on reinforced 
concrete slabs strengthened with CRFP and GRFP showed an 
increase in both stiffness and strength (186). RIVIC and 

Queen's University have jointly investigated the use of pre-
stressed CFRP sheets and found that prestressed sheets are 
slightly more effective at strengthening than unstressed sheets, 
and are most effective at reducing crack widths and delaying 
the onset of cracking (187,188). The prestressing of sheets has 
been carried out in the laboratory, but effective field methods 
need further development. 

Work at the University of Alberta has concentrated on up-
grading the shear capacity of beams. Three precast reinforced 
concrete beams from a disused bridge were strengthened with 
CFRP sheets bonded to the web and tested for shear (189). 
The results showed an increase in shear capacity of up to 73 
percent, but work remains to be done on low-temperature 
applications and fatigue behavior. The second phase was to 
apply CFRP sheets to an actual rehabilitation project to assess 
the real-life performance (190). Figure 43 shows the layout of 
the sheets with fibers perpendicular to the girder length. Six of 
the girders were reinforced continuously, whereas four girders 
had spaces left between sheets to allow visual monitoring of 
any crack propagation. To test if bonding is affected by bridge 
traffic, five girders were bonded with full traffic and five oth-
ers with one lane closed. The project is now being monitored. 
Research at other universities includes: 

Carleton—Tested beams with CFRP sheets in combina-
tion with a high-density polypropylene grid to improve ductil-
ity (191). 

Sherbrooke—Tested structural concrete strengthened 
with an aranild woven fiber/epoxy resin composite in a labora-
tory setting (192). 

Laval—Tested concrete beams strengthened with GFRP 
plates, which showed ultimate capacity below theoretical 
value as a result of plate slippage (193). 

Toronto—Compiled and analyzed a database including 
test results from 10 separate studies of FRP-strengthened 
beam performance (194). 

Concordia—Conducted environmental testing of beams 
repaired with CFRP sheets by water immersion and hot and 
cold cycling (195). 

British Columbia—Tested the use of a sprayed-on FRP 
with 8 percent chopped glass fibers as a thin coating to 
strengthen concrete beams (196). 

United States 

Early tests at Lehigh University in 1991 were carried out 
on a series of concrete beams strengthened with glass, carbon, 
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and aramid FRP materials (197). An analytical method, based 
on strain compatibility, was developed to predict strength and 
stiffness of such plated beams. 

Research has been ongoing for several years at the Uni-
versity of Arizona, starting with an investigation of failure 
modes in reinforced concrete beams strengthened with FRP 
plates (198). The need for concrete surface preparation and an 
appropriate adhesive was emphasized. Tests were later carried 
out on one rectangular concrete beam and one T-beam, each 
strengthened by epoxy bonding a 6-mm (0.25-in.) thick glass 
FRP plate to the tension flange (199). The load carrying ca-
pacity was significantly increased, with most gain predicted 
for beams with low flexural reinforcement ratios. The flexural 
strength of concrete girders externally prestressed with epoxy-
bonded FRP plates was also studied at Arizona (200). The 
girders have to be jacked upward and held during bonding, 
which makes it an unlikely method for strengthening in the 
field. Most recently, the high interfacial shear and normal 
stress concentrations at the ends of bonded FRP plates has 
been studied, and an analytical method has been presented to 
predict the distribution of stresses at these locations (201). 

At the University of South Florida, the interest has been in 
strengthening composite steel beams by bonding CFRP plates 
to the bottom flange (202,203). The beams were first loaded 
past yield of the tension flange, then strengthened by bonding 
2-mm (0.079-in.) or 5-mm (0.20-in.) laminates and testing to 
failure. Increases in ultimate strength ranged from 11 to 50 
percent, but long-term durability studies need to be undertaken 
before the method is used in field applications. 

Several studies have been carried out at the University of 
Delaware related to bridge superstructure strengthening. A 
series of reinforced concrete beams strengthened by CFRP tow 
sheets were tested with variations in the number of layers and 
fiber orientation. The increase in ultimate beam capacity 
ranged from 158 to 292 percent, with failure by tensile failure 
of the composite or shear failure of the concrete (204). Simple 
formulae were developed to predict the ultimate capacity of the 
strengthened beams. The nature of the bond between the com-
posite plate and the concrete has been studied, and the influ-
ence of the 'surface preparation of the concrete, the concrete 
strength, and the adhesive type have been evaluated through 
laboratory tests (205). The use of CFRP plates to strengthen 
wood beams has also been investigated (206). Although the 
plates can be bonded effectively to the tensile face of wood 
beams to improve their overall flexural behavior, a number of 
issues remain to be addressed before design criteria can be de-
veloped. The University of Delaware is also conducting re- - 
search on the rehabilitation of steel bridge girders through the 
application of ACMs. 

- 

Experimental studies on the feasibility of using CFRP ma-
terials in the repair of concrete bridges have been carried-out at 
Florida Atlantic University (207). The contribution of the 
CFRP plate retrofit to the flexural resistance was evaluated for 
both solid and voided-slab bridge models. The flexural bèhav-
ior of rectangular concrete beams strengthened with CFRP 
laminates has also been investigated (208). A significant re-
duction in deflections and crack width was observed, along 
with a substantial increase in ultimate flexural capacity. 

In addition to the identified university research, consider-
able developmental work is being carried out by the various 
ACM industry companies. As much of this work could be 
proprietary, the results do not always appear in the usual 
technical press. The names and addresses of three American 
societies related to ACM are given as possible contacts for in-
dustry developments. 

ASC (American Society for Composites) 
P.O. Box 951597 
University of California at Los Angeles 
Los Angeles, CA 90095-1597 
Tel: (310) 206-1840, 
Fax: (310) 206-4830 

SAIYIPE (Society for Advanced Materials and 
Process Engineering) 
P.O. Box 2459 
Covina, CA 9 1722-8459 
Tel: (818)331-0616 
Fax: (818)332-8929 

SPE (Society of Plastic Engineers) 
14 Fairfield Drive 
Brookfield, CT 06804 
Tel: (203) 775-0471 
Fax: (203)775-8490 

Seven societies and organizations contribute to FRP fate r-
national, a newsletter reporting on new developments. It is 
published through the University of Manitoba. 

Department of Civil Engineering 
Room 353A, Engineering Building 
University of Manitoba 
Winnipeg, Manitoba 
Canada R3T 5V6 
Tel: (204) 474-8506 
Fax: (204)261-5465 
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CHAPTER EIGHT 

CONCLUSIONS 

The agency responses to the survey questionnaire for this 
synthesis indicate that the methods used to increase live load 
capacity in the past 10 years are much the same as recorded in 
NCHRP Report 293 in 1987. Very few new techniques were 
reported, but there have been some applications of lightweight 
decks, external post-tensioning, and an interest in the use of 
advanced composite materials. It should be recognized that 
although the response to the survey questionnaire was good, a 
number of questions were often left unanswered. The numbers 
given for each strengthening method may not accurately reflect 
the numbers where increasing live load capacity was the main 
reason for strengthening. In many cases, an increase in capac-
ity might result from carrying out rehabilitation because of 
deterioration rather than being the prime reason for doing the 
work. This is particularly the case for deck replacements. 

Ideally, selection of the strengthening method should be 
based on life-cycle cost data. While first cost is the more usual 
criterion, very little cost data were provided in the responses. 
Although most agencies have operating bridge management 
systems, they were rarely used in the decision-making process 
to strengthen existing bridges, and very few systems have a 
decision matrix for this purpose. The reason for the present 
lack of use is the insufficiency of useful data in the systems. 

Selection methods will only become efficient and cost-
effective when bridge management systems contain the re-
quired data and become widely used for this purpose. Cost 
data, including lane-closure costs and particularly life-cycle 
costs, need to be collected so that they can be the basis for fu-
ture method selection. 

Although simple analytical methods are used for first cal-
culation of live load capacity, roughly half the reporting agen-
cies move to more sophisticated methods if the evaluation re-
sult 

e
sult is not satisfactory. This move generally results in a higher 
calculated capacity. The codes used for evaluation purposes 
are nearly all based on working stress design (WSD) or load 
factor design (LFD) methods. The use of load and resistance 
factor (LRFD) methods will generally result in a higher ca-
pacity. Such a method has been available since 1989 in the 
AASHTO Guide Specification  for Strength Evaluation of 
Existing Steel and Concrete Bridges, but it appears to be little 
used. In spite of the advantages of the LRFD approach, it is 

unlikely that the approach will be widely used for evaluation 
purposes until it is part of a mandated code or specification. 
The NCHRP Project 12-46, Manual for Condition Evaluation 
and Load Rating of Highway Bridges Using Load and Resis-
tance Factor Philosophy, represents an important step in this 
direction. 

The emerging technology with the most potential for use in 
bridge strengthening is structural use of advanced composite 
materials. In North America there is now much research on 
the use of fiber-reinforced plastic (FRP) sheets bonded to 
beams to increase load capacity. The array of FRP sheet mate-
rials 

ate
rials and adhesives is wide, but most interest seems to be on 
carbon FRP sheets and epoxy resins. FRP sheets have been 
applied to concrete, steel, and wood structures, but the most 
widespread use will be for reinforced and prestressed concrete 
structures. Several demonstration projects have been under-
taken in North America, and the number is likely to increase 
as further investigation is required in such areas as long-term 
durability, ductility, and low-temperature behavior before FRP 
strengthening is widely adopted. In addition,, the cost of FRP 
materials is high compared to traditional strengthening mate-
rials, 

ate
rials, and life-cycle costing may be required to justify their 
use. Data need to be collected on performance and costs. 

FRP materials represent a design challenge because of the 
large number of variables involved. It is important that the in-
dustry settle on standard products and systems so that design 
methods can be developed similar to those available for tradi-
tional materials. These design methods may be most useful if 
developed in an LRFD format. 

LRFD methods for evaluation and rating are widely used in 
Canada as they have been part of the design codes that have 
been used for many years. The benefits of the LRFD approach 
are well-established, and if bridge strengthening is to be per-
formed most efficiently, this evaluation approach would have 
to be incorporated into all the accepted codes and standards in 
North America. The LRFD Bridge Design Specification has 
been available since 1994 as an AASHTO standard. Benefit 
may be gained if it becomes more widely adopted as the de-
sign 

e
sign standard and if a compatible evaluation standard is de-
veloped 

e
veloped in the near future. The next logical step would be to 
include FRP materials in these standards. 
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AASHTO American Association of State Highway and Transportation Officials 

ACM Advanced Composite Materials 

AFRP Aramid Fiber-Reinforced Plastic 

ASD Allowable Stress Design 
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CFRP Carbon Fiber-Reinforced Plastic 
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EMPA Swiss Federal Laboratories for Material Testing and Research 
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LFD Load Factor Design 
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MTO Ministry of Transportation, Ontario 
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NCHRP National Cooperative Highway Research Program 

OHBDC Ontario Highway Bridge Design Code 

PVC Polyvinyl Chloride 

PWC Public Works Canada 
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APPENDIX A 

Survey Questionnaire 

This questionnaire was sent to transportation agencies and consultants in the United States and Canada 

NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM 
	

NCHRP Topic 27-04 
	

Agency Name: 

"I 
00 

Project 20-5, Topic 27-04 

Methods for Increasing Live Load Capacity of 
Existing Highway Bridges 

QUESTIONNAIRE 

0-3. Have you used full scale load testing, directly or by contract, to upgrade the 
live load rating of a bridge? 

Yes 	No 

If the answer to the above is Yes, please describe the test and the 
results. 

Name of Respondent: 
Agency or Company:' 
Title: 
Phone No: 	Fax No.:  

Please enter your agency or company name at the top of each subsequent sheet. If 
more space is required to answer or comment on any of the questions, please use the 
margins or a separate sheet of paper. If you wish additional persons in your agency 
to reply, please make copies for their use. 

Please circle your answers to Yes/No questions. 

0-1. What analytical methods do you normally use to evaluate the live load capacity 
of bridges? 

0-2. Have you used more sophisticated analytical methods in an attempt to raise 
the predicted live load capacity? 

Yes 	No 

If the answer to the above is Yes, please describe the methods used and the 
results. 

0-4. Have you. retrofitted any fatigue prone details on steel bridges in order to 
increase live load capacity? 

Yes 	No 

If the answer to the above is Yes, please describe the method used and the 
results. 

0-6. Have you modified a bridge superstructure since 1986, specifically to increase 
its live load capacity? 

Yes 	No 

If the answer to the above is Yes, please indicate what methods were used, 
and what considerations were taken into account, in making the decision to 
strengthen rather than replace. 

If the answer to 0-6 above is Yes, please complete the table on page 3, 
indicating the number of bridges strengthened for live load since 1986, by 
superstructure material and method. 

Any comments on your table entries.___________________________________ 
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Table Showing Number of Bridges Strengthened for Live Load 
Since 1986 

Superstructure 

Methods for Steel Reinforced Pretensioned Post-Tensioned Wood Masonry 
Increasing Live Load Concrete Concrete Concrete 

Capacity  

Reduce 
Dead Load 

Composite 
Action 

Increase Transverse 
Stiffness 

Improve Member 
Strength  

Post-tension 

Develop_Continuity  

Other Methods 

Note: For Other Methods please give details in Bridge Data Sheets 
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0-7. Have you modified a bridge substructure element (pier, abutment, or 
foundation) specifically to increase its live load capacity since 1986? 

Yes 	No 

If the answer to the above is Yes, please describe how the work was done, 
and how the method was selected._____________________________________ 

NCHRP Topic 27-04 

BRIDGE DATA SHEET 
Bridge #_________ 

Bridge type and superstructure material:____________ 

Method used for increasing capacity: 

Agency Name: 

0-8. If your answer to 0-6 or Q-7 is Yes, have you assessed the effect of the 
modification on seismic behavior? 

Yes 	No 

If the answer to the above is Yes, please describe the results. 

0-9. Have you recently developed any innovative techniques for increasing the live 
load capacity of bridges? 

Yes 	No 

If the answer to the above is Yes, please describe the techniques and the 
status of their development._______________________________________________ 

0-10. If you answered No to both Q-6 and 0-7, please proceed to 0-12. If you 
answered Yes to 0-6 or 0-7, please continue. 

We would like to obtain as much detailed information as is available on those 
methods of increasing live load capacity that you consider to be of special 
interest or significance. We have a particular interest in any methods you 
might have listed under Other Methods in the table on page 3, or any that you 
consider as experimental. 

For each bridge, please use a separate Bridge Data Sheet, photocopying page 
5 as necessary, and assigning a Bridge No. to each. 

Was the above method: Standard? 
	

or 	 Experimental? 
Yes No 
	

Yes No 

Why was an increase in capacity needed? 

What was the original design vehicle?_________________________________ 

What % increase in live load capacity was achieved?____________________ 

Was the decision to increase capacity justified on the basis of: 
First cost only? 	or 	 Life cycle cost analysis? 
Yes 	No 	 Yes 	No 

Construction contract year:__________ 	Contract cost:_______________ 

What % of contract cost was for 	 Were lane closures required? 
traffic protection? 	Yes 	No 

Overall deck width: 	Length of each span modified: 

Bridge Code used: 

Additional comments: (Any information available on such items as difficulties 
encountered, suggested improvements, factors affecting costs, construction time, 
quality control testing, projected service life, field performance, and maintenance 
costs, would be of great value) 

If plans, reports of photographs are available, kindly send copies with your response, 
if possible, or indicate below who we might contact for copies. 
Name: 	Title:______________________________ 
Address: 	 Phone #: 
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Agency Name: 

Q-1 1. Was the need to increase capacity identified by your Bridge Management 
System, for any of the projects you have listed on the Bridge Data Sheets? 

Yes 	 No 

Q-1 2. Does your Bridge Management System have decision matrixes for increasing 

capacity? 
Yes 	 No 

If the answer to the above is Yes, please identify the system: 

0-13 From your recent experience, do you think the need to strengthen bridges for 
live load capacity is increasing? 

Yes 	 No 

Q-14. We are interested in finding out what new techniques or materials are being 
developed for increasing live load capacity. If you know of any research 
organizations, product manufacturers or consultants active in this area we 
would appreciate your identifying them, and the nature of their work. 

Name: 
	

Title: 

Address: 
	

Phone No:: 
Fax No: 

Comments: 

Thank you for your valuable assistance! 

Please respond to: 	Transportation Research Board 
National Research Council 
2101 Constitution Avenue, N.W. 
Washington, D.C. 20418 

Attn: Stephen F. Maher 
NCHRP Research Syntheses 

If you have any questions, please call Stephen Maher at (202) 334-3245. 
If you wish, you may fax your response to (202) 334-2527. 

We would appreciate your response by April 5, 1997. 
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APPENDIX B 

Summary of Survey Responses 

The responses to the survey questionnaire (Appendix A) are summarized in Table B 1 on the following pages. Numerical totals 
are given separately for public agencies and consultants. The questions asked are given below in an abbreviated form as Table Bi 
shows only the question number. The responses to Qi are shown in Table B2 and more detailed responses to Q2 and Q3 are 
shown in Tables B3 and B4, respectively. 

Question 1—What analytical methods do you normally use to evaluate live load capacity? 

Question 2—Have you used more sophisticated analytical methods to raise the capacity? 

Question 3—Have you used full-scale load testing to upgrade the live load rating? 

Question 4—Have you retrofitted any fatigue-prone steel details to increase capacity? 

Question 6—Have you modified a bridge superstructure since 1986 to increase capacity? 
(The numbers are given under the heading of Table 5.) 

Question 7—Have you modified a bridge substructure since 1986 to increase capacity? 

Question 8—Have you assessed the effect of any Q7 modification on seismic behaviour? 

Question 9—Have you recently developed any innovative techniques to raise capacity? 

Question 10—Would you please fill out a data sheet for methods of particular interest? 
(The number of completed data sheets is shown in the QlO column.) 

Question 11—Was the need to increase capacity identified by your bridge management system? 

Question 12—Does your bridge management system have decision matrices for raising capacity? 

Question 13—Do you think the need to strengthen bridges for live load capacity is increasing? 

Question 14.—Would you please identify new, techniques for increasing capacity, by others? 



TABLE B-i 

SUMMARY OF SURVEY RESPONSES 

Agency QI 	Q2 Q3 Q4 Table 5 Q6 Q7 Q8 Q9 Q10 Q11 Q12 Q13 Q14 

Alabama Yes Yes Yes 0 No Yes No No 0 - No Yes - 
Alaska No No Yes 8 Yes Yes Yes No 5 - - - - 
Arizona No No No 0 No No - No 0 - No No - 
Arkansas No No No 12 Yes Yes Yes No - No No Yes 1 
California Yes No No 48 Yes No No No - No No No i 
Colorado Yes Yes No 32 Yes - - - I - Yes - - 
Connecticut No Yes No ii Yes Yes No No 2 No No No - 
Florida Yes Yes No 3 Yes No No Yes I No No No I 
Georgia No No No 0 No No - No 0 - No No 1 
Iowa Yes No No 4 Yes No No No - No Yes Yes - 
Kansas Yes Yes Yes 55 Yes No No Yes 2 No No Yes - 
Kentucky No No No 0 No No - No 0 - No No - 
Louisiana Yes Yes Yes 7 Yes No No No I No No No - 
Maine Yes No No 7 Yes No - No - No Yes No - 
Massachusetts No No Yes 3 Yes Yes Yes No 1 No Yes Yes - 
Michigan No Yes No 2 Yes No - No 1 - - - - 
Minnesota No No No 55 Yes Yes No Yes - No No No - 
Missouri No Yes No 90 Yes No Yes No - No No Yes - 
Mississippi No No No 4 Yes No No No 0 No No Yes - 
Montana Yes No No 0 No No - No 0 - No No - 
Nebraska No No No 0 No No - No 0 - No No 1 
Nevada No No No 1 Yes No - No - - No No - 
New Jersey Yes No Yes 8 Yes Yes No No 4 No No Yes 1 
New Mexico No No No I Yes No - No - - No No - 
New York Yes Yes No 5 Yes No Yes No - No No. Yes - 
North Carolina No No No 40 Yes Yes No No - No No Yes - 
North Dakota No No No 0 No No - No 0 - No Yes -. 
Ohio Yes Yes No 575 Yes No No No - No No Yes - 
Oklahoma Yes Yes Yes 0 No No - No 0 - - Yes 2 
Oregon Yes Yes Yes 37 Yes Yes Yes No 3 No No Yes - 
Pennsylvania Yes Yes No 5 . 	Yes Yes No Yes - Yes No Yes - 
Rhode Island Yes No Yes 2 Yes Yes No No No No Yes - 
Tennessee No No No 0 No No - No 0 - Yes Yes - 
Texas Yes No Yes 3 Yes Yes No Yes 1 No No Yes - 
Vermont No No No 0 No No - No 0 - No Yes - 
Virginia No No No - Yes Yes No No - No No No - 
Washington No No No 0 No No - - - - No Yes - 
West Virginia No No No 2 Yes No No No 0 No No Yes - 
Wisconsin No No No .15 Yes No No No - - No Yes - 
Wyoming No Yes No 0 No No'•  - No - - No No 1 
Washington, No No No 3 Yes No - - 0 Yes No No I 
FHWA/EFLHD 



TABLE B-i (Continued) 

Agency 	 QI Q2 Q3 Q4 Table 5 Q6 Q7 Q8 Q9 QI0 Qil Q12 Q13 Q14 

Canadian Provinces 
Federal, PWC No Yes - 29 Yes No No No 4 Yes No Yes - 
Alberta Yes No No 89 Yes Yes No Yes - Yes Yes Yes 
Bntish Columbia Yes No Yes 10 Yes No No No 6 No No Yes I 
Manitoba No No No 3 Yes No - No I No - Yes - 
New Bninswick Yes No No 80 Yes No No No - - - - 
Ontario Yes Yes No 20 Yes Yes No No - - No No - 
Saskatchewan No No No 9 Yes Yes No Yes 7 Yes No Yes - 
Totals: Y-21 Y-16 Y-Il 1278 Y-36 Y-16 Y-6 Y-7 40 Y-5 Y-6 Y-27 12 
US&Canada N-27 N-32 N-36 N-12 N-31 N-24 N-38 N-23 N-36 N-17 

Consultants 	 Qi Q2 Q3 Q4 Table 5 Q6 Q7 Q8 Q9 Q10 Qil Q12 Q13 Q14 
Consultants (Canada) 
Hatch Associates Yes Yes Yes 8 Yes No Yes No 2 No No Yes I 
Proctor & Redfern Yes Yes No 12 Yes No No No - No No Yes - 
Delcan Yes Yes No 0 No No - No 0 - Yes - I 
Morrison Hershileld Yes No No 11 Yes No No No - No - Yes - 
Buckland & Taylor Yes No Yes 7 Yes No Yes Yes .7 - - No - 
Consultants (United States) 
PBQD Yes Yes No 6 Yes Yes Yes No 0 - - Yes 1 
Wilbur Smith No No No I Yes No No No 0 - - Yes - 
Associates 
Burgess and Niple No No Yes Many Yes Yes Yes No 1 No - Yes 1 
P.P. Xanthakos - Yes - 2 Yes Yes - - - - - - - 
Hardesty & Hanover No Yes Yes 4 Yes No No No 4 - - Yes 1 
Roman Wolchuk - No No 2 Yes No - Yes 2 - - - 1 
T.Y. Lin No No No 1 Yes No No Yes I No No Yes 1 
HNTB (Denver) Yes No No 0 No No - No 0 - No No - 
HNTB (Boston) No No No 5 Yes No Yes No 3 - - Yes - 
HNTB (Dallas) No No No 1 Yes Yes No No 2 No - No - 
HNTB (Topeka) Yes Yes No 2 Yes No No No 2 - - Yes 1 
HNTB (Cleveland) Yes Yes Yes 2 Yes No No No - - - - - 
HNTB (Kansas City) Yes No Yes 13 Yes Yes No No - No No - - 
HNTB (New York) Yes No Yes 6 Yes No - No - - No Yes - 
HNTB (Virginia) Yes No Yes 3 Yes No - No I No No No - 
NNTB (Raleigh) Yes No No I Yes No No No I No No - - 
HNTB (Houston) No No No 1 Yes No - No - - - Yes - 
HNTB (Atlanta) 
HNTB 

Yes No No 1 Yes No No No I No No Yes - 

(Minneapolis) 
HNTB (Hartford) 
Modjeski & Masters Yes Yes Yes 5 Yes Yes Yes Yes 7 - - Yes - 
lmbsen & Associates Yes No No I Yes No No No 0 - No Yes - 
Combined U.S. & Y-16 Y-9 Y-9 95+ Y-23 Y-6 Y-6 Y-4 34 Y-0 Y-1 Y-15 8 
Canada Consultants N-7 N-16 N - IS N-2 N-19 N-12 N-20 N-b N-b N-4 
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TABLE B-2 	 - 

ANALYTICAL METhODS USED TO EVALUATE LIVE LOAD CAPACITY OF BRIDGES 

United States 	 Canadian 	Canadian 
Analytical Method 	 and FHWA 	

U.S. Consultants 	Provinces and 	Consultants 
PWC 

Working Stress Design 13 3 	 - - 
Load Factor Design 16 5 	 - - 
-BARS 8 I 	 - - 
-BRASS 3 1 	 1 - 
-BDS - I 	 - - 
-STRUDL 3 3 	 - 
-SFRAME 2 - 	 - - 
-PFRAME 1 1 	 - - 
-2D 2 1 	 - - 
-STADD 1 - 	 - - 
-MICAS 1 - 	 - - 
- Line Girder, AASHTO 4 3 	 - - 
-TexasDOT - 2 	 - - 
-SAP - I 	 - - 
-DESCUS - I 	 - - 
-DSDI - I 	 - - 
-FEA - I 	 - - 
- Own computer program 2 2 	 - - 
- Hand calculations 1 1 	 - - 
Load and Resistance Factor 1 3 	 - - 
Design 
Ultimate Limit State - - 	 1 1 
-OHBDC - - 	 1 1 
-GRID - - 	 - 
-OMBAS - - 	 - 1 
- PSFRAME - - 	 - 
- Grid analysis, CAMIL - - 	 - 
-STADDLU - - 	 - 
-STRUDL  
-SAP 90 

TABLE B-3 

MORE SOPHISTICATED ANALYTICAL METhODS USED TO RAISE THE PREDICTED LIVE 
LOAD CAPACITY 

Canadian 
Analytical Method 

United States U.S. Provinces 
Canadian 

and FHWA Consultants and PWC Consultants 

Linear Methods 
-LFD .2 - - - 
- Grid analysis - 6 3 
- Semi-continuum - - 2 - 
-PSFRAIvIE  
-2D 1 - - - 
-3D 4 4 - 1 
-SAP9O 1 - - 1 
-FEM 7 6 1 3 
-BRUFEM 2 - - - 
-CURVBndge I - - - 
- As required to avoid posting 1 - - - 
- Influence Surfaces - 
-Beam - 
-Plate 	 - - 
-LRFD 1 

Nonlinear Methods 

-Plastic - - . 	- 2 



TABLEB-4 

FULL-SCALE LOAD TESTING USED TO UPGRADE THE LIVE LOAD RATING OF A BRID(JE 

Reason/Bndge 	 United States and 	U.S.onsultants Canadian Provinces 	Canadian 
Type Tested 	 FHWA 	 . 	

and PWC 	Consultants 

To remove posting 	 1 	 - 	 1 	 - 
To verify analysis 	 2 	 1 	 - 	 - 
To proof load 	 I 	 - 	 1 	 - 
Slab bridge 	 4 	 - 	 - 	 - 
Timber bridge 	 2 	 - 	 - 	 - 
Skew reinforced concrete 	 I 	 - 	 - 	 - 
Prestressed Beams 	 I 	 - 	 - 	 - 
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THE TRANSPORTATION RESEARCH BOARD is a unit of the National Researèh 
Council, a private, nonprofit institution that provides independent advice on scientific and 
technical issues under a congressional charter. The Research Council is the principal operating 
arm of the National Academy of Sciences and the National Academy of Engineering. 

The mission of the Transportation Research Board is to promote innovation and progress 
in transportation by stimulating and conducting research, facilitating the dissemination of 
information, and encouraging the implementation of research findings. The Board's varied 
activities annually draw on approximately 4,000 engineers, scientists, and other transportation 
researchers and practitioners from the public and private sectors and academia, all of whom 
contribute their expertise in the public interest. The program is supported by state 
transportation departments, federal agencies including the component administrations of the 
U.S. Department of Transportation, and other organizations and individuals interested in the 
development of transportation. 

The National Academy of Sciences is a nonprofit, self-perpetuating society of 
distinguished scholars engaged in scientific and engineering research, dedicated to the 
furtherance of science and technology and to their use for the general welfare. Upon the 
authority of the charter granted to it by the Congress in 1863, the Academy has a mandate 
that requires it to advise the federal government on scientific and technical matters. Dr. Bruce 
Alberts is president of the National Academy of Sciences. 

The National Academy of Engineering was established in 1964, under the charter of the 
National Academy of Sciences, as a parallel organization of putstanding engineers. It is 
autonomous in its administration and in the selection of its members, sharing with the 
National Academy of Sciences the responsibility for advising the federal government. The 
National Academy of Engineering also sponsors engineering programs aimed at meeting 
national needs, encouraging education and research, and recognizes the superior achievements of 
engineers. Dr. William A.Wulf is president of the National Academy of Engineering. 

The Institute of Medicine was established in 1970 by the National Academy of Sciences 
to secure the services of eminent members of appropriate professions in the examination of 
policy matters pertaining to the health of the public. The Institute acts under the 
responsibility given to the National Academy of Sciences, by its congressional charter to be 
an adviser to the federal government and, upon its own initiative, to identify issues of 
medical care, research, and education. Dr. Kenneth I. Shine is president of the Institute of 
Medicine. 

The National Research Council was organized by the National Academy of Sciences in 
1916 to associate the broad community of science and technology with the Academy's 
purposes of furthering knowledge and advising the federal government. Functioning in 
accordance with general policies determined by the Academy, the Council has become the 
principal operating agency of both the National Academy of Sciences and the National 
Academy of Engineering in providing services to the government, the public, and the 
scientific and engineering communities. The Council is administered jointly by both 
Academies and the Institute of Medicine. Dr. Bruce Alberts and Dr. William A. Wulf are 
chairman and vice ôhairman, respectively, of the National Research Council. 
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