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FOREWORD This report contains the findings of a study that was undertaken to provide 
guidance for the strength evaluation of existing concrete highway bridge superstruc-

By Staff f ures including slab and girder, T-beam, and box beam bridges. The report includes 
Transportation recommendations for revisions to the present evaluation requirements that exist in 

Research Board the AASHTO Manual for Maintenance Inspection of Bridges along with a companion 
commentary. The contents of the report will be of immediate interest and use to 
bridge design and rating engineers, bridge maintenance engineers, researchers, spec-
ification writing bodies, and others concerned with the load capacity evaluation of 
existing concrete structures. 

Reinforced concrete highway bridges are presently evaluated and rated according 
to the requirements of the AASHTO Manual for Maintenance Inspection of Bridges. 
The Manual allows bridge evaluation based on two rating levels: an operating rating 
and an inventory rating. It does not provide for any means, however, to reflect the 
actual condition of the structure or to quantify other important factors that might be 
considered in the rating process. 

Bridges found to be deficient under the present rating procedures should be 
reevaluated using higher level methods. This higher level rating system should permit 
selection of safety levels in a rational manner based on the levels of effort expended 
on inspection, maintenance, and evaluation. The system should also take into account 
the states of deterioration and distress of the bridge and permit the owner to make 
informed decisions about the pay-off in terms of higher load ratings resulting from 
such measures as additional load control, inspection, and calculation effort. 

This report presents the findings of a second phase of research on NCHRP 
Project 10-15, "Strength Evaluation of Existing Reinforced Concrete Bridges." The 
primary objective of this study was to develop an improved methodology for evaluating 
the structural capacity of existing reinforced concrete highway bridge superstructures 
and to present it in a specification format suitable for consideration by the AASHTO 
Subcommittee on Bridges and Structures. 

The first phase of research included findings and recommendations related to 
methods of predicting the structural capacity of reinforced concrete highway bridges 
for load rating purposes. The limit-state approach to bridge evaluation, combining 
probability theory and engineering judgment, was recommended at the conclusion of 
that phase. However, some of the load and resistance factors recommended in that 
research were not well documented and required further calibration. 

The second phase of research had as its objective the further development of the 
limit-state approach to evaluate the structural capacity of reinforced concrete highway 
bridge superstructures. This report documents that work and provides recommen-
dations for revisions to the AASHTO Manual for Maintenance Inspection of Bridges. 



The recommendation specifications account for the superstructure condition, i.e., 
the degree of deterioration in the structure. Additionally, for deteriorated structures, 
the recommended specifications give consideration to field measurements on member 
sizes and material properties, frequency of bridge inspection, maintenance effort on 
the structure, and traffic mix and volume. The recommended procedure is also flexible 
enough to allow for the systematic incorporation of an engineer's subjective judgment 
during the bridge rating process. 
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STRENGTH EVALUATION 
OF EXISTING 

REINFORCED CONCRETE BRIDGES 

SUMMARY 	This report describes the work conducted on the strength evaluation of existing 
reinforced concrete bridges including T-beams, box beams, girder and slab bridges. 
The methodology is developed in the load and resistance factor format that is very 
similar to the Load Factor Method in the current AASHTO Standard Spec jfications 
for Highway Bridges. 

Currently, reinforced concrete bridges are evaluated according to the requirements 
presented in AASHTO's Manual for Maintenance Inspection of Bridges. Two levels 
of rating are specified: inventory rating and operating rating. Since existing bridges 
may have very different structural condition (deterioration) and live load environ-
ments, the current two-tier rating procedure is apparently too rigid. It is difficult to 
incorporate bridge engineers' judgments based on field experiences into the overall 
rating process. As a result, bridge ratings do not reflect the inherent safety level. 

In the methodology developed herein, different categories of strength and live 
loading are defined. Based on the superstructure condition rating, r, which is conducted 
routinely by bridge bureaus, three broad categories are defined to reflect the degree 
of deterioration: (1) good or fair (r > 7), (2) deteriorated (r = 4, 5, 6), and (3) 
seriously deteriorated (r < 3). 

For deteriorated bridges, additional considerations are given to the following factors: 
(1) field measurements, (2) inspection frequency, and (3) maintenance effort. 

For each of these categories, coefficient of variation and bias coefficient are assigned 
based largely on subjective engineering judgment. 

Gross vehicle weight (GVW) of trucks varies considerably from trucks that are 
empty to overloaded trucks. To estimate the maximum load effect, engineers are 
primarily interested in the upper tail of the GVW histogram. The characteristic weight 
of the 95th percentile level is a good indicator of load intensity of individual heavy 
trucks. The maximum load effect due to random truck traffic is affected, in addition 
to GVW variability, by the multiple presence of trucks either in the same lane or in 
adjacent lanes. Based on field measurements, realistic live-load parameters are defined 
according to truck traffic volume (ADfl), bridge span length and weight control 
enforcement. 

For a family of existing T-beam and slab bridges built between 1911 and 1963, the 
safety indices are computed. By correlating the safety index /3 to the operating level 
rating, a target safety index of 2.8 was selected which, on the average, corresponds 
to an operating rating of 1.0. This target value is deemed adequate for existing bridges 
comparing to the values (/3 = 3.5 to 4+) for new bridges. 

A limit-state calibration was then carried out to determine the resistance factors 
and load factors for various strength and live load categories. The flexure resistance 
factor may vary from a low of 0.54 for a seriously deteriorated bridge to a high of 
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0.95. The live load factor may vary from 1.48 for light truck traffic and good weight 
enforcement to 1.93 for heavy truck traffic and poor enforcement. 

Based on the actual truck traffic volume and superstructure condition, a bridge 
rating may now range from a level below the current inventory rating to a level 
beyond the current operating rating. The new procedure is sufficiently flexible to 
allow for the systematic incorporation of engineers' subjective judgment. When a 

certain parameter is difficult to quantify, for example, the resistance factor, the bridge 
rater may select a lower and upper bound based on his best judgment and compute 
lower and upper bounds for the rating. This would facilitate more reasonable decision-
making with respect to the overall bridge maintenance policy. 

CHAPTER ONE 

INTRODUCTION 

This report describes the work conducted on the second phase 
of NCHRP Project 10-15(1), "Strength Evaluation of Existing 
Reinforced Concrete Bridges." The objective of this project is 
to employ recently developed reliability theory to develop a 
rational approach to the evaluation of strength of existing rein-
forced concrete bridges. The guidelines as developed herein will 
be submitted to the AASHTO Highway Subcommittee on 
Bridges and Structures for consideration as a guide specification 
to supplement the rating procedures described in the AASHTO 
Manual for Maintenance Inspection of BridgeL The proposed 
guidelines and commentary are included in Appendixes A and 
B, respectively. Appendix C contains a selected group of ex-
amples illustrating the use of the guidelines together with a 
comparison to rating factors obtained using the existing 
AASHTO specifications. 

BACKGROUND 

The bridge engineer responsible for operating and maintaining 
a network of bridges on a modern roadway system is continually 
faced with the task of evaluating the live load capacity of existing 
bridges. These bridges are typically of diverse vintage and have 
been constructed to meet a wide range of different design criteria, 
which can result in a wide variation in live load capacities. 
Additionally, several other factors, such as changing live load 
configurations, structural modifications, and deterioration, are 
continually altering the conditions at each bridge. These changes 
make it necessary to monitor the allowable load capacity of the 
bridges. The economic and political pressures to allow heavier 
loads on the roadway system, combined with the need to protect 
the safety and economic interests of the public, make it crucial 
that engineers strive to improve the processes for evaluating the 
live load capacity of bridges. 

Since the collapse of the Silver Bridge over the Ohio River 
at Point Pleasant, West Virginia, in 1967, there has been an  

increased public awareness about the condition of existing high-
way bridges in the United States. This has resulted in a legis-
latively mandated program to inventory, inspect, and improve 
the nation's highway bridges. Initial legislation in 1968 required 
the development of National Bridge Inspection Standards 
(NBIS). This was followed by the Federal Aid Highway Act 
of 1970 which made funding available for the Special Bridge 
Replacement Program. This program was in effect through 1978 
and resulted in the replacement of 2,100 bridges. In 1978, leg-
islation entitled the Surface Transportation Assistance Act be-
came effective. Under this Act, the Highway Bridge 
Replacement and Rehabilitation Program (HBRRP) made 
funding available through 1982 for bridge replacement and re-
habilitation. Furthermore, this program extended funding to 
include bridges not on the present federal aid system. The 
HBRRP was extended through fiscal year 1986 by the Surface 
Transportation Assistance Act of 1982. Hence, about 50 percent 
of the highway bridges in the nation qualifies for federal funding 
under the current program. 

However, available funds are limited, and administrators must 
allocate these resources effectively. Engineers performing bridge 
evaluations have the difficult responsibility of determining 
bridge load capacity for load limit posting, and administrators 
are faced with the task of maldng decisions regarding replace-
ment and rehabilitation for existing bridges. At the present time 
recommendations for rehabilitation and replacement must rely 
on the evaluation procedures described in the AASHTO Manual 
for Maintenance Inspection of Bridges (2). These AASHTO 
procedures were actually developed as a secondary consideration 
from the design procedures for new structures. Because most 
existing bridges have satisfactory past performance records, 
many bridge evaluation engineers intuitively believe that a great 
number of bridges have more capacity than indicated by the 
AASHTO Manual However, engineers lack the analytical jus-
tification and/or methodology to supersede the AASHTO re- 



quirements. As a result, a great need exists for a new 
specification developed solely for the purpose of evaluation that 
will accurately reflect observations about bridge performance. 

NCHRP Project 10-15 was created because of a gap in recent 
research in the structural strength evaluation of existing rein-
forced concrete bridges and because of an apparently large dis-
crepancy between the observed and calculated live load 
capacitiei for this class of bridges. Phase! of this project began 
in 1980 and was completed in September of 1982. Initially, the 
project emphasis was placed on improving the analytical pro-
cedures for determining live load effect and structural resistance. 
A methodology was considered that made use of generalized 
influence surfaces for determining wheel load distribution. In 
addition, guidelines for assessing the extent of deterioration by 
standard inspection procedures were developed. During the 
course of the project it became apparent that a restructuring of 
the rating process was in order, however, and the project em-
phasis shifted to this task. 

In Phase I of this project, a limit states approach in load-
and-resistance factor format was proposed for evaluating rein-
forced concrete bridges. The proposed evaluation procedure, 
which was different from that used in design, included factors 
for simulation (i.e., field inspection and evaluation effort), main-
tenance effort, load distribution, variations in dead load, dead 
load distribution, load limit control, and live load distribution. 
The proposed procedure was presented to introduce the concepts 
and the variables to be included in the evaluation procedure. 
Because of limited amounts of statistical data and the primary 
goal of introducing the concepts, many assumptions were made 
with regard to variables in the preliminary calibration process. 
Also, variables were introduced which may or may not have a 
significant effect on the rating factor. 

The response of professional bridge engineers to the proposed 
evaluation procedure has, in general, been favorable. Further 
refinement of the procedure is necessary, however, before it can 
be presented to the profession in a form suitable for implemen-
tation into practice. Because of both the outcome of the first 
phase and the overall project objective to develop an imple-
mentable rating procedure for existing reinforced concrete 
bridges, a second phase of the projected was initiated. 

OBJECTIVES AND RESEARCH APPROACH 

Phase II of this project involves a more rigorous calibration 
of the proposed evaluation procedure for existing reinforced 
concrete bridge superstructures. This evaluation procedure is 
governed by the following equation: 

y01 D + ± 7fJLf(l.O 

+1) + YLR  LR  (1.0+1) (1) 

By imposing equality and introducing the rating factor, RF, Eq. 
I may be arranged as follows: 

- EvoDc Y 7LJLjO.O+fl 
RF= 	 (2) 

y 	LA  (1.0+1) 

where RF = rating factor (the portion of the rating vehicle 
loading allowed on the bridge), $ = capacity reduction factor, 
in = number of elements included in the dead load, R = 

nominal resistance, n = number of live loads other than the 
rating vehicle, 'IDI = dead load factor for element i, .D1  = 

nominal dead load effect of element i, '/Lj  live load factor for 
live loadj other than the rating vehicle(s), L = nominal traffic 
live load effects for loadj other than the rating vehicle(s), YLR 
= live load factor for the rating vehicle(s), LA  = nominal live 
load effect for the rating vehicle(s), and I = live load impact 
factor. 

In the general checking format, Eqs. I and 2, the rating vehicle 
effect has deliberately been isolated from other live load effects 
so that special permit trucks may be treated differently from 
the typical highway truck traffic. From the point of view of 
permit issuing application, this separation is very desirable. 
However, to accomplish this refinement, a large amount of live 
load data, particularly permit truck data, are required. One 
example of the analysis of this mixed live load data was given 
by Moses et al. (41a). A comprehensive analysis is, however, 
beyond the scope of this project. In the remaining portion of 
this report, only random trucks are considered, i.e., all trucks, 
permit legal or illegal, are lumped into one group, i.e., 

$R > 1J+ VLL(I+I) 	(3) 

or 

RF= 4iR - 'YDD 	 (4) 
'ILL (1+1) 

The recommended procedures, which vary slightly from those 
proposed during Phase I, will be presented to AASHTO in 
specification form for their consideration. 

Phase II of the research included the following tasks: 
I. Analyze statistical information available from FHWA's 

computerized national bridge inventory system for the purpose 
of identifying types of reinforced concrete superstructures that 
warrant attention in this study. 

Conduct a sensitivity analysis to determine the effects of 
modifications to the load and resistance factors in the limit state 
approach to evaluation. 

Identify and evaluate the applicability of available test 
results for calibrating the factors to be used in the limit states 
approach. 

Prepare an interim report presenting the findings of the 
first three tasks and proposing a detailed working plan for the 
remainder of the study. 

Calibrate the proposed method using available test data 
and other appropriate information. 

Compare the results of the proposed method with results 
from currently used methods. 

Present the proposed method, its rationale, and the justi-
fication for its adoption at the regional meetings of the AASHTO 
Bridge Committee in the spring of 1986. 

Prepare a fmal report documenting the findings of both 
phases of research and presenting the recommended method in 
a format suitable for adoption by AASHTO. 

ORGANIZATION OF THE REPORT 

Various aspects of the reliability bases necessary for devel-
oping a rational design/evaluation procedure are briefly re-
viewed and summarized in Chapter Two. The emphasis is on 
the first-order, second-moment reliability analysis method. Be- 



lationships between failure probability, reliability, hazard en-
vironment, and service lifetime are discussed. The calibration 
procedure to determine suitable load and resistance partial safety 
factors is also described. 

The specific limit state equation used and the statistical de-
scriptions of the random variables involved are presented in 
Chapter Three. One aspect of the bridge live load model, the 
girder distribution factor, is discussed and some preliminary 
results presented. 

To observe the safety level of bridges across the country and 
for future calibration purposes, sample bridges along with their 
evaluation data were gathered from state government agencies. 
A description of this data base is given in Chapter Four. From 
a survey of the FHWA bridge inventory file, it was decided 
that the effort in this project will be focused on two types of 
bridges: T-beam and slab bridges. 

A family of hypothetical bridges based on the current 
AASHTO load factor design was also generated. Results of the  

sensitivity analyses for this family of hypothetical bridges and 
the sample of real bridges are presented in Chapter Five. 

Chapter Six describes the calibration procedure used to es-
tablish load and resistance factors. Included is a description of 
the procedure used to establish the target safety index. A method 
of considering maintenance, inspection, and field measurement 
in the establishment of resistance factors is presented as is a 
method for considering traffic volume and level of load limit 
enforcement in the establishment of live load factors. 

The conclusions of the study are summarized in Chapter 
Seven along with recommendations for further research. 

As mentioned earlier, Appendix A contains the proposed 
guidelines; Appendix B, the accompanying commentary; and 
Appendix C, example problems. Appendix D covers details of 
the bridges in the data base. Appendix E includes the field 
investigation procedure. Appendix F is the bibliography. Ap-
pendix 0 concludes the report with a glossary of terms and 
definitions of nomenclature. 

CHAPTER TWO 

PROBABILISTIC BASES OF STRUCTURE RELIABILITY 

Because of the uncertainties inherent in the material prop-
erties, dimensions, loads, and the like, used in the engineering 
design or evaluation calculations for a structure, a procedure 
that includes probabilistics in the calculations of structure re-
liability is the most reasonable approach (4,19,22). As in other 
design or evaluation procedures, the ultimate objective of such 
a probability-based procedure is to ensure that an appropriate 
safety margin is provided. One advantage of using a probabilistic 
approach is that uncertain variables may be considered jointly 
and their effects may be separated systematically, which allows 
for a more systematic determination of structural reliability. 
However, the problem of determining structural reliability be-
comes more complex when evaluating the overall safety of a 
structural system because all the possible limiting states (or 
failure modes) and their combinations must be considered. Be-
cause of many apparent difficulties, methods for evaluating over-
all safety are still in the developmental stage (42,4658). 
Therefore, most of the recent code development (9,19,50) with 
a probability-based approach has emphasized component relia-
bility and addressed the question of overall safety through vague 
requirements for system redundancy (42). 

Only limited statistical descriptions for variables, such as ma-
terial, dimensions, and loads, are currently available. In addition, 
most of the available data for these variables fall close to the 
medium range of the variables, which makes it difficult to as-
certain the most accurate statistical distribution models. For 
example, in the case of the Ontario Highway Bridge Design Code 
(27), it was necessary to intentionally exaggerate the measured  

probability density function of overweight vehicles to account 
for the unlawful drivers who avoid weight measurements. Even 
selecting an acceptable probability of failure is a subjective de-
cision. 

Uncertainties may be classified into three distinct types (6): 
(I) fundamental uncertainty which is the randomness in nature, 
(2) statistical uncertainty associated with the parameter esti-
mates of a selected probabilistic model, and (3) uncertainty 
associated with the probabilistic model itself. 

The first type is irreducible; while the last two types may, in 
principle, be eliminated if a large amount of data can be obtained. 

Despite the fact that there are some difficulties in describing 
the uncertainties of the parameters, a probability-based approach 
presented in a load and resistance factor format still represents 
the most rational, practical method for considering these un-
certainties and provides a framework for future improvements 
as additional data become available. This chapter will summarize 
and discuss some of the basic aspects of such a probability-
based approach. 

STATEMENT OF THE PROBLEM 

An engineer faced with initiating a design or evaluation of a 
structure must answer the following questions: (I) What are 
the limiting states by which to measure structural performance? 
(2) How much safety margin should be provided or, in other 



words, what is the acceptable probability of failure for a specified 
period of time? (3) How can this safety margin be achieved? 

The first question usually poses no problem for an experienced 
engineer. The second and third questions are usually dictated 
by the applicable design codes. In the case of a probability-
based approach, code-writing committees usually define the ac-
ceptable probability of failure in terms of a target reliability 
reflected in load and resistance partial factors. These partial 
factors will result in designs with actual performance reliabilities 
which, when averaged, approach a selected or defined target 
reliability. On the other hand, when evaluating an existing struc-
ture, the evaluator may choose to determine with greater cer-
tainty the variables affecting structure performance. Therefore, 
when evaluating an existing structure, it is justifiable to use load 
and -resistance partial factors that differ from those used for a 
new design. Some existing codes recognize this difference and 
have proposed special factors for evaluation (10). However, this 
is the exception rather than the rule, and more effort is needed 
to assure that full advantage is taken of the increased certainty 
in the parameters for existing structures. 

LIMIT STATE EQUATION 

In the simplest form, a limit state equation may be written 
in terms of the safety margin, & 

	

< 0 	failed 

	

g(R,Q) = R - Q = 0 	limit state 	(5) 

	

> 0 	survived 

where 1? is the resistance and Q is the load effect. However, R 

and Q are both random variables and usually functions of many 
other random variables, such as material strength, sectional 
dimensions, load intensity, etc. For bridge design or rating, the 
load effect is composed of different categories of dend load and 
live load effects. Expressed mathematically 

R=R(Xt ,X2,...Xr) 

Q = Q(Xr  I,... Açi, x,,) 

g(X) = g(11 ,X.. ... Xr,Xr+  i,... I,) 	(6) 

Each of these random variables (i.e., X1,X.. ... X r,Xp ± .....A',), 
appearing in the vector, X, is described by some probabilistic 
distribution. The normal and log normal distributions are fre-
quently used distribution types in structural reliability. 

RELIABILITY MEASURES 

A direct measure of reliability is the probability of failure. 
The probabilistic properties of the safety margin, g, defined in 
Eq. 5, may be described by the joint probability density function 
fR (r,q). By assuming statistical independence between resist-
ance and load effect (i.e., fRQ(r,q) = fR(r) -f(?(q)), the proba-
bility of failure may be obtained from the following equation: 

C, 
g(R,Q)O 

to  .-J) q 

F(q}— j___,__/ 

R'q 
R = Resistance 

a) 

F 
rff 

RQ (r,q) d r dq r f [I - FQ  (r) 	fR (r) dr 

g'o 	 0 
00 

f 0 (q) - F(q)dq 

Figure 1. Probability of failure. 

Pr  = JffRQ(r.q)drdq = 
	

[1 —FQ(r)]fR(r)dr 

g-co 

= f(q)F(q)dq (7) 

where FQ  and fR  are the cumulative probability distribution 
function and the probability density function of Q and R, re-
spectively. Figure 1 shows the convolution process of Eq. 7. 

Equation 7 is the formal statement for the probability of 
failure of the simple limit state condition, Eq. 5, iniolving two 
random variables only. For the more general limit state con-
dition, Eq. 6, the probability of failure would have to be eval-
uated through a multitude of convolution integrals. Moreover, 
the probabilistic descriptions of the basic random variables are 
usually incomplete. At very low levels of probability, the prob-
ability of failure is very sensitive to the incomplete descriptions 
of the basic variables. 

Alternatively, the reliability may be described by a dimen-
sionless index, /3, called safety index or reliability index. The 
most general definition of the safety index may be expressed as: 

p,= 't'(—s)/3 = - cI'(P) 	(8) 

where F( -) is the standardized normal distribution function. 
In other words, the original problem, regardless of the distri-
bution type of the safety margin, is transformed into a "refer-
ence" problem with standardized, normally distributed safety 
margin. This definition is very general in that it preserves the 
same probability of failure; however, it is not very useful because 
of the difficulty in obtaining P 

As originally proposed by Cornell (13), the safety index is 
intended to be a distribution-free measure of reliability. In terms 



of only the first two moments of the safety margin, the safety 
index is defined as: 

/3=-- 	 (9) 
0-s  

where j = the mean safety margin, and o- = the standard 
deviation of the safety margin. 

Figure 2 shows the two measures of reliability. The structural 
safety may be measured by the failure probability, P, shown 
by the shaded area, or the reliability (I - FF), shown by the 
unshaded area under the distribution curve. The safety index, 
/3, defined in Eq. 9, measures the mean safety margin in terms 
of the number of standard deviations away from the critical 
state, as shown graphically in Figure 2. This safety index is a 
more convenient measure than the probability of failure because 
only the first two moments (i.e., the mean and the standard 
deviation) are needed for each of the random variables, hence 
avoiding the previously mentioned problems with calculating 
the probability of failure. With some additional assumptions, 
the safety index, j3, may be related to the probability of failure. 

ADVANCED FIRST-ORDER SECOND-MOMENT 
METHOD 

For the general limit state, Eq. 6, the safety index can be 
adequately described by the mean and the standard deviation 
of the safety margin Eq. 9. However, the safety index is sensitive 
to how g and 	are evaluated. Hasofer and Lind (28) showed 
that an invariant safety index can be obtained only if j and o• 
are evaluated at an expansion point which is on the limit state 
surface. Further, the expansion point is selected such that the 
calculated safety index is a minimum (52). For ease of analytical 
derivation, all the random variables affecting Q and R are trans-
formed into their standardized forms: 

x1 -1, 
xi =  

Cr!  

where t, and cr, are the mean and the standard deviation of X. 
respectively. The standardized variables, x,, have mean values 
of zero and standard deviations equal to unity. The limit state 
equation, Eq. 6, may be rewritten as: 

91 (x) = g1(x1,x.. ... x) 	 (11) 

Some of these variables may be statistically dependent on one 
another. Approximate technique exists to transform these de-
pendent variables into independent variables, e.g., Rosenblatt 
transformation (I 7,29,52). Without loss of generality, all the 
xe's may be assumed to be statistically independent of each other. 

Because of a scarcity of adequate field data, it is impossible 
to obtain full descriptions of random variables. However, suc-
cessful descriptions have been obtained in many fields by using 
only the lower order moments of a random variable(59). The 
second-moment method utilizes only the mean and the variance 
of each random variable. 

Figure 3 shows the limit state of two random variables, i.e., 
g1(x1,x2 ) in the standardized variable space. To facilitate the 
computation of j3, it is necessary to linearize the limit state 

Failure Probabilit 
/ y U 	I 	 g=R-Q  

Sniety Margin 

Figure 2 Measures of safety margin. 

equation at a point on the limit state surface. This linearization 
procedure may be expressed mathematically as follows: 

g1 (x) = (x - xT- C 	 (12) 

where superscript Tindicates the transpose of a vector or matrix, 
and 

are terms of the limit states surface gradient vector, G, eval-
uated at the linearization point, x', and g1 (x ) equals 0. There-
fore the mean and the standard deviation of the safety margin 
are, respectively 

= - (x')G. 	 (14) 

X I  

Figure 3. Advanced first-order second-moment reliability calcu-
lation. 

(10) 



= (G*TG*) 	 (15) 

yielding for the safety index 

$ = 	
(x)TG 	

(16) 
(G*TG)'2  

From Eqs. 14, 15, 16 and Figure 3, it can be shown that the 
computed safety index depends on where the limit state equation 
is linearized. The Hasofer-Lind safety index is the minimum 
value obtained from Eqs. 14, 15, and 16. Rackwitz and Fiessler 
(52) suggested an iteration scheme to solve for the true safety 
index. Shinozuka (56) suggested using the optimization algo-
rithm. The Phase I report (31) used the mean value method. 
As noted in the literature, this method may result in a different 
safety index if the problem is formulated differently (/9). The 
computation of j3, herein, is based on the iteration scheme 
suggested by Rackwitz and Fiessler (52). With some modifi-
cations, the computer algorithms for this computation were 
taken from NBS Special Publication 577 (19). 

RELIABILITY AND EXPECTED HAZARD 
ENVIRONMENT 

Given a specified hazard environment, the reliability or the 
probability of failure is a function of the time period under 
consideration. If T is the random variable indicating the time 
to the first failure event, the probability of failure and the re-
liability during the time interval [0,t] can be expressed as fol-
lows: 

Probability of 
Failure 	= F(t) = Prob. [ T < t] 	 (17) 
within [0,t] 

Reliability 
during [0,t] = L(t) = 1 —F(t) = Prob. [T> t] 	(18) 

In fact, as indicated by this notation, FAt)  is the cumulative 
probability distribution function of T 

If the hazard environment is described by a hazard function, 

hAt), such that h7(t)dt is the probability that failure first oc-
curred during [t, t+dt] under the condition that no failure 
occurred before 1, (7,22,42), then 

h(t)dt = Prob. [t< T< t+dtFT> t] 	(19) 

or 

f7<t) 	= f(t) = 
h(t) 	

I - F(t) 	L7.(t) 

where fT  is the probability density function of T. The reliability 
may then be written in terms of hAt): 

L,-(t) = I —F,(t) = exp [- 5' hr(u)duj 	(20) 

For rating practice, Eq. 20 may be written in the following 
format (35,42): 

L(t) = L(t,) exp [- 5 h, (u)dul 	
(21) 

While t is the time that the i°' inspection and/or maintenance 
was performed, L EO,) is the structure reliability at that instance. 
For a new design, however, t, = 0 and L(0) = 1, as indicated 
by Eq. 20. 

When designing a new bridge, load growth and strength de-
terioration must be forecasted over the design lifetime. Consid-
erable conservatism is required to ensure an adequate design. 
Once the bridge is built, information about the actual strength, 
load intensity, and response characteristics can be made avail-
able. Strength parameter and response mechanism used in the 
original design are usually conservative. Therefore, even the 
strength would deteriorate with time; the actual strength in 
existing bridges is often higher than expected. By gathering more 
information through tests and measurements, the hazard envi-
ronment to which a bridge is exposed can be estimated more 
realistically. Equation 21 demonstrates conceptually how the 
changing estimate of the hazard environment and known sat-
isfactory performance of the bridge can be used in the safety 
evaluation. In the context of this study, the more realistic hazard 
environment can be estimated based on inspection and main-
tenance results, truck weight, and traffic data, and so on. 

PROBABILITY OF FAILURE VS. SAFETY INDEX 

Several approaches may be used to quantify the probability 
of failure. If utility loss is considered to be "failure," about 44 
percent of the nation's bridges have failed because 44 percent 
of the nation's bridges have been classified as structurally de-
ficient or functionally obsolete (23). On the other hand, if only 
catastrophic events, such as collapse, are considered, only two 
reinforced concrete bridges are reported to have failed within 
the United States during the 10-year period (30). 

Galambos (23) reported that of the 560,000 bridges in the 
United States, about 5,000 are built each year to replace deficient 
bridges. This figure corresponds to an annual probability of 
failure of 0.009. In another survey, Imbsen (30) reported that 
the number of bridges closed during the last 10 years was 5,950, 
corresponding to an annual probability of failure of 0.001. How-
ever, new bridges may be built and existing bridges may be 
closed for many reasons other than structural failure. In the 
same study, Imbsen reported that the total number of bridges 
failed due to live load in the 10 years period is 596, which 
corresponds to an annual probability of failure 10 4. 

Most observed bridge failures are caused by floods (approx-
imately 150 annually according to Galambos (23)), fires, and 
earthquakes. These rare events have destroyed many bridges 
otherwise safe and sound. By excluding these rare events, the 
rate of annual bridge failure is in the range of iO to 10 5

. 

Augusti, Baratta and Casciati (5) suggested that the accept-
able lifetime probability of failure in civil engineering works 
should be: 103 for limit states that do not endanger lives, and 
10 	to 10_6  for disastrous limit states. 

Available data are rarely sufficient to establish a probability 
of failure for a certain class of structures. The acceptable lifetime 
probability of failure is also more or less a subjective decision. 
In code applications, it is generally accepted that the safety 
index /3, as defined earlier, is a preferred safety measure. If the 
safety margin has a normal distribution, the safety index $ may 



be translated to the probability of failure according to Eq. 8 	10-12 

(see Fig. 4). 
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CALIBRATION PROCEDURE 

Several major differences exist between evaluating an existing 
bridge and designing a new bridge: 

I. An existing structure already has a satisfactory or an un-
satisfactory service record. 

The expected remaining service lifetime of an existing bridge 
is usually much shorter than that of a new bridge. 

Deterioration and hazard environment (such as overload 
trucks) may be constantly monitored and updated on an existing 
structure through efforts of inspection, maintenance, and load 
control. 

The initial impact on the regional economy that results 
from the opening of a new bridge (or highway) will have already 
stabilized for an existing bridge, and the future growth of truck 
traffic volume in the shorter period of remaining lifetime may 
be predicted with greater certainty. 

With the ongoing development of field measurement and 
nondestructive testing methods, the actual member strengths 
and load effects of an existing structure may be verified or revised 
from the original design values. 

Ideally, these aspects should all be reflected in the code format 
for rating practice. The following factors are included in the 
proposed evaluation procedure: (1) quality of construction, (2) 
maintenance / inspection effort, (3) truck traffic volume and 
characteristic truck weight (including efforts of load control), 
and (4) .efforts spent in determining the load effects (dead load 
and live load distribution factors). 

In this project an ensemble of real bridges along with related 
data were gathered from across the country. Using represen- 
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Figure 4. Probability offailure vs. safety index—the safety margin 
is assumed to be a normal distribution. 

tative statistical data from the literature for the variables con-
sidered, the safety indices were evaluated. These safety indices 
represent the level of safety in existing bridges. Their sensitivity 
to construction quality, maintenance effort, load control, etc. 
are identified. By using these observed safety indices as a guide, 
the target safety index and corresponding partial safety factors 
were determined. 

CHAPTER THREE 

STATISTICAL DESCRIPTION OF DESIGN PARAMETERS 

The main objective of the second phase of this project was 
to pursue the calibration procedure more rigorously. Statistical 
parameters for the random variables discussed in this chapter 
were obtained from the literature whenever available. If the 
available information was limited, the formulation of the design 
variables was kept in its basic form so that calibrations can be 
updated as more information becomes available. In addition, 
the calibration may be repeated when necessary to account for 
unique environmental or traffic conditions of a particular state 
or geographic location. 

The basic form of the limit state equation is 

g = R - DL - LL 	 (22)  

where g is the safety margin as described in Chapter Two, and 
R, DL, and LL are resistance, dead load effect, and live load 
effect, respectively. Note also that random variables 1?, DL, and 
LL are functions of other random variables. 

RESISTANCE 

The basic random variables affecting the resistance, R, of 
reinforced concrete members are the actual concrete strength 
in tension and compression, the yield strength of steel reinforce-
ment, and the dimensions of the given member. For example, 
the nominal, ultimate flexural strength of an under-reinforced 
concrete beam may be expressed as 



(23) 

where A, = area of steel reinforcement, f, = yield stress of 
steel reinforcement, c = depth of Whitney's compressive stress 
block, and d = distance from extreme fiber in compression to 
the centroid of steel reinforcement. 

Each of these basic variables is a random variable. In addition, 
the form of Eq. 23 itself is only a theoretical approximation 
with inherent random error. To account for this random error, 
a correction random variable, NS, may be introduced as follows 
(4): 

R=NR.ASh.(d-;) 	 (24) 

All of the basic variables appearing in Eq. 24 may be con-
sidered explicitly in the limit state equation by substituting Eq. 
24 for resistance, R, into Eq. 22. Alternatively, however, a 
statistical analysis for the resistance, B, may be performed, thus 
allowing R to remain as a single random variable, as shown in 
Eq. 22. This second approach is the one most commonly used 
in probability based design codes. 

MacGregor and others (37,38,39) have recently conducted 
an extensive review of the available test data and field mea- 
surements for reinforced concrete members. They performed 
Monte Carlo simulation analyses to determine the statistics of 
the resistance of reinforced concrete members. The purpose of 
their review was to establish a national standard for building 
structures. Three major assumptions were made in carrying out 
the statistical analyses: ( 1 ) The variabilities of material strengths 
and dimensions correspond to average quality construction. (2) 
Material strengths are representative of relatively slow loading 
rates (i.e., "static" loading rate for steel yield strength and one 
hour loading-to-failure for crushing and tensile strengths of 
concrete). (3) Long-term strength changes caused by increased 
maturity of concrete, deterioration of concrete, and corrosion 
of reinforcement were ignored. 

The variabilities of the random variables are reproduced in 
Table 1 for material strength and Table 2 for member dimen- 
sions. The error in the modeling, i.e., factor AT5  in Eq. 24, was 
determined by comparing analytical predictions with test results. 
The bias (mean to nominal ratio) and the coefficient of variation 
for Na were determined to be 1.01 and 0.046, respectively. 

A few representative member cross sections were selected for 
the analyses. Comprehensive Monte Carlo analyses were con- 
ducted to generate an ensemble of B IB, for each selected cross 
section. R. is the nominal resistance value calculated by the 
ACT cede procedure and R is the resistance obtained from the 
Monte Carlo analysis. Because the values of B /R below the 
fifth percentile are most important in the reliability study, a 
normal distribution curve was selected to fit this portion of the 
data. The statistical data for this normal distribution curve are 
reproduced in Table 3. Typical values for the bias and the 
coefficient of variation are 1.10 and 0.12, respectively (24,37). 

When evaluating an existing structure, assumptions (I) and 
(3) above need further examination and should be included in 
the evaluation process. Although the results presented in the 
studies by MacGregor and others are considered state-of-the-
art knowledge about resistance of reinforced concrete members, 
one possible flaw in applying their hypothesis to bridge struc-
tures is that the quality control in bridge construction is nor-
mally better than average quality construction. 

Table 1. Material properties of concrete and steel reinforcement. [After 
MacGregor et a]. (29)] 
------------------------------------------ 

Standard 
mean 	Bias 	V 	Deviation 

Concrete Normal Control 

Compressive strength in 
structure loaded to failure 
in one hour. 

	

3111 psi 	 2760 psi 	0.920 	0.18 

	

4000 psi 	 3390 psi 	0.840 	0.12 

	

- 5000 psi 	 4020 psi 	0.806 	0.15 

Tensile strength in structure 
loaded to tailure in one hour 

	

f'c - 3000 psi 	 306 psi 	--- 	0.10 

	

= 4000 psi 	 339 psi 	--- 	0.10 

	

- 5000 psi 	 366 psi 	---- 	0.18 

Grade 40, statIc yield 	45.3 <si 	1.133 	0.116 	5.3 ksi 
Grade 60, sta tic yield 	67.5 )csi 	1.125 	0.098 	6.6 ksi 

Table  2. Dimensions of reinforced concrete sections. [After MacGregor 
et al. (29)] 

Standard 
Mean Error Deviation 

(Overall depth--nominal 
slab 	(1696 	swedish 	slabs) +0.03 in. 0.47 in. 

99 slabs) +0.21 in. 0.26 in. 
Beam 	108 	basso) -0.12 in. 0.25 in. 

(24 beams) +0.01 in. 0.55 in. 

(Effective depth--nominal) 
One-way slab; top bars 

(1696 swedish slabs) -0.75 in. 0.63 in. 
99 slabs) -0.04 in. 0.37 in. 

Values used -0.40 in. 0.50 in. 

One-way slab; bottom bars 
(2805 swedish slabs) -0.13 in. 0.34 in. 
96 slabs) -0.16 in. 0.35 in. 

Values used -0.40 in. 0.35 in. 

Beam, 	top bars -0.22 in. 0.53 in. 

(Beam stem width--nominal 
wid Ui) +0.10 in. - 	0.15 in. 

)Column width or breadth-- 
nominal) +0.06 in. 0.25 in. 

Cover, 	bottom 	steel 	in beams +0.06 in. 0.45 in. 

----------------------------- 
-0.35 in. 0.28 in. 

DEAD LOAD EFFECTS 

Two basic variables used in predicting the dead load effect, 
DL, are: (I) analysis variables to account for the uncertainties 
and bias of the analytical idealization, which transforms loads 
to load effects; and (2) load intensity and load placement on 
the bridge. 

In the Phase I final report for this project, the total dead load 
effect was defined as 

DL=C0EA,D, 	 (25) 

where D, is the load intensity of 15h  dead load category; A, is 
the associated analysis uncertainty variable; and Co is a deter-
ministic constant converting load intensity to load effect. 

With respect to analysis uncertainty, researchers generally 
agree (4,37) that there is an equal tendency to overestimate or 
to underestimate the dead load effect; hence, the mean value of 



',ay 	slabs 5 	in. 	thick, Grade 40 1.22 0.16 
S in. 	thick, Grade 60 1.21 0.15 
5 	in. 	thick, Grade 60 1.16 0.15 
7 	in. 	thick, Grade 60 1.12 0.14 

sts 13 in. overall depth, 1.13 0.135 
Grade 60 

f'c 	= 	5 	ksi ?- 	0.005 	= 0.09? b 1.18 0.14 
0.019 0.35? b 1.14 0.14 

f'c 	= 	5 	ksi = 	0.006 	= 0.14? b 1.04 0.08 
0.015 0.31? b 1.09 0.11 
0.027 = 0.57? b 1.05 0.11 
0.034 	= 0.73? b 1.01 0.12 

compression t'c 	= 	3 	ksi. 1.05 0.16 
fc = 	5 ksi 0.95 0.14 

tension f'c = 	3 and 5 ksi 1.05 0.12 

Continuous one_ 

Two-way slabs 

Flexure One-way pan joi 
reinforced 
concrete Beams, Grade 40 

Beams, Grade 60 

	

- 	Short columns, 
failures 

	

Axial load 	Short columns, 
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Table 3. Resistance statistics. = ===== === = 
After MacGregor et aL (29)] 

and flexure 	failures 
Slender columns, kl/h = 	20, 	f'c = 	S ksi 1.10 0.17 
compression failures 
Slender columns, kl/h = 	20, 	f'c = 	5 	ksi 0.95 0.12 
tension failures 

Beams with aid > 2.5, No stirrups 0.93 0.21 
ew  = 0.008 

Shear Minimum stirrups 1.00 0.19 

Flat plate slabs 
Pu 	= 150 psi 
Io sXear reinforcement 

1.09 
1.34 

0.17 
0.27 

A was set at 1.0. The coefficients of variation of A, should 
decrease as the levels of sophistication and rigor in the chosen 
analytical procedure increase (4,31). 

Rosenblueth (55) cited five examples where dead load in-
tensities and their effects were significantly underestimated. 
Four major sources of error were reported: (1) Actual thickness 
of structural elements almost systematically exceed their nom-
inal values (33). Typical examples are those listed in Table 2. 
(2) Evaluation failed to consider portions of the structural or 
nonstructural elements. (3) The unit weight provided by the 
material manufacturer tends to be less than the actual average. 
(4) Major discrepancies may have been caused by architectural 
changes or structure modifications not shown on the plans. 

These errors point to the likelihood that the dead load effects 
may not have been accurately predicted. Bias coefficients of the 
total dead load effects of 1.10 to 1.25 had been suggested in the 
literature for buildings (55). However, in reinforced concrete 
bridge structures, a large portion of the dead load is contributed 
by the weight of the structural concrete section. The only non-
structural elements generally contributing to the dead load of 
a bridge are the railing and the A.C. overlay. As demonstrated 
in Chapter Five, the most significant contribution to the dead 
load effect is due to the self-weight of the structural section. 
The bias coefficient and coefficient of variation assigned to this 
dead load category dominate all the dead load categories and 
thus will be considered as the basic random variable for dead 
load in the calibration. Galambos et al. (24) suggested using 
1.05 for the bias and 0.08 for the coefficient of variation for the 
total dead load. These values have also been adopted in the 
Canadian Standard Association's specifications for highway 
bridge design (10) for field cast concrete with good control. 
Based on this recommendation, the values suggested in the Phase 
I final report (31) seem appropriate, i.e., 8D = 1.05 and V,, = 
0.05 to 0.10. 

LIVE LOAD EFFECTS 

Four basic variables used in predicting the live load effect, 
LL, are: (1) analysis variables to account for the uncertainties 
and bias of the analytical idealization, (2) load intensity and 
load placement on the bridge, (3) the dynamic (impact) effect, 
and (4) load combinations to account for the multiple presence 
of trucks on the bridge. 

LIve Load Model 

Live load modeling, which includes these variables, is cur-
rently the most complicated aspect in the limit state equation 
for highway bridges. Extensive analytical treatment (26,2Z32) 
and limited field measurements (25,44) have contributed to 
identir the most important parameters in the live load model, 
which include: (1) truck configuration (truck type, axle spacing, 
and axle percentage of weight distribution); (2) gross truck 
weight; (3) multiple presence of trucks on the bridge (including 
lane occupancy effect, which is dependent on the headway dis-
tance between trucks, truck traffic volume, span length, and 
side-by-side effect that depends on the maximum number of 
traffic lanes); and (4) impact, which is dependent on the road-
way roughness, vibration characteristics of the superstructure, 
and dynamic characteristics of the vehicle. 

Although the important parameters have been identified, the 
greatest uncertainty comes from probable future trends to in-
crease the weight of vehicles (44). 

In the Phase I final report, the equation for the live load 
effect model was defined as 

LL = CL  BL (1+1) 	 (26) 
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Table 4. Characteristic truck weight, W, (95 percentile value) based on 
the truck traffic volume for the two vehicles suggested by Moses. 
------------------ 
Truck Traffic 	 H (kips) 
Volume 	 Single 	Semi 

Light (200 Trucks/day) 	 38 	 68 

Moderate (2,000 Trucks/day) 	 47 	 75 

Heavy (10,000 Trucks/day) 	 52 	 82 

where L is the equivalent load intensity, B is the analysis un-
certainty variable, I is the dynamic impact effect, and C, is a 
deterministic constant converting load intensity to load effect. 
Moses (25,44) recently proposed a more pragmatic live load 
model in which the formulation for the maximum moment, LL, 

in superstructures is expressed as: 

	

LL = amWHg(l+1) 	 (27) 

where a = deterministic constant which converts loads to load 
effects, m = random variables accounting for variations in the 
axle spacing and the axle percentage of weight distribution, W 
= truck weight random variable, H = random variable ac-
counting for the multiple presence of vehicles, g = girder dis-
tribution variable accounting for the analysis uncertainties, and 
I = impact. 

It should be noted that Eqs. 26 and 27 can be made equivalent 
in the Second-Moment Method used herein. However, Eq. 27 
provides more flexibility to incorporate the contribution of each 
basic random variable. The uncertainty in the live load effect 
is believed to be larger than that of the resistance and dead load 
effects. 

In this study, Eq. 27 is simplified to 

	

LLaWHg(l+J) 	 (28) 

where W is the characteristic truck weight (95th percentile 
value), and the uncertainty in It' and the random variable m, 
as defined in Eq. 27, are lumped into the random variable H. 
Based on weigh-in-motion studies, Moses (41) suggested ten-
tative values for the characteristic truck weight, W, mean mul-
tiple presence factor, H, and the coefficients of variation for the 
multiple presence factor, VH, which are given in Tables 4, 5 and 
6, respectively. The characteristic trucks used in Table 4 are 
explained in detail in the next section. 

Table 5. Mean multiple presence factor, H, based on the truck traffic 
volume and span length. 

Truck 	Span H 
Traffic 	Length 	C 40 	ft 40 	ft-100 	ft >100 	ft 
Vu 1 use 
-------------- 

Light 	(200 Trucks/day) 2.2 2.42 2.64 

Moderate 	(2,000 	Trucks/day) 2.4 2.64 2.88 

Heavy 	(10,000 Trucks/day) 2.5 2.75 3.00 

Table 6. Coefficients of variation for the multiple presence factor. V h, 
based on the weight control and span length. 

V H  

Weight 	Span 	C 40 ft 	40 ft-lOU ft 	>100 ft 
control 	Length 
---------------------------------------------------------- 
Enforced 	 0.20 	0.17 	0.15 
Unenforced 	 0.23 	0.20 	0.18 

effect due to either one of the two trucks, depending on the 
span length. 

However, in design and rating practice, the AASHTO HS 
standard truck is used to standardize the maximum live load 

84% 

16% 

18 ft 

(a) Single Body Truck 

4% 	 44% 

12% 
13 ft 	1 	 26 ft 

(b) Semi Tractor Trailer 

Converting Live Load Moments Obtained in Field 
Measurements to the H520 Design Truck 

As previously mentioned, one of the parameters in the live 
load model is the truck configuration which includes truck type, 
axle spacings, and percentage of axle weight distribution. Based 
on field measurements, Moses suggested two vehicle configu-
rations, a single body truck (designated "single") and a tractor 
semi-trailer (designated "semi"), as representative trucks on 
the highway that are shown in Figure 5 (a,b). The maximum 
live load effect on a bridge structure will be the larger load 

4% 44% 

12% 

1 1 14 ft 14 ft 

(c) AASHTO HS- Truck 

Figure 5. Truck configurations for a single body truck and a 
tractor semi-trailer truck suggested by Moses, and an AASHTO 
H520 truck 
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effect. To make use of the field data obtained from weigh-in- 	Table 7. Maximum longitudinal moment influence coefficients, a, due 
motion measurements (43,45) such that the actual truck loading 	to H820 design truck and trucks suggested by Moses for unitized gross 
on the highway may be estimated, it is necessary to convert this 	vehicle weight. 

HS20 live load effect to the two load configurations suggested Type of Truck 

by Moses. A sketch of the HS20 design truck showing the axle 5pan  
?ftt1 

spacing and percentage axle weight distribution used for the  
i 	US 20 	Single 	Semi 

conversion is included in Figure 5(c). 
Parameter studies were conducted to compute the moment 0 	56 	1 	05 	0.56 

envelopes for the HS20 design truck and the two trucks proposed 
by Moses for simple-span bridges with span lengths ranging 10 	 1.11 	 2.10 	1.11 

from 5 ft to 100 ft. The longitudinal moment envelopes were 
computed using a plane frame analysis program (BDS: Bridge 20 	 2.22 	4. 21) 	2.22 
Design System (20)). The maximum values of the moment 
envelopes due to unitized gross vehicle weights are given in 30 	i 	3.92 	6.30 	3.42 
Table 7. 

The characteristic truck weights (95 percentile value) for the 
two representative configurations and different truck traffic vol- 

40 	 6.25 	8.56 	4.82 

umes reported by Moses are given in Table 4. Using the gross 
vehicle weight of 72 kip for an HS20 truck, the moment ratio, 50 	 8 	72 	11- 06 	6 	48 

r,4, is defined as 

- .M'V.hkIe - a* W 
r,, - ______ - 	•,,, 	 (29) 

'I1S2O aHS2O L 

where a and a 520  are the generalized influence coefficients for 
moment listed in Table 7. Using the load intensities, W for the 
three designated categories of truck traffic volume, moment 
ratios, r, for the two trucks were computed for span lengths 
up to 100 ft. Plots of these moment ratios versus span length 
for heavy, medium, and light truck traffic are included in Figures 
6(a), 6(b), and 6(c), respectively. 

EFFECT OF VEHICLE CONFIGURATION 
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Figure 6(a). Moment ratios for converting simple span longitu- 	Figure 6(b). Moment ratios for converting simple span longitu- 
dinal moments for the AASHTO HS20 truck to representative 	dinal moments for the AASHTO HS20 truck to representative 
trucks suggested by Moses-heavy truck traffic. 	 trucks suggested by Moses-moderate truck traffic. 
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For Span lengths shorter than about 60 ft, the maximum 
longitudinal moment is generally governed by the single body 
truck; while for span length longer than 60 ft, the tractor semi-
trailer governs. 

To estimate the maximum moment corresponding to those 
measured by Moses, the HS20 moment should be multiplied by 
a conversion factor, which is simply the larger of the two mo-
ment ratios plotted in Figures 6(a), 6(b), and 6(c). The Con-
trolling moment ratios for the three truck traffic volumes are 
plotted in Figure 7 and are given in Table 8 for span lengths 
considered. 

Load Distribution of Concrete T-Beam Bridges 

In the current AASHTO code, the girder distribution factor, 
g, i.e., number of wheel lines per girder, is defined in terms of 
girder spacing 5, 

EFFECT OF VEHICLE CONFIGURATION 

LIGHT TRUCK TRAFFIC 

	

0.00 I 	 . 
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	120 

SPAN LENGTH (FT) 

Figure 6(c). Moment ratios for converting simple span longitu-
dinal moments for the AASHTO HS20 truck to representative 
trucks suggested by Moses-light truck traffic. 

LONGITUDINAL MOMENT RATIO 

= S/6.5 for a bridge designed with one lane loaded 
g 	

J
5/6 for a bridge designed for two or more lanes 

To study the lateral load distribution among girders and to 
examine the accuracy of the current AASHTO "S-over" for-
mula, a series of simple-span, five-girder T-beam bridges were 
studied herein. The girder depth, slab thickness and overhang 
width was based on typical values as defined in Appendix C of 
the Phase I report (31). Span lengths of 30, 45, 60, and 80 ft 
and girder spacings of 4, 5, 6, 7, 8, and 9 ft are considered. This 
comprised a family of 24 bridges. 

Vehicle loadings in both one and two lanes were considered. 
Trucks were placed on the bridge to maximize the moments in 
both the interior and exterior girders. 

Table 8, Live load moment correction factor, ri,, to be applied to 
AASHTO truck for correlation with that actually measured by Moses. 

Figure 7. Moment ratio based on the controlling single or semi- Note: Above the dash line, Single Truck controls. 
trucks for varying degrees of truck traffic volume. 	 Below the dash line, Tractor Seroi-Trailor controls. 



Figure 8. Schematic of a typical 
five-girder T-beam bridge and 
the placem ents of two trucks with 
wheel gages of6ft. 
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Two methods of analysis were employed. In the first method 
(40), the bridge superstructures were modeled with a grillage 
system composed of interconnected longitudinal and transverse 
beam elements. The longitudinal beams, which modeled the 
girder, were placed eccentric to the middle surface of the deck 
slab using a rigid link; the transverse beams, modeling the trans-
verse fiexural effect, were placed at the middle surface of the 
deck slab. 

The second method (34) used was a semi-analytical proce-
dure. The flexural response was decomposed into a longitudinal 
variation and a transverse variation, w(x,y) = u(x)v(y). 

The longitudinal variation, u(x), is represented by Fourier 
series; while the transverse variation, v(y), is modeled by discrete 
elements. The structure is considered as an assemblage of in-
terconnected rectangular elements, simply supported at two 
ends. The applied forces are resolved into Fourier series com-
ponents. A direct stiffness analysis based on classical thin plate 
bending theory and plane stress elasticity theory is carried out 
for each Fourier component. The final results are obtained by 
summing the solutions of all Fourier components. This type of 
analysis is efficient and accurate; but is limited to bridges without 
skew or curve. Furthermore, cross-sectional properties must be 
constant for the entire length of the structure. 

Both methods gave essentially the same results (the differ- 

ences were within 4 percent). The second method is simpler to 
apply, but with some restrictions as noted above. The first 
method is more versatile for any kind of nonprismatic variation, 
skewed support, etc. 

A cross section of the representative five-girder T-beam bridge 
i's shown in Figure 8. Also, shown in the figure are the positions 
of the wheel lines to produce the maximum girder moments. 

The wheel load distribution between the girders for the 45-
ft span bridges are shown in Figures 9 and 10 for one lane 
loaded case and in Figures 11 and 12 for two lanes loaded case. 
Due primarily to the torsional rigidity of the superstructure 
cross section as a whole, cxtcrior girders carry much higher 
truck load than the interior girders. In comparing Figures 10 
and 12, the contribution due to the second (adjacent) loaded 
lane, which increases with larger girder spacing, may be deter-
mined. At 9-ft girder spacing, the contribution from the second 
loaded lane is about 34 percent of the first loaded lane. Con-
tribution due to additional truck loads (if possible) will be much 
less because they will have to be placed further away from the 
exterith girder under consideration- For example, the contri-
bution to the exterior girder load from the third loaded lane 
(for 9-ft girder spacing) is about 7 percent (estimated from Fig. 
9) of the first loaded lane. 

Figures 13 and 14 show the wheel load distribution factor g, 
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Figure 9. Wheel load distribu-
tion for a typical T-beam bridge 
(L = 45ft) with varying girder 
spacings with one lane loaded to 
maximize the central girder 
load. GIRDER NUMBER 

with respect to girder spacing for interior and exterior girders, 
respectively. Results for four different span lengths are based 
on the case with two lanes loaded. For interior girders, g de-
creases with increasing span length; whereas the contrary is true 
for the exterior girder. In any case, the variation of g with 
respect to span length is much smaller than its dependence on 
the girder spacing. Also shown in the figures are the empirical 
AASHTO relationships for girder distribution. Even for the 
simple structural configuration (straight, simply supported, no 
skew) considered here, AASHTO yalues tend to be conservative 
for interior girders with girder spacings greater than 8 ft, and 
unconservative for exterior girders. Further examination of the 
wheel load distribution problem is beyond the scope of this 
study. An ongoing study (NCHRP Project 12-26) is devoted 
to evaluating the adequacy of existing empirical formulas for 
different structural configurations and the analytical procedures 
available. At this stage, it is assumed that the analytical solutions 
obtained may apply to all reinforced concrete girder bridges. 

The numbers of T-beam bridges at each span length range 
were obtained from a survey of the National Bridge Inventory 
File (NEIF) for the maximum span lengths of each bridge type, 
as shown in the histogram included in Figure 15. Assuming 
that for a given girder spacing, the distribution of span length 
is the same as shown in Figure 15, the weighting factor based 
on the percentage of bridges in the span length range may be 
assigned to each span length accordingiy. The weighting factors 
corresponding to the four ranges of span length are given in 
Table 9. 

Thus for interior girders, the mean girder distribution, g, for 
the given spacing may be obtained as a weighted average of the 
girder distribution corresponding to the four span lengths for 
girder spacing ranging from 4 to 9 ft, as shown in Table 10. 
Also shown in the table is the computed bias, 8, of the 
AASHTO to the mean girder distribution g determined ana-
lytically. A coefficient of variation of 5 percent for the girder 
distribution was used in the calibration. 



T-BEAM LOAD DISTRIBUTION 
L=45 FT., EXTERIOR GIRDER (MUPDI3 RESULTS) 

16 

Figure iO. Wheel load distribu-
tion for a typical T-beam bridge 
(L = 45 fi) with varying girder 
spacings with one lane loaded to 
maximize the exterior girder 

load. 
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Table 9. WeightIng factors for the span length of T-beam bridges 
based on the NBIF (1985). 

Span Length 	Weighting 
L (ft) 	 Factors 

30 0.63 
45 0.18 
60 0.14 
80 0.05 

Table 10. Mesa values and bias coefficients for wheel load distribution 
In T-beam bridges for a given girder spacing. 

Girder Spacing 
S (It) 	4 	5 	6 	7 	8 	9 

0.777 0.897 1.076 1.198 1.305 1.423 

1.166 1.076 1.076 1.027 0.979 0.949 
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Figure]]. Wheel load distribu-
tion for a typical T-beam bridge 
(L = 45 ft) with varying girder 
spacings with two lanes loaded to 
maximize the central girder 
load. 
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Load Distribution of Concrete Slab Bridges 

In the AASHTO code,the load distribution of slab bridges is 
specified as a distribution width, E, for each wheel line loading, 
expressed as £ = 0.06 L + 4 < 7 ft. The girder distribution 
factor g, i.e., number of wheel lines per unit slab width, is g = 
(1)/(E). 

To evaluate the accuracy of the AASHTO formula, a series 
of slab bridges with span length ranging from 5 ft to 100 ft (i.e., 
spans 5, 15, 25, 40, 50, 60, and 100 ft) and width of 25 ft and 
50 ft were studied using the two methods described previously. 
Two trucks and four trucks are placed close to the edge of 25 
ft and 50 ft wide bridges, respectively. Both methods gave es-
sentially the same results. 

Figure 16 shows the lateral distribution of moment for bridges 
with 25-ft span length. 

Figure 17 shows the distribution width F obtained from these 
analyses and also the AASHTO F values. Except for span length 
less than about 20 ft, the AASHTO formula seems to overes- 

timate the wheel line distribution width considerably, resulting 
in an unconservative design. 

The histogram included in Figure 18 shows the number of 
slab bridges within each span length range. Weighting factors 
corresponding to each span length range are given in Table II. 

The mean values of lateral distribution, g, are 0.193 and 0.206 
for two-lane and four-lane bridges, respectively. The bias coef-
ficients, 8" reflect the differences between g (i.e., I /E) given 
by the AASHTO formula and those obtained analytically. The 
bias coefficients for two and four lanes for span lengths 15 to 
60 ft are given in Table 12. 
As for the T-beam bridges, a coefficient of variation of 5 

percent will be used for the slabs in the subsequent calibration. 

Impact 

The impact effect is the additional dynamic response caused 
by the vehicle-induced bridge vibration. The vehicle-bridge in- 
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teraction is governed by the following factors: (I) vehicle vi-
brations (bouncing, pitching, and wheel hopping modes), (2) 
natural frequency of bridges, and (3) roadway roughness and 
vehicle speed. 

The majority of existing bridge design and rating codes relates 
the impact effect to the maximum span length. The recent On-
tario Highway Bridge Design Code (50) assigns the impact factor 
directly as a function of the bridge's fundamental frequency of 
vibration. Tmplicitly, this assumes that the excitations imparted 
to the bridge, due to combined vehicle vibration and roadway 
roughness, are within two specific frequency ranges. These are 
the body bounce frequency in the range of 2 to 5 Hz and the 
"wheel hop frequency" in the 10- to 15-Hz range. Whenever 
the fundamental frequency of a bridge is within these ranges, 
the impact effect is amplified due to the presumed resonance. 

The physical phenomenon is, however, much more compli-
cated. The vehicle suspension is a nonlinear mechanical system 
and its frequency will decrease with increasing amplitude of 
excitation. The roadway roughness may be characterized by the 
amplitude A and the wavelength X (57). For vehicles moving 
with speed V the excitation frequency isf = V/A. Depending 
on the vehicle speed, V and roadway roughness, (A,A), different 
vehicle vibration modes will be excited. 

Theoretically, resonance may occur if these frequencies are 
tuned to each other. Although resonance may occur under a 
single vehicle loading; it is, however, unlikely to occur under 
multiple random traffic loading conditions. There is only a small 
likelihood that vehicles undergoing "impact" motion will be 
completely in-phase with one another. 

For beam and slab bridges with span lengths less than about 
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82 ft, the fundamental flexural frequency is usually higher than 
5 Hz (51). The vehicle bouncing frequency is typically 2 to 4 
Hz or lower. Therefore, for the class of bridge structures under 
consideration, the resonance amplification is very unlikely. 
Rather, the bridge structure will undergo forced vibration with 
excitation frequencies depending mainly on vehicle speed and 
roadway roughness. 

Although higher impact factors have been reported in isolated 
physical tests (12) they have been caused by test vehicles that 
are lighter than the fully loaded design vehicle. 

Based on weigh-in-motion measurements of bridges under 
normal traffic, Moses (41) suggested that impact may be as-
signed based on the roadway roughness. Accordingly, the fol-
lowing mean impact factors were used in the calibration and 
the recommended rating guidelines. 

For smooth roadway 	(1+1) = 1.10 

A coefficient of variation of 8 percent was used for the impact 
factors, (1 + 1), in the calibration. 

Multiple Occurrences of Trucks 

The maximum live load effect is usually caused by the multiple 
occurrences of trucks on the bridge, i.e., side-by-side or same 
lane occupancy effects. To account for this effect, a multiple 
presence factor, H, is introduced into the load model in Eq. 28: 
LL = aWHg(1+I). 

In deriving the statistics for the random variable H in Eq. 
28, all trucks in the site are considered as random trucks. Ideally, 
it would be desirable to formulate load models to account for 
the mixed occurrences of random trucks and the much heavier 
permit trucks. As suggested by Moses et al. for a two-lane bridge 
(41a), the load model may be revised for the occurrence of a 
permit truck alongside with a random truck, 

and for rough roadway 	(1+1) = 1.20 	 LL = (a Wa + P) Ch  g(1 + 1) 	(30) 
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where special permit trucks are separated from remaining ran-
dom trucks. In Eq. 30, a is the overload variable for a single-
lane random truck, P is the maximum moment (random vari-
able) due to a permit truck alongside, and Ch is a correction 
variable to account for the same lane occupancy effect. Fur-
thermore, for the rare case of the side-by-side occurrence of two 
permit trucks, the live load model may be written as: 

LL=2FCg(l+1) 	 (31) 

For a two-lane bridge, the foregoing equations cover all pos-
sible truck occurrence combinations. If the load data are suf-
ficient to provide all necessary statistics, such as percentage of 
permit trucks and the probability of the mixed truck occurrences  

in the two-year rating period, the permit trucks may be isolated 
from the remaining random trucks and a general checking for-
mat such as presented in Eqs. 1 and 2 may be derived. However, 
the data available are limited, and it is out of the scope of this 
study to address this issue. In the forthcoming NCHRP 12-
28(11) project entitled "Development of Site-Specific Load 
Models for Bridge Rating," this important issue undoubtedly 
will be addressed more carefully. 

As presented by Moses et al. (41a) the multiple presence 
factor, H, is calculated by the following four steps: 

Calculate the histogram of the total truck weight of side-
by-side occurrences. 

Project the expected maximum weight for a rating period 
of two years based on the total (side-by-side) weight histogram. 
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Determine the ratio of this expected maximum weight to 
that of the 95 percentile characteristic weight of a single truck. 

H is obtained by multiplying the ratio by a correction 
factor Ch  to account for the same lane occupancy effect. 

Note that most of the live load data available to date are 
based on measurements of two-lane bridges (41a). As is evident 
from section under "LoadDistribution of. Concrete T-Beam 
Bridges," the third loaded lane has only a minimal effect on 
the maximum moment in a bridge component. In addition, the 
probability of three lanes simultaneously loaded is much less 
than two. Based on these considerations, it is concluded that g 
the maximum load effect in a bridge component is governed by 
the two-lane loaded case. Thus, the data gathered in determining 
the multiple presence factor, H, is consistent for use in bridges 
with two or more lanes. An example is included in the following 
section to demonstrate how the HS20 moment effect can be 
converted to the "average" random trucks as shown in Figure 

 

Exampie—Woodbridge Bridge, California 

Single span, simply supported, two lane, T-beam bridge. 
Span length = 26 ft. 
Girder spacing = 6.52 ft. 
For one H520 truck, the maximum moment at midspan is 

MRS2O = [(32)(26)]/4 = 208 hp-ft. 
AASHTO girder distribution: A45Hw = 6.52/6 = 1.0867 

wheel lines. 
AASHTO impact: I + I = 1.33 (use 1.3). 
Therefore, the design maximum girder moment is: M°,=  = 

(208/2) (1.0867)(1.3) = 147 kip-ft. 

Figure 15. Histogram showing the distribution of maximum span 
length for reinforced concrete T-beam bridges in the United States 
(NBIF 1985). 

For calibration purpose, the mean maximum girder moment 
based on limited field measurements and an improved response 
model is expressed in the format of Eq. 28. The longitudinal 
moment ratio is applied to obtain maximum girder moment 
caused by the two trucks that have been suggested by Moses 
as being representative of vehicles on the highway. 

From Eq. 29, the moment effect caused by one of the mea- 
sured trucks is: aW = rp, * MHS2O = 	* aHS2O * (72). 

From Figure 7, the longitudinal moment ratio for span length 
of 26 ft and light traffic is: r,, = 0.92. 

At a particular site, the characteristic truck weight, W, de-
pends on the controlling truck configuration and traffic volume 
(Table 4). Since these two factors have been taken into account 
in determining r,,,, a W as appeared in Eq. 28 can be replaced 
by the product of rM  and the H520 moment, M 520, which is 
readily available. 

Other parameters needed in calibration are: 

= 2.2; VH  = 0.23 (Tables 5 and 6). 
Vg  = 0.05 (assumed). 
8g  = 1.051 (Table 10). 

* g44510 = 1.051 (1.0867) = 1.14. 
(1+1) = 1.10; V1 , = 8 percent (smooth roadway). 
Therefore, the expected maximum moment due to a single 

random truck is: MG = a * K' = r,, • Mn,,,, = (0.92)(208) 
= 191 hp-ft. 

Accounting for the effect of multiple truck occurrence, the 
expected maximum girder moment is: M? aj, 
aWHg (1+1) = (l91)(2.2)(1.14/2)(l.lO) = 264 hp-ft. 

Live Load Effect for Routing Rating 

To conduct routing bridge rating, AASHTO has three legal 
trucks (Type 3, Type 352, and Type 3-3) in addition to the HS-
design trucks. In previous discussions, the AASHTO HS20 truck 
was used. However, it is not difficult to convert the moment 
effect from one truck to another type of truck, as illustrated by 
the longitudinal moment ratio. 

An essential part of this study is to calibrate load factors 
based on measured truck load data. Strictly speaking, the live 
load effect, L, should be computed for the controlling single or 
semi-trucks as suggested by Moses, and the rating factor cor-
responding to the actual truck traffic may be determined as 
follows: RF =(PR - V DD/V LL 

For H520 truck ratings using the same load factor, the rating 
factor is: 

RFHS2O - - 	
-y0D 

'IL MHS20 
L+R —7DD rM *RF (32) 

MHS2O 	'IL L 

The rating factor for the actual truck traffic can be obtained 
by a simple conversion 

RF = 	RFff520 	 (33) 
rM 
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Figure 16. Transverse distribu-
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Span Length 	Weighting 
L (ft) 	 Factors 

15 0.26 
25 0.52 
40 0.15 
50 0.05 
60 0.02 

Table 12. Bias coefficients for wheel load distribution in slab bridges 
for a given span length. 

L (ft) 	15 	25 	40 	50 	60 

Two lane 	0.946 1.062 1.236 1.352 1.352 
Four lane 	1.008 1.132 1.317 1.441 1.441 
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Table 11. Weighting factors for the span length of slab bridges 	 REINFORCED CONCRETE SLAB BRIDGES 
based on the NBIF (1985). 

'965 

From Table 8, it can be seen that for bridge spans greater 
than 30 ft under heavy truck traffic, the HS20 rating factor is 
very close to the actual truck rating (less than 9 percent dif-
ference). However, for light traffic conditions, the HS20 rating 
could underestimate the actual truck rating and the controlling 
single or semi-truck rating is shown in Figure 19 for different 
truck traffic. 

Similar steps can be taken to convert AASHTO legal vehicle 
ratings to actual truck ratings. The longitudinal moment ratios, 
TA, to convert AASHTO legal truck moments to HS20 moments 
may be computed as 

a * 	- 
r4 	 - 	 (34) 

a,,520 * (72) 	M,,520  

From this relation and the ratio r, 	can be convened 
to the corresponding actual truck moment 

MsHw  = 
rA  * L 	 (35) 
4, 

Therefore, the AASHTO legal truck rating can be converted 
from HS20 rating or actual truck rating: 

RFsHw = Rfasm = rM   RF 	(36) 
TA 	r4 

The conversion factors between the AASHTO legal truck ratings 
and the controlling single or semi-truck ratings are shown in 
Figures 20(a), 20(b), and 20(c) for different truck traffic. 

Note that the live load parameters reported in this chapter 
are based on limited field measurements and should be regarded 
as tentative values. However, the subsequently determined live 
load factors can also be used to rate HS20 or AASHTO legal 
trucks with the recognition that the rating factor corresponding 
to the controlling single or semi-trucks on the highway can be 
obtained by conversion factors, as shown in Eqs. 32 and 36. 

MAXIMUM SPAN LENGTH (FEET) 

Figure 18. Histogram showing the distribution of maximum span 
length for reinforced concrete slab bridges in the United States 
(N.oIF) 1985. 
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CHAPTER FOUR 

AN ENSEMBLE OF EXISTING BRIDGES 
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An evaluation of selected portions of the FHWA National 
Bridge Inventory File (NBIF) (60,61) was conducted as part 
of this study. Table 13 includes a listing of an inquiry into the 
file to determine the various structural types and performance 
histories of reinforced concrete bridges. The listing contains a 
breakdown by bridge types and by sufficiency ratings of the 
number of bridges built within a given time period. Based on 
national totals shown in this table, attention will be focused on 
the reinforced concrete slab and T-beam bridge types. Bridges 
having sufficiency ratings less than 50 are eligible for replace-
ment, those equal to or greater than 50 but less than 80 are 
eligible for rehabilitation, and those equal to or greater than 80 
are not eligible. Based on the percentage of bridges needing 
rehabilitation (i.e., sufficiency rating 50-80), from each of these 
year groups, as shown in the first column of Table 13, this 
project will focus on bridges built in the 1920 to 1950 period. 

A summary of the vehicle types used to rate the bridges within 
each of the bridge-type categories is also included in this tab-
ulation. The HS loading is used more than either the H loading 
or the other loadings (e.g., Type 3, Type 3 52, etc.) 

The tabulation in the last five rows gives the gross weight of 
the rating vehicle at the operating level. It should be noted that 
a significant number of slab and T-beam bridges have operating 
ratings below the HS20 loading. 

Table 14 gives the total number of slab and T-beam bridges 
by state. The table also shows the distribution of sufficiency 
ratings for all reinforced concrete bridges within each state. This 
listing was compiled from the NBIF listings for each state similar 
to those in Table 13. Five States (California, Pennsylvania, New 
York, Ohio, and Illinois) were contacted to assist in gathering 
sample bridges for the sensitivity studies. Both slab and T-beam 
bridges were included from the five States contacted in the data 
base being assembled for this project. A total of 21 T-beam and 
15 slab bridges were considered. 

The physical characteristics of the bridges and load capacity 
ratings, and selected items from the NBIF are assembled in 
Tables 15 through 20. Additional pertinent information from 
the inspection reports obtained from individual states is assem-
bled in these tables. In order to determine the truck traffic 
volume, the average daily traffic (ADT) from items 29 and 30 
of the NBIF was utilized. The deck condition (item 58) provided 
a basis for determining the surface roughness that was used for 
determining impact effects. The superstructure condition (item 
59) was used to indicate level of maintenance effort expanded 
on each of the bridges. 

The rating factors, as calculated by the states for an H520 
AASHTO truck loading at inventory and operating levels, are 
included in Tables 16 and 19. As indicated, these rating factors 
are based on AASHTO load factor and/or working stress cri-
teria. 

DESCRIPTION OF THE EXISTING T-BEAM 
BRIDGES 

Schematics of the T-beam bridges are included in Appendix 
D. These bridges have construction dates ranging from 1911 to 
1963. As indicated in Table 15, the number of T-beams, span 
lengths, slab thicknesses, girder depths, depth-to-span ratios, 
concrete strengths, and the yield strengths of reinforcing steel 
for the bridges vary over a wide range. The load capacity ratings 
and the selected items from the NBIF and inspection reports 
are presented in Table 16 and Table 17, respectively. 

DESCRIPTION OF THE EXISTING SLAB BRIDGES 

Schematics of the slab bridges are also presented in Appendix 
D. The construction dates range from 1920 to 1952. The span 
length, slab thickness, depth-to-span ratio, concrete strength, 
and yield strengths of reinforcing steel for the bridges are given 
in Table 18. The load capacity ratings and the selected items 
from the NBIF and inspection reports are given in Table 19 
and Table 20, respectively. 



Table 13. Inquiry into the FHWA National Bridge Inventory File (NEIF). 

MATRIX 
U.S. DEPARTMENT OF TRANSPORTATION - FEDERAL HIGHWAY ADMINISTRATION 

NATIONAL BRIDGE INVENTORY DATA AS OF OCTOBER 11, 	1964 
HIGHWAY BRIDGES WITH CONCRETE STRUCTURE MATERIAL ITEM 43* = I OR 2 

AND TYPE OF DESIGN ITEM 438 = 01 THROUGH 06 

Girder and 	tee Box Beam 	Box Beam 
Stringer Floorbealn Beam Multiple 	Single 

02 =03 =04 =05 06 COUNT 

19.582 2,963 34,311 7.301 822 129.411 

1.253 777 1.799 281 15 6,718 

2.286 877 6.992 260 18 16.912 

2.004 384 6,161 267 13 16,605 

1.251 153 2,793 171 12 90910 

4,499 318 7.042 1,289 157 26,614 

8,089 454 -9.389 5.046 610 49,638 

SuffLcienCy Rating 

SR C 50. 50.- 80. > 80. 

15,519 51,331 57.274 

2.985 3,910 1.850 

4,330 9,154 3.468 

3,133 9.354 4.186 

1,503 5,609 2,830 

1.955 - 	14,545 10.306 

1,420 14,388 34.216 

5,549 22.681 11.045 

3,584 18.001 31.102 

5.863 14,904 13,235 

19158 128 310 

3,919 5,307 476 

1,827 3.310 706 

4,425 20.683 12,688 

4.660 28.145 41,954 

11/19/84 

COUNT 

2.7* (20 

2130 

31-40 

=41-50 

=51-60 

> 60 

164* = 	1 18.855 8,443 917 9.942 978 16 39.211 

0' 
 'e. 

0 
0' 

= 	2 24.017 8.032 978 13.605 5,313 218 52.159 

= 3-9 19.112 2.176 1,003 10,197 892 513 33,893 

0' o,  1648 <=5 935 274 84 263 34 3 1.593 

% =06-15 6.501 1,529 336 1,170 149 7 9.698 

'.4 Q 
15-19 3,120 932 222 1.318 236 12 5.840 

o U, 

S 
20-35 18.776 7,855 1.117 8.947 858 122 37,735 

35 34,724 8,814 1,245 22.695 5.971 669 14,124 

Type of loading: 
= H loading 	2 = 55 loading 3-9 = Other loads 

Slab 
143R= 01 

68,406 

41633 

6,463 

7,776 

5,524 

13.309 

26.046 



Table 14. National Bridge Inventory totals 

STATE 

WN(YEIE 
SLAB 	T-BEAM 

SUFFICIENCY RATING 
SRc 50 	50cSR>80 	SR>80 

Alabama 681 2074 616 2523 III 

Alaska 9 3 1 ID 12 

Arizona 773 151 49 314 717 

Arkansas 1925 1994 309 2702 973 

California 4654 3337 597 2954 8395 

Colorado 167 929 71 435 705 

Connecticut 207 131 49 284 243 

Delaware 61 I I 14 52 

D.C. 3 3 2 12 9 

Florida 1762 141 332 1373 778 

Georgia 1153 1947 120 1940 1114 

Hawaii 179 242 118 286 134 

Idaho 64 324 67 192 404 

Illinois 3622 1787 794 2040 3466 

Indiana 2041 367 739 1373 2087 

Iowa 2852 428 196 1226 2526 

Kansas 3501 1288 802 3112 2381 

Kentucky 317 3138 443 2148 1045 

Lotaitiana 3640 471 404 2001 2182 

Maine 378 310 42 382 271 

Maryland 309 54 132 233 159 

Massachusetts 278 177 140 134 367 

Michigan 263 778 149 451 737 

Minnesota 341 0 215 474 472 
Mississippi 1174 250 658 2301 1258 
Miosoari 2256 1012 1324 1839 756 
Montana 209 234 55 167 274 
Nebraska 1162 210 57 747 723 
Nesada 150 14 4 43 326 
New Hampshire 178 91 32 165 73 
New Jersey 274 67 79 156 173 
New Mexico 267 34 23 129 326 
New York 871 222 482 635 218 
North 	Carolina 180 955 271 749 149 
North Dakota 184 267 57 230 524 
Ohio 5826 1271 981 2814 3782 
Oklahoma 1385 237 597 859 648 
Oregon 512 1043 61 790 1320 
Pennsylvania 1515 2964 775 2100 2410 

Rhode bland 49 21 11 24 47 
South 	Carolina 3438 1040 130 3387 977 
South Dakota 1313 27 87 535 948 
Tennessee 2963 14 1061 3219 1654 
Texas 5472 1376 958 5033 5219 
Utah II! 206 59 102 205 
Vermont 197 338 85 348 110 
Virginia 1324 1078 203 1318 1181 
Washington 1027 631 83 1121 1557 
West 	Virginia 719 140 318 570 152 
Wisconsin 1573 8 609 873 1166 
Wyoming 472 350 5 128 766 
Puerto Rico 418 196 66 336 292 

TOTALS 64406 34371 15519 57331 57274 

27 
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Table 15. Physical characteristics of existing T-bea,n bridges used in sensitivity studies. 

	

W. 	Span Girder 	Slab 	Girder Depth to 	 A.C. 

Seq. 	Bridge 	Naire 	No. 	1'- 	Length Spacing Thickness Depth Span 	fr 	fy 	Modifications Overlay 

W. State 	No. 	(Year Built) 	Spans Beams L(ft.) S(ft.) 	t(m.) 	h(in.) Ratio 	(ksi) (ksi) to Structure 	
(in.) 

	

1 	CA 29-149 East Pine St. 	4 	5 	33.75 	7 	6.25 	42 	0.104 	3.25 	60 

Overcrossing 	 53.50* 	 0.0654 

) 

2 CA 29C-190 (1963 wdbridge 	1 5 26.00 6.52 6.00 	30 0.0962 3.00 33 	 5 

Irrigation 
Canal(1925) 

	

3 IL 08S-0041 (19fl) 	(replaced) 

	

4 II. 058-0037 (1928) 	- 	6 61.50 6.50 6.00 47.25 0.0640 3.00 33 originally 
4 1'-Beams, 
2 Fascia T-
BeasTs Added 
1956 

NY 	02240 	Hannacroix Ck. 	(replaced) 
Bridge (1931) 

	

6 	PA LA 69 	Armstrong Co. 	1 	9 	21.50 	5.08 	11.00 	23.06 	0.0894 	2.50 	33 	 2 

(5*02) 	( 

	

7 	PA LA 10070 But
19

er l31) Cinty 	1 	6 	38.00 	5.08 	8.50 	26 	0.0570 	3.00 	30 	 2 	- 

(212+60) (1940) 

	

8 	PA 	LA 436 	Jefferson Co. 	2 	6 	31.75 	5.08 	11.00 	29.56 	0.0776 	3.00 	33 	2 Additional. 	2 

(7+85) 	(1926) 	 P/S Box Beam 

	

9 	CA 	52-50 	Branch of 	1 	5 	27.75 	5.084 	6.00 	28 	0.0841 	2.50 	33 	 1 

Calleguas Ck. 
(1911) 

	

10 	CA 	2-11 	Shasta River 	5 	3 	47.50* 	9.333 	9.50 	54 	0.0947 	2.50 	33 	 3 
(1928) 	 60.00 	9.167 	9.50 	66 	0.0917 

	

11 	CA 	51-91 	El Jaro Creek 	2 	3 	30.00 	9.125 	9.50 	47 	0.131 	2.50 	33 	 1 
1929) 	 60.00 	8.834 	9.50 	62 	0.0861 

	

12 	PA 	LA 237 	Clarion Co. 	1 	6 	41.50 	5.080 	11.00 	38.56 	0.0774 	2.50 	40 	 1 
283+06) (1931) 

	

13 	NY 	332803 	Cazenovia Ck. 	2 	6 	40.48 	5.900 	8.00 	46 	0.0947 	3.30 	30 	 7 

(1923) 	 on both sides with 
3 steel 1-beams 

	

16 	NY 	331309 	Skaneatles Ck. 	1 	8 	28.00 	3.700 	7.00 	33 	0.0982 	3.30 	30 1959 deck widened 3 
(1924) 	 on one side with 

3 steel I-beams 

	

17 NY 305051 Lishakill 	1 5 36.00 5.160 7.00 	55 0.1273 3.30 30 	 6 

(1928) 
20 Gi 61-0481 Branch of Black 1 7 37.70 4.960 6.50 31 0.0685 3.00 33 3.75 

Fork 	1940) 
21 01 20-0217 East Fork 1 6 37.00 4.960 6.50 31 0.0698 3.00 33 8.5 

Vermillion 
River 	(1936) 

22 IL 001-0005 Adams Co. Ate. 1 4 51.50 6.580 6.00 41.5 0.0672 3.00 33 1.5 
36 	(1924) 

23 IL 001-0022 Adams Co 	Rte. 1 5 31.50 6.810 6.00 26.5 0.0701 3.00 33 0 

Brxdge  rated only for this span length 
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Table 16. Load capacity ratings of existing i-beam bridges used In sensitivity studies. 

WAD FPCIOR GRXDC StRESS DES 224 LD £WIVR W)RKIIC SThESS 
Span Method Nariinal Z4rent belt RESISTMC (k-f t) (11.22) Dead Load DESIGN (H520) 1E5124 (11520) 

Seq. Length of Resistance tlarent(H320) Ibient RE RE RE BE 
No. State L(ft.) Calculation (k-ft) Inventory 	Operating (k-it) (k-it) IN OP IN OP 

CA 53.50 805 Program 1147 NA 	NA 282 146 1.38 2.30 NA NA 

2 CA 26.00 Hand 493 NA 	NA 147 124.2 0.89 1.48 NA NA 
Calculation 

3 IL (replaced) 

4 IL 61.50 BARS 2729 1382.4 	1824.8 567.9 636.8 1.32 2.21 1.31 2.09 

6 PA 21.50 Rand 341.9 NA NA 94.8 59.3 1.12 1.87 NA NA 
Calculation 

7 PA 38.00 Hand 560.3 NA NA 297 178.1 0.42 0.71 NA NA 
Calculation 

8 PA 31.75 Hand 670.6 NA NA 169.5 143 1.14 1.90 NA NA 
Calculation 

9 CA 27.75 Plane Fra,ie 399.9 NA NA 133.1 81.9 0.88 1.46 NA NA 
Program 

10 CA 47.50 plane Frane 6887.8 NA NA 1681.4 2044.2 0.92 1.54 NA NA 
Program 

11 CA 30.00 Plane Frame 1621.7 NA NA 661.4 523.3 0.54 0.89 NA NA 
Program 

12 PA 41.50 Hand 1379.4 NA NA 285.8 283.0 1.41 2.35 NA NA 
Calculation 

13 NY 40.48 Bridge Load 1050.0 600.3 833.8 292.0 406.5 NA NA 0.66 1.46 
Rating Edit 
Program 

14 NY 32.00 Bridgeload 663.0 362.8 503.9 151.8 152.9 NA NA 1.38 2.31 
Rating Edit 
Program 

15 NY 28.00 Bridge Load 265.0 151.2 210.0 97.8 114.4 NA NA 0.38 0.98 
Rating Edit 
Program 

16 NY 28.00 Bridge Load 285.0 162.7 226.0 100.8 82.4 NA NA 0.80 1.42 
Rating Edit 
Program 

17 NY 36.00 Bridge Load 600.0 348.3 483.7 211.0 303.3 NA NA 0.21 0,86 
Rating Edit 
Program 

18 01 31.70 BARS Program 603.3 283.4 433.8 163.1 159.0 0.95 1.59 0.76 1.68 

19 01 29.00 BARS Program 498.5 236.1 346.9 135.9 147.3 0.87 1.46 0.65 1.47 

20 UI 37.70 BARS Program 908.1 431.2 646.8 214.2 184.2 1.25 2.08 1.15 2.16 

21 GIl 37.00 BARS Program' 908.0 431.1 646.6 207.3 241.3 1.12 1.87 0.92 1.96 

22 IL 51.50 BARS Program 1678.8 831.1 1133.1 455.4 529.4 0.83 1.39 0.66 1.33 

23 IL 31.50 BARS Program 582.9 288.6 393.5 211.7 175.7 0.65 1.08 0.53 1.03 

Not supplied by the State - calculated using section properties 
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Table 17. Selected items from the NBIF and inspection reports of existing T-beam bridges used in sensitivity 
studies. 

InsptiOn Reports 

It. 30 	Item 59 Itmn 67 	We&ring 	 Beams/ 

Seq. 	 Item 29 Year of Item 58 Super- 	Struc. 	Surface 	Deck 	Girder 

No. 	State 	ADT 	ADT 	Deck structure Cand. 	Description Description Description 

1 	CA 	--- 	 8 	6 	6 	--- 	 --- 	-- 

5 (Replaced) 

6 	PA 14600 	1982 5 5 3 Bat.-overlay Conc. Few 	Transverse 
Few Cracks Hairline 	Hairline 

Cracks 	Cracks 

7 	PA 1400 	1973 4 4 4 --- Concrete 
Spells 

8 	PA 3750 	1973 4 4 4 nit.-cracked Small spells Disinte- 
Bit.-Patched hairline 	grated 

cracks-Eff. 	Rebars 
rust stains 	exposed 

9 	CA 5894 	1974 6 6 4 

13 	NY 943 1965 3 4 2 New Ser. det. Serious 
Condition to pet deterioration 

hazard 

14 	NY 2314 1974 - - 8 Minor Serious Serious 
Deterioration det. deterioration 

15 	NY 500 1977 4 4 4 Minor det. Ser. det. Serious 
- to new to minor deterioration 

condition det. 

16 	NY 1200 1977 5 4 4 Minor det. to Minor Serious 
new condition det. deterioration 

17 	NY 2100 1974 5 3 3 Minor det. to Minor Potontially 
new condition det. hazardous 

18 	ott 3560 19d3 5 5 4 Goal Fair Fair 
condition condition condition 

19 	DII 2320 1980 1 4 4 Fair Fair Major 
condition condition deficiency 

20 	ott 2700 1980 4 5 4 Fair Major Goal 
condition deficiency 	condition 

21 	OH 3970 1980 6 4 4 Fair Fair Major 
condition condition deficiency 
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Table 18. Physical characteristics of existing slab bridges used in sensitivity studies. 

Span 	Slab 	Depth to 	 A.C. 

Seq. 	Bridge 	Nane 	No. Length Thickness 	Span 	fc fy ttdifications Overlay 

No. State No. 	(Year Built) 	Spans L(ft.) 	t(in.) 	Ratio 	(ksi) (ksi) to Structure 	(in.) 

1 	PA 	LR 73 Butler Co. 	1 	8 	10.5 	0.109 	2.5 	40 	 2 

(1922) in 1955 
S CA 57-0014 Chihuahua Ck. 6 30.5* 19.50 0.0533 2.5 33 

(1941) 8 (ave. thickness 
of haunched 
section 

6 IL 001-0039 Adams County 1 25 18.50 0.0617 3.0 33 3 
Rout., 31 
(1920) 

7 IL 001-0041 Adams County 1 21 12.25 0.0486 3.0 33 
Route 102 
(1927) 

8 Of-I 252-0325 Small creek 1 25 17.75 0.0592 3.0 33 9 
(1930) 

9 01-I 38-2231 Sprinq Fork. Ck. 3 38 19.25 3.0 33 3 

(1952) 	 25 

11 011 	235-1081 Baker Ditch 1 11.5 11.00 0.0797 3.0 33 4 
(1933) 

12 NY 	330158 Basic Reservoir 1 26.5 25.00 0.0786 3.3 30 14 
(1935) 

1-3 NY 	226330 Saquoit Ck. 1 26 26.00 0.0833 3.3 30 1.5 

Bridge rated only for this span length 
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Table 19. Load capacity ratings of existing slab bridges used in sensItivity studies 

LOAD FIDR 
DESIGN bRXI?G SESS DESIGN LOAD FAC'IOR ICRK1G SThESS 

Span Metho) Noninal Pan. ?tient Resist. (k-f t) (LL+I) DL DESIGN (HS20) DESIGN 	(11320) 

Seq. Length of Resistance Harent(H520) flrent RE RI RE RE 

NO. State L(ft.) Calculation (k-f t) Inventory Operating (k-f t) (k-f t) IN OP IN OP 

1 PA B Hand 24.76 NA NA 9.28 1.53 1.01 1.68 La NA 

calculatial 
2 PA 12 Hand 24.88 NA NA 13.23 2.60 0.66 1.11 NA NA 

calculation 
3 PA 19 Hand 40.41 NA NA 19.27 8.90 0.60 0.99 NA L 

calculation 
4 CA 17 Plane flare 41.4 NA NA 16.5 9.35 0.71 1.17 NA NA 

ProtAm 
5 CA 30.5 Plane Fraw 44.7 NA NA 15.7 10.35 0.79 1.31 NA ta 

Program 
XL 25 BARS 116.71 57.8 76.8 23.6 23.8 1.45 2.43. 1.41 2.33 

Praran 
7 IL 21 BARS 56.0 27.7 37.7 20.8 13.1 0.74 1.24 0.70 1.19 

Program 
8 OH 25 BARS 84.5 41.3 64.6 23.6 27.0 0.80 1.33 0.61 1.59 

Program 
9 CH 47.06 BARS 275.3 130.6 -- 82.5 61.1 0.94 1.57 0.84 -- 

Prcram 
10 OH 20 BARS 38.5 17.5 23.9 16.6 5.5 0.77 1.28 0.72 1.11 

Praram 
11 OH 11.5 BARS 25.4* 13.2 20.2 12.7 3.1 -- -- 0.80 1.38 

Program 
12 NY 26.5 Bridge Load 130.0' 73.0 101.3 26.7 43.2 NA NA 1.19 2.26 

Rating Edit 
Program 

13 NY 26 Bridge Load 120.0' 68.3 94.8 26.0 30.3 NA NA 1.46 2.48 
Rating Edit 
Progr am  

14 NY 23 Bridgeload 74.6' 42.8 59.5 22.2 23.4 NA NA 0.87 1.62 
Rating Edit 
Prngram 

15 NY 24 Bridge Load 105.0' 60.8 84.5 22.9 28.5 NA NA 3.41 2.44 
Rating Edit 

* Not supplied by the states - values calculated based on section properties. 
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Table 20. Selected items from the NBIF and Inspection reports of existing slab bridges used in sensitivity studies. 

Inspection Rep3rts 
Item 30 Item 59 	Itan 67 Wearing Super- 

Seq. Item 29 	Year of Item 58 	Super- 	Struc. Surface 	Deck structure 
No. 	State AnT 	AnT Deck 	structure Cond. Description 	Description Description 

1 	PA 4800 	1982 7 	4 -- 

	

2 	PA 	4300 	1973 	5 	5 	- 	5 	Bit.-saie 	Conc. hair- Conc. slab 
heavy cracks line cracks hairline 

& sate 	cracks & 
spells 	spells 

ly Conc 

	

3 	PA 	2950 	1983 	S 	4 	4 	Bit.-heavi. very 
cracked 	heavily disin. 

nany rebars 

CA 	820 	1976 	7 	7 	4 

	

6 	IL 	4650 	1983 	5 	5 	5 

	

8 	OH 	3780 	1980 	6 	7 	6 	Fair 	Fair 
Condition condition 

	

9 	OH 	920 	1982 	4 	5 	4 	Major 	Major 
Deficiency Deficiency 

	

10 	OH 	700 	1980 	4 	4 	4 	Fair 	Critical 	-- 
Condition Condition 

11 OH 470 	1982 5 8 5 Fair 	Fair 
Condition 	condition 

12 NY 120 5 4 4 Minor Minorto 
Deterioration 	NA serious det. 

13 NY 200 	--- 6 3 3 Minor det. to serious 
new condition 	NA deterioration 

14 NY 1928 	1973 6 4 4 Minor Minor to 
Deterioration 	NA serious det. 

15 NY 1000 5 4 4 Minor det. to Minor to 
new condition 	NA serious det. 

CHAFFER FIVE 

SENSITIVITY STUDIES 

GENERATION OF HYPOTHETICAL BRIDGES 

To assess the influence of variations in the statistical param-
eters of the design variables on the safety index and the partial 
safety factors (load and resistance factors), sensitivity studies 
were conducted for a family of hypothetical T-beam bridges 
(designed according to AASHTO specifications). These studies 
also show the range of the safety index. 

In order to investigate the sensitivity of the safety index to 
various parameters, such as coefficients of variation and bias 
coefficients of resistance and load effects, a family of hypo-
thetical, simply supported, reinforced concrete T-beam bridges 
was generated. These bridges were designed in accordance with 
AASHTO load factor design (1), i.e., 



2  t 	.-.9 - 0.4873+ 0.05877(SL) 

Slab Beam 

34 

0.9 R = 1.3 DL + 2.167 LL 	(37) 

where R = resistance, DL = dead load, and LL = live load. 
Four T-beam bridges, each having six girders and carrying 

three traffic lanes, were designed for span lengths of 30, 45, 60, 
and 80 ft. A typical cross section is shown in Figure 21. From 
these four hypothetical bridges, a relationship between dead load 
to live load ratio, DL ILL, and span length, SL, was established. 
The following expression for DL /LL was obtained by fitting a 
parabolic curve to the data from these four T-beam bridges, as 
shown in Figure 22. 

DL 
TZ 

= 0.6967 - 0.007620 . SL + 0.0002554 . (SL)2  (38) 

where SL is the span length. Since only linear behavior of the 
bridge is considered, the design Eq. 37 may be normalized by 
the maximum live load moment, 

DL 
=1.311 + 2.167 	(39) 

S 7.5 ft 

b'OA S 

ha 0.065 L 

L Span length (feet) 

Figure 21. Typical cross section of hypothetical reinforced concrete 
T-beam bridges. 

By assuming that Eq. 38 is valid for span lengths up to about 
100 ft, a whole family of T-beam bridges with DL/LL ranging 
from 0.5 to 2.5 was generated; thus, every point on the fitted 
curve of Figure 22 represents a hypothetical T-beam bridge and 
has its resistance dictated by Eq. 39. 

	

Similarly, for slab bridges, a linear relation is found for the 	D 

	

dead-to-live load ratio in terms of span length (Fig. 22): (DLI 	L 

LL)= - 0.4873 + 0.05877 (SL). 

SENSITIVITY OF DEAD LOAD UNCERTAINTIES 

The total dead load effect is typically composed of contri-
butions from structural concrete, railing, and asphalt concrete 
(AC.) overlay. The effect of each of these three dead load 
components may be treated as a separate random variable. Coef-
ficients of variation for the dead load effects of the structural 
concrete and railing are typically much smaller than that of the 
A.C. overlay, which may have a coefficient of variation as high 
as 0.20. 

For uncorrelated random variables, the variance of the sum, 
1', of the variables, I, equals the sum of the variances in each 
of the variables. Thus if Y = E X, then 

(40) 

The coefficient of variation of Y I7,  may be written as a 
weighted mean squared average of the coefficient of variation 
for each X. V 

v= 	(K/fl 2  vi2} 1/2 	 (41) 

where the weighting, X,7 Y is the percentage contribution from 
different variables X,, which in this case is the percentage. of 
the total dead load effect contributed by each of the dead load 
components. 

As indicated in Figure 23, more than 70 percent of the total 
dead load moment is caused by the weight of the structural 
concrete section. The A.C. overlay contributes to at most 20 

0.6967-0.00762 (SL) to.0002554 (SLI 

05  

*+ AASHTO Design 

0 	111 	 I 	I 
0 IC 20 30 40 50 60 70 80 90 

Span Length (ft) 

Figure 22. Dead to live load ratio vs. span length for hypothetical 
reinforced concrete T-beam and slab bridges. 

perccnt. Similar observations were made for existing bridges, 
which are also included in Figure 23. These data indicate that 
the most important factor in the dead load effect is the structural 
concrete. 

In the subsequent sensitivity analyses on the hypothetical 
bridges, all of the basic variables mentioned in Chapter Three 
are lumped into three groups: resistance, dead load effect, and 
live load effect. The following statistical data were used for a 
benchmark comparisom 

= 0.12, VD  = 0.10, VL  = 0.30 
6R = 6,, = 6L = 1.0 (42) 

where 8 is the bias coefficient and Vis the coefficient of variation. 
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O CAt lFORNI 	FAST PINE (1957) 
A cALIrORNIA 	N0009RIDGE (1925) 
+ ULINDIS 	058-0041 (19.30 
X ILLINOIS 	058-0037 (1928) 
i NEIl YORK 	HANNACROIX (1931) 

Concrete Only 	+ ?ENNSYLVA4I( ARIISTRONC CO. IR 69 (1931) 
X PENNSYLVA'flA BUTLER CO. L.R.1000 (1940) 
Z PEWNS'LVAMIA JFFFERSDN CO. L.R. 436 (19263 
V CALIF0RMA 	CALLECUAS (1911) 
1< CALIFORNIA 	SHASTA (1928) 
* CALIFORNIA 	FL JARO (1929) 

SPAN LENGTH (FEET) 
Figure 23. Percentage of dead load contributions (concrete structural section, railin& and A. C. overlay) vs span length for hypothetical 
reinforced concrete T-beani bridges. 

SENSITIVITY OF $ TO STATISTICAL 
DISTRIBUTION TYPES 

The mean value, the coefficient of variation and the type of 
statistical distribution of the random design variables are needed 
to conduct a second moment statistical analysis. Selecting the 
type of statistical distribution is usually the most difficult task. 
In practice, a particular type of distribution may be selected 
only occasionally on the basis of theoretical or experimental 
evidence. Normal and log-normal distributions are two of the 
most commonly assumed types (4, 7,19,25,27,44,56). 

A normal distribution is used as the distribution of the sum 
of independent random variables (Central Limit Theorem), and 
a log-normal distribution is used for the distribution of the 
product of independent random variables. Figure 24 illustrates 
the typical differences in the safety index that result from these 
two distributions. Log-normal distributions have been used ex-
clusively for all random variables appearing in the proposed 
rating procedure (25,44). 
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VA 

4 	
7% 

C. 

Normal 
	 204 

Lognorr 

7% 

2 
U 	0. 	1.0 	1.5 	2.0 	2.5 	0 	0.5 	1.0 	1.5 	2.0 	2.5 

DL/LL 	 DL/LL 

Figure 24. Sensitivity of$ for normal and log-normal distribution 	Figure 25. Sensitivity of $ due to uncertainly in resistance, VR, 
typet 	 for hypothetical T-bea,n bridges. 

SENSITIVITY OF /3 TO UNCERTAINTIES AND 
	

01 
BIASES IN RESISTANCE, DEAD LOAD AND LIVE 
LOAD 

Using the statistic data given in Eq. 42, the safety indices 
were computed for the family of hypothetical T-beam bridges 
with DL/LL ratios from 05. to 2.5. Figures 25, 26, and 27 show 
the sensitivity of the safety index to incremental changes of 5 
percent in the coefficients of variation for resistance, dead load 
and live load effect, respectively. In the typical ranges of VR, 
V0  and V, the following is observed: 

I. By Changing VR  by ± 5 percent from the typical value 
while keeping V0  and VL  at the typical values, the change in $ 
varies from ±0.3 for DL/LL = 0.5 to ±0.6 for DL/LL = 
2.5 (see Fig. 25). 

The sensitivity of /3 resulting from a change of ± 5 percent 
in V. is negligible at short span lengths that are represented by 
low DL /LL ratios. However, the sensitivity increases as the 
span length, and thus the DL /LL ratio increases. Even at a 
DL/LL ratio of 2.5, however, the change in $ is still small at 
about ±o.i to ±0.2. 

The sensitivity of j3 resulting from a change of 5 percent 
in VL  decreases as span length, and thus the DL /LL ratio, 
increases. At DL/LL ratios of 0.5 and 2.5, the changes in /3 
are approximately 0.5 and 0.2, respectively. 

Based on these observations the following conclusions are 
made regarding the sensitivity of the safety index to variations 
in the coefficients of variation for the three random variables: 

p 

4 

3 

2-I- 
0 
	

0.5 	1.0 	1.5 	2.0 	2.5 

0, [ 

Figure 26. Sensitivity of$ due to uncertainty in dead load effect, 
V, for hypothetical T-beam bridges. 
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The coefficient of variation VR  has the most consistent 
influence on the safety index. 

The influence of V. is larger than that of VR  at short span 
lengths, but the influence decreases as the span length increases. 

The coefficient of variation VD  has the least influence on 
/3. Even at longer span lengths where dead load effect is usually 
dominant, the sensitivity of /3 due to V. is comparable to that 
due to VL. 

Figure 28 shows the sensitivity of the safety index caused by 
various biased estimates. Similar to the coefficient of variation, 
the bias in resistance has the largest effect. However, the effect 
of bias in dead load is comparable to that of live load. 

This fact indicates that the greatest benefits may be obtained 
by focusing the efforts on research and field measurement of 
resistance and live load modeling. As mentioned earlier, the 
prediction of future live load growth is the most difficult problem 
for design. However, when evaluating an existing, twenty-year-
old bridge, engineers are in a better position to predict the future 
live load for the much shorter rating period than they are when 
designing a new bridge. In addition, the resistance in an existing 
bridge with regular maintenance and inspection records can be 
more easily predicted and observed. 

5 

VL 

is oj 

1J 

4 	20 

- 
25 

30 

2 	 I 
0 	0.5 	1.0 	1.5 	2.0 	2.5 

Figure 27 Sensitivity of/i due to uncertainty in live load effect, 
VL, for hypothetical T-beam bridget 

0' 0.9, 6L' 0.9 

flA 

Di 

Figure 28. Sensitivity of $ due to biased estimates of nominal 
values of resistance, dead load, and live load for hypothetical T-
beam bridget 
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CHAPTER SIX 

CALIBRATION OF PARTIAL FACTORS 

RELIABILITY-BASED STRENGTH EVALUATION 
METHODS 

As in design, the reliability analysis method for the strength 
evaluation of existing bridges may be implemented at different 
levels of sophistication. The commonly used methods may be 
labeled as the Level 2 method and Level I method. In the Level 
2 method, the reliability analysis of each bridge structure being 
evaluated will be conducted individually based on the specific 
statistics of resistances and load conditions associated with the 
bridge under consideration. Different approaches have been de-
veloped to actually implement this analysis. The advanced Sec-
ond-Moment method, as described in Chapter Two, is the one 
commonly used in practice. 

The Level 1 method is a simple, deterministic method. In this 
method, structural reliability is not considered for each bridge 
structure individually. Instead, structural components of similar 
mechanical actions and with similar statistics for load and re-
sistance are considered as a group. A set of resistance and load 
factors is selected such that, when the limit state equation is 
satisfied, i.e., Factored resistance = Factored load effects, the 
structural reliability on the average will correspond to a pre-
scribed target value. 

Because of the extensive statistical data required and the 
complexities involved in the numerical implementation, the 
Level 2 method is only used for projects of special importance 
and for calibrating a deterministic Level 1 procedure. 

LIMIT-STATE CHECKING FORMAT 

In the traditional working stress method, the design check is 
based on a single safety factor, i.e., 

R, > (Safety Factor) [D + L,] 	(43) 

Since uncertainties associated with resistance and different com-
ponents of load effects vary considerably, the resulting safety 
margin varies with the ratio of load effects. This is undesirable 
because an objective reliability measure cannot be established. 
(The current AASHTO load factor rating at operating level is 
Ssentially of this format with a safety factor equal to 1.3/0.9 
= l.4&) 

The Level I, load and resistance factor checking format, how-
ever, provides several partial safety factors for the treatment of 
the respective uncertainties associated with each design variable, 
i.e., 

+R, ~! you. + iLL, 	 (44) 

In addition, these factors are calibrated to a target reliability 

which will be selected based on past performances of the type 
of structures under consideration. 

To illustrate how uncertainties of individual variables can be 
accounted for in the selection of load and resistance partial 
factors, the simple mean-value reliability method will be used 
(4) in this section. By assuming log-normal distributions for 
both resistance R and total load effect C the safety checking 
format may be written as: 

A > Q exp [/3 VVR2 + VQ2] 	 (45) 

By introducing a separation constant a (with value from 0.55 
to 0.75) to approximate the radical tJVR + VQ2, load and re-
sistance parameters may be decoupled, i.e., 

exp[ — a$VR].R>exp[auJVQ].Q (46) 

(Factored resistance) 2! (Factored load effect) 

The resistance factor, •, may therefore be expressed as a 
function of bias coefficient 8,, coefficient of variation V5. and 
the safety index /3, i.e., 

* - 5exp[ — a/3V5] 	 (47) 

For a safety index /3 of 2.8, for example, the resistance factors 
for various sets of (8k, V5 ) are tabulated in Table 21(a). 

The general trend is that the resistance factor, or the capacity 
reduction factor, decreases as: (1) the uncertainty, V, increases; 
and (2) the nominal (characteristic) resistance becomes an un-
conservative estimate of the mean resistance (i.e., decreasing 
&R). In a similar fashion, the load factor may be expressed as: 

yQ =&Q expEctIJVQ] 	 (48) 

However, in this simple illustration, it would be difficult to 
separate the dead load and live load factors. Instead we can 
look at the extreme cases, i.e., dead load only and live load only. 
For different sets of (&, VQ), the load factors are given in Table 
21(b). 

Load factors increase as: (I) the uncertainty, (V0 increases; 
and (2) the nominal (characteristic) load effect becomes a con-
servative estimate of the mean load effect (i.e., increasing 8). 
Assuming that the contribution of live load effect to Q is minimal 
and can be neglected, the dead load factor can be estimated at 
1.2 to 1.3. On the other hand, when dead load effect is insig-
nificant, VQ (in the range of 0.20 to 0.30) is mostly contributed 
by live load effects. The live load factor may vary from 1.4 to 
1.9. 
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Table 21(a). Sensitivity of resistance factor. 	 Table 21(b). Sensitivity of load factor. 

0 	(/3' 	2.8) 4 /3 = 	2.8) 
SR V R X = 	0.55) 	 & 	0.751 S V0  )& 	0.55) (06= 	0.75) Remarks 

----------------------------------- 

1.]. 0.10 0.94 	 0.89 1.0 0.10 1.17 1.23 Dead Load 
0.15 0.87 	 0.80 0.15 1.26 1.37 Dominates 
0.20 0.81 	 0.72 0.20 1.36 1.52 
0.25 0.75 	 0.65 0.25 1.47 1.69 Live Laud 

0.30 1.59 
-------------------------------------------------------------- 

1.88 Dominates 

1.1 0.15 0.87 	 0.80 
1.0 0.79 	 0.73 0.8 0.20 1.09 1.22 
0.9 0.71 	 0.66 0.9 1.22 1.37 

1.0 1.36 1.52 
1.1 1.50 1.67 
1.2 1.63 1.83 

The above illustrations, based on the mean-value method, is 
only qualitative, and is presented to demonstrate the influence 
of bias coefficient and COV on load and resistance factors. In 
the rest of the chapter, advanced first-order second-moment will 
be used to select the load and resistance factors. 

GENERAL CALIBRATION PROCEDURE 

The objectives of code calibration are generally stated as 
achieving uniform reliability and economic designs in all ap-
plications covered by the code. In practice, economic consid-
erations are taken into account implicitly by ajudicious selection 
of the target reliability level. To establish the target reliability 
level, heavy emphasis must be placed on professional experiences 
and engineering judgments, and the performance of bridges sub-
jected to known loads which have been designed in accordance 
with past and current design provisions. The current code of 
standard practices may often be seen as the best documentation 
of such experiences and judgments. The load and resistance 
partial factors are then selected to account for the uncertainties 
of the design variables, and to provide uniformity in the safety 
index for a whole range of structures. 

For given load and resistance statistics and a specified target 
safety index, the required nominal resistance may be evaluated 
by a Level 2 design procedure for each of the existing structures. 
In the process, the most critical point on the limit state surface, 
known as the design (or checking) point, is determined such 
that 

(49) 

Equivalently, the Level I criteria are 

R. = 'y0D, + iLL, 	 (50) 
where 

L* 
4, =y. Vo =  -andyL L 	(51) 

D. 

where the subscript n designates nominal values. 
The partial factors that appear in Eq. 50 may be scaled by a 

constant to yield an equation with only two independent vari-
ables and still give the same Level I criteria. If the two inde-
pendent variables are known, the partial factors in Eq. 51 can 
be determined if one of the factors is determined a priori. There-
fore, for a given 4, value, the load factors, 7D  and YL'  are 
determined. 

Following the Level 2 procedure, different sets of load factors 
may be determined for structures with different loading statis-
tics. In the Level I method, by using a constant set of partial 
factors, the safety index of a given structure will deviate from 
the target safety index, 130. The calibration process then proceeds 
by adjusting the partial factors to make these deviations from 
j3, (in terms a weighted averaged value) minimized. Another 
approach used by the Canadian Standard Association (10,47) 
in determining the partial factors is based on minimizing the 
expected cost of failure. 

In rating existing structures, resistance and inherent safety 
levels exist for each structure and will not be changed by simply 
selecting different partial factors. However, by selecting appro-
priate partial factors, the rating may be made to reflect the 
inherent safety level more consistently. This is the purpose of 
calibration for rating. 

The rating factor is defined as 

RF = OR - YDD 	
(52) 

iLL 

which is a measure of undercapacity (EF < I) or overcapacity 
(RF> 1) of the bridge component to carry the rating vehicle. 
If an optimal set of partial factors have been determined, the 
safety index of each bridge, when evaluated for the modified 
(increased or reduced) live load effect RF- L should be ap-
proximately equal to the target value /30.  Calibration for rating 
involves the following trial and error steps: 

I. Selecting a set of partial factors 4,, y, and )'L- 
Determining a rating factor .RF for each bridge,j, according 

to Eq. 52. 
Reevaluating the safety index /3, of each bridge subjected 

to the modified live load effect R1-L j. 
Examining the weighted average difference between cal-

culated safety indices and the target value 

N 	 1/2 
(.è - /3e)2 

will 	
(53) 

'YL 'IL 

where W = a weighting factor that can be used to reflect the 
relative importance of the bridge. Notice that the weighted 
average difference can be evaluated in terms of the two inde-
pendent variables 4, /VL  and 11o/7t 

5. Iteration of the foregoing process for different combinations 
of partial factors such that the weighted average difference (Eq. 
53) is minimized. 
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A variation of this calibration procedure which avoids re-
peated reevaluation of the safety indices, $j (step 3) is based 
on the observation that there exists a functional relationship 
between Rf' and $, the safety index of the bridge subjected 
to the rating vehicle loading. Therefore, a bridge structure with 
a high safety index for a specified live load effect should also 
have a high rating factor for that load effect. This relationship 
may not be linear, but it must be monotonical. In addition, the 
rating factor should be close to 1 for bridges with a safety index 
close to $0.  A possible form of the equation relating RF3  to the 
safety index is: 

$(RF) = /30 +a(RF— l)+ b(RF —1) (54) 

where a and b are constants, which may be determined by the 
least square best fit for an ensemble of bridges and a set of 
partial factors. For different sets of partial factors, the least 
square fitting will give different mean square differences for $ 
and /3(RF)): 

N 	 1/2 
1(P_, 2a') = 
	[j3 - 13(RFJ)12  W, 	(55) 

'.YL lv 

By trial and error the mean square difference can be mini-
mized to yield the optimal set of partial factors in terms of the 
two ratios, +/VL and 1'DIlL  This method was used in this 
study. 

TARGET SAFETY INDEX. /3. 

Currently, bridges are rated at inventory (design) level and 
operating level. The latter is intended to rate the bridge at 
maximum live load carrying capacity. Both the "allowable 
stress" method and the "load factor" method may be used. A 
rating factor of 1 at operating level indicates that the rating 
vehicle is the maximum live load the bridge may carry. There-
fore, the operating rating factor was used as the criteria for 
selecting the target safety index. 

The site specific conditions and the safety indices for the 
exiting bridges discussed in Chapter Four are given in Tables 
22(a) and 22(b) for T-beam and slab bridges, respectively. Fig-
ures 29 and 30 show, for T-beam and slab bridges, respectively, 
the correlations between safety indices and rating factors (op-
erating level). The rating factors for each bridge were provided 
by the state agency. Some are rated by the allowable stress 
method, some are rated by the load factor method. A few bridges 
are rated by both methods. Contrary to the conventional belief, 
the working stress rating may in some cases be higher than the 
load factor rating (as shown in Figs. 29 and 30). This is because 
the allowable stress to yield stress ratio of steel reinforcement 
for earlier years and for unknown grades may be bigher than 
that of steel used in recent years. This results in lower factors 
of safety for many older bridges. 

Table 22(a). Site specific conditions and safety indices of T-beam 
bridges. 

I 	 I Traffic I Deck 	I 	I 
No. I AnT (Year) I Category IConditioni Impact I Beta 

I 	-- 	I 	L 	i 	a 	I 	L 

Table 22(b). Site specific conditions and safety indices of slab bridges. 

No. I 10? (Year) I category JConditionl Impact Beta 

__________ I _________ I-' 	82 PA 	I 4300 (1913) I 	L 
L I 	I t 14.361 I _________ _______ 

l__l 	153 	PA 	I 2950 (1983) I 	L 
N 	I 	6 I L 	 I _______ I _________ 

185 	CA 	I 	820(1976)1 	1 	I 	7 	I 	I 
PA 

PA 

IT89 CA 1 	5894 (1974) 	1 H I 	6 	I b IS.fll 
_________._._. I 

ITB10CA I 	1000(1975)I L I 	5 I 	El 15.66 	1  

IT811CA I 	2600(1976) 1 L 1 	6 I 	L 13.521 

ITB12PA I 	2800(1973)1 L I 	S I 	El (6.241 

ITH13NY I 	943(1965)1 . I 	3 I 	II I3.69 

ITH14 - NY I 	2314 (1974) 	I I I 	- I 	El I 	4.93 

Talc Mv I 	500 19771 	I I I 	4 I 	H I 	1.63 

ITB28 OH 	I 2708 (1988) 

ITB2I OH 	1 3970 19801 	IL 

ITB22 IL 	I 1000 (1983) 	I 

iT523 IL 	1 2780 (1983) 	I 

ADT Average 
11 1 

Daily Traffic 
ADTr= Average Daily Truck Traffic 

(15% 	- 25%) 	ADT 

5. 37 

OH 

1610 OH I 	700(1980)1 1 I 	4 	I H 1 	2.90 	1 

Is11 OH I 	410(1982)1 I I 	5 	I II 1 	2.84 	1 

1812 NY I 	120(----)I £ 
___________________  

I 	S I 	H 14.611 

1813 NY I 	200(----)I I I 	6 I 	I Is.isi 

IS14 NY 11928(1973) 1 L C 	6 I 	1 1 	3.66 	1 
I 

ISiS NY I 	1008(----II I I 	5 I 	H 14.661 

H I 	4.27 	L ADT = Average Daily Traffic 
I ADTT= Average Daily Truck Traffic 

H 4.00 	I = 	(15% 	- 25%) ADT 

IH 

I 	L  15.36 
I 	I (Till 
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Figure 29. Safety index vs. rating factor for existing reinforced concrete T-beam bridges. 
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Safety Index vs Rating Factor 
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Figure 30. Safety index vs. rating factor for existing reinforced concrete slab bridges. 



The safety indices, $j, have been evaluated based on available 
statistical data of live load effect as outlined in Chapter Three. 
Figures 29 and 30 also show that the scattering in the T-beam 
bridges is much larger than that in the slab bridges. The least 
square best fits are 

/3(RF) = 0.47 + 2.35 RE1, for T-beam bridges (56) 

and 

$(RF) = 1.07 + 1.67 RF1, for slab bridges 	(57) 

Corresponding to a RF of 1, the safety indices obtained from 
these equations are 2.82 and 2.74 for T-beam and slab bridges, 
respectively. Inasmuch as the main interest for bridge evaluation 
is in rating factors close to 1, from this standpoint the two 
bridge types are not too different. Therefore, for the purpose of 
this project, all bridges are lumped together into one data base. 
Figure 31 shows the correlation between $ and RE'1 for all 36 
bridges. The least square best fit is 

$(RF1) = 0.75 + 2.04 RF1 	 (58) 

The target safety index, $0, was selected to be 2.80. Noting 
the scattering of $j for RE1 close to 1, a safety index of 2.4 and 
above should be an acceptable value of $ for calibration pur-

poses. 

MAINTENANCE. INSPECTION, AND FIELD 
MEASUREMENT 

Item 59 of the NBIF is the condition rating of the super-
structure by which the state bridge engineers report the con-
dition of the bridge superstructure on a scale of 0 to 9 (see 
Table 23). If this condition rating is conducted systematically 
and consistently, it may be used as an indicator in classifying 
different resistance categories. For deteriorated structures, the 
efforts in preventive maintenance, inspection and field mea-
surements may be used to further refine the classification. 

To quantify the resistance statistics, the coefficient of varia-
tion, VR, and bias coefficient, 8R' for each category need to be 
determined. Because of the lack of documented data at the 
present time, values for VR and 5, were assumed. 

On the basis of the superstructure condition rating, existing 
bridges may be classified into three broad categories to reflect 
the degree of deterioration: (1) good or fair (~! 7); (2) dete-
riorated (4,5,6); (3) seriously deteriorated to potentially haz-
ardous (:~3). 

It is assumed that for bridges in good or fair condition,  
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Table 23. Description of superstructure condition rating (NBIF). 

Equivalent Rating conditions 
Rating 	 Descriptions 

	

1979 	 1972 

N 	Not applicable 	 Not applicable 

9 New condition New condition 

0 Good condition - no Good condition - no 

repairs needed repair necesaary 

7 Generally good condition - Minor items in need of 
potential exists for minor repair by maintenance 
maintenance forces 

6 Fair condition - potential Major items in need of 
exists for major repair by maintenance 
maintenance forces 

5 Generally fair condition - Major repair - contract 
potential exists for minor needs to be let 
rehabilitation 

4 Marginal condition - Minimum adequate to 
potential exists for major tolerate present traffic, 
rehabilitation immediate rehabilitation 

necessary to keep open 

3 Poor condition - repair or Inadequacy to tolerate 
rehabilitation required present heavy load - 
immediately warrants closing bridge 

to trucks 

2 critical condition - the need Inadequacy to tolerate- any 
for repair or rehabilitation live load - warrants 
is urgent. 	Facility should closing bridge to all 
beclosed until the traffic 

- indicated repair 	is coaplete. 

1 critical condition - facility Bridge repairable, 	if 
is closed. 	Study should desirable to reopen to 
determine the feasibility traffic 
for repair 

0 critical condition - facility Bridge conditions beyond 
is closed and is beyond repair - danger of 
repair immediate collapse 

alistic estimates of the nominal resistance can be made. In these 
cases, the same bias coefficient of 1.1 as for structures in good 
or fair conditions is assumed. For rating based on plans, re-
ductions of 0.1 and 0.2 are assumed for the two categories of 
deteriorated structures. 

Further, it is assumed that the effect of, frequent inspection 
and preventive maintenance may be reflected in the scattering 
of the resistance of deteriorated structures. Coefficients of var-
iation up to 20 percent and 25 percent were assumed for the 
two categories of deteriorated structures with normal inspection 
intervals (2 years) and no preventive maintenance. 

Table 24 lists the hierarchical classification of the resistance 
categories and associated statistical values. 

= 10 percent, and 8R 	1.1 	(59) 

regardless of the effort of maintenance and inspection. This is 
consistent with values in other studies (9, 37). 

For deteriorated structures, three additional factors are con-
sidered in classifying structures: (I) strength evaluation based 
on plans and field measurements; (2) inspection frequency (fre-
quent and normal (2 year intervals)); and (3) preventive main-
tenance (implemented, not implemented). 

By conducting field measurements, presumably the degree of 
deterioration and its locality may be determined and more re- 

RESISTANCE FACTORS 

In establishing the target safety index site specific live load 
conditions (e.g., truck weight control unenforced, and mostly 
light truck traffic volume) were used. Although an initial review 
of the NBIF indicated a variation in superstructure condition 
ratings, subsequent contacts with the individual states, however, 
revealed a difference in practice relative to assigning these rat-
ings. Therefore, these ratings were not felt to be totally reliable 
and, because none of the bridges were posted with a load limit, 
it was assumed that all bridges in the data base were in good 
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Figure 31. Target safety index determined from combined existing reinforced concrete T-beam and slab bridges 
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Table 24. Resistance categories based on superstructure condition, inspection frequency, and preventive maintenance. 

Superstructure _Rating based on Inspection Frequency Preventive 
condition Fria1 Maintenance Resistance PTéId -  

(r) Plans Measurenent Frequent (2 	yrs.) VR S11 0 Yes 	NO 

Good or Fair -- -- -- -- -- 	-- 10% 1.1 0.94 

r 	> 	7 

x x K 1 	10% 1.1 0.94 
X K K 15% 1.1 0.84 
X X K 15% 1.1 0.84 
K K K 20% 1.1 0.76 

Deteriorated K K K 10% 1.0 0.84 

(r=4,5,6) X I 
x 15% 1.0 0.76 

K K X 15% - 1.0 0.76 
K K K 20% 1.0 0.67 

K K K 15% 1.1 0.84 

Seriously K K K 20% 1.1. 0.76 

Deteriorated K K X 20% 1.1 0.76 

to Potentially K i K K 25% 1.1 0.67 

Hazardous K K K 151 0.9 0.67 

(rE 	3) X K K 20% 0.9 0.60 

K K K 20% 09 060 

K X K 25% 0.9 0.54 

or fair condition. For this data base, it was found that the mean 
square difference in /3 and 413(RF1), Eq. 55, is minimized at the 
following point 	 - 

± 	0.59, and?2 = 0.77 	(60) 
YL 	 Vi. 

which corresponds to a target safety index of 2.8. The trial and 
error process is shown in Figure 32. 

To assess the sensitivity of the resistance factors, the resistance 
statistics of the original data base were arbitrarily varied. Based 
on the varied data base, a new target safety index was estab-
lished. Assuming the ratio of two load factors, 7p/fl, remained 
the same, the resistance factor was recalibrated corresponding 
to the new target safety index. The following two sets of re-
sistance statistics were considered: 

= 15%, 8, = 1.1 (/3, = 2.37) 	(61a) 

VR  = 10%, 5, = 1.0 (/3, = 2.29) 	(61b) 

In both cases the value obtained for the resistance factor was 
essentially unchanged. Results of these two sensitivity analyses 
are shown in Figure 33. Note that either VR or 8R  has been 
varied to a rather large extent. Therefore, it may be concluded 
that small deviations in the assumed values for resistance sta-
tistics will not significantly change the resulting resistance fac-
tors. 

For the basic data base where structures are in good or fair 
condition, a resistance factor of 0.9 or higher is acceptable. Based 
on the recent Probability Based Load Criterion for American 
National Standard A58, a dead load factor of 1.2 is deemed 
appropriate. Therefore, from Eq. 60, 

Rounding the live load factors to 1.6, the corresponding resist-
ance factor is 

4) = 0.94 	 (63) 

To account for the efforts in maintenance, inspection, and 
field measurement, as described earlier, the resistance factors 
were determined using the assumed resistance statistics, the 
same target safety index of 2.8, and the same load factors. The 
new resistance to live load factor ratios, 41-1L,  obtained from 
this procedure are given in Table 25. Also, the trial and error 
process used to obtain these ratios is illustrated in Figure 34. 
The resistance factors corresponding to the hierarchical classi-
fication in Table 24 are shown in Figure 35. 

LOAD FACTORS 

In principle, resistance and load factors are coupled. However, 
the variations in load factors due to variations in the resistance 
statistics are small. For practical purposes, it can be assumed 
that the influence from one to the other is negligible. 

Assuming different weight control (unenforced and enforced) 
and truck traffic volume (light, moderate, and heavy), a total 
of six live load categories was defined. For each of these live 
load categories, the live load statistics as described in Chapter 
Three were used as tentative values in the calibration of live 
load factors. Live load category 1, which assumes unenforced 
vehicle weight control and light truck traffic volume, is essen-
tially the site-specific live load environment for most bridges in 
the statistical data base that was used to establish the target 
safety index and to determine resistance factors. For this live 
load environment, the following load factors are deemed ap-
propriate for 4) = 0.94, 

4)=0.92 	y=l.56 	fory0  = 1.2 	(62) 	 - 	7D = 1.2 and -y 	1.6 	 (64) 
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Figure 32 Trial and error calibration. 
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Sensitivity of Resistance Factor 
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Figure 31 Sensitivity of the resistance factors (70/iL = 0.77). 
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It was assumed further that a constant dead load factor may 
be used for all live load categories, i.e., Vo = 1.2. Given 4) and 
)'m the live load factors were determined and are given in Table 
26 and Figure 36. 

DISCUSSION 

One way to assess the Level I load factor criteria rating is 
the correlation of the rating and the safety level for all bridges 
in the data base. Figure 31 shows such a correlation for rating 
based on current AASHTO methods. Considerable scattering 
exists. New rating factors may be determined using the same 
site conditions for each bridge and the partial factors determined 
in previous sections. The correlation between the new ratings 
and the safety level is shown in Figure 37. This correlation is 
much better than the current practice. The better correlation 
can be attributed to two factors: first, the partial factors used; 
and second, the improved live load effect. As shown in Chapter 
Three, the maximum longitudinal moment caused by controlling 
one of the two measured trucks suggested by Moses could be 
substantially different from the HS loading. It is important, for 

Table 25. Resistance to live load factors, +/YL, for different resistance 
statistics (iD/iL = 0.77). 

V R 
c 	L 10% ts% 201 25% 

1.1 0.59 0.53 0.47 0.41 

1.0 0.52 0.48 0.42 0.37 

0.9 0.43 0.38 0.34 

Table  26. Live load factors based on live load categories. 
-------------------------------------------

Truck 
Live Load eeiynt Traffic 
category 	- control Volume 

1 
---------------------------------------- 

Unenforced Light 1.60 
2 	j Moderate 1.84 
3 	i Heavy 1.93 

4 Enforced Light 1.48 
5 	i Moderate 1.73 
6 Heavy 1.82 

Calibration of Resistance Factor 

0.30 	0.35 	0.40 	0.45 	0.50 	0.55 	0.60 	0.65 	0.70 

Ratio of Resistance to Live Load Factor 

Figure 34. Calibration of resistance factors (in/i,) = a 77). 
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Figure 35. Resistance factors based on superstructure condition, inspection, and preventive maintenance. 
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Figure 36 Live load factors based on vehicle weight control and truck traffic volume. 
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Figure 37. Correlation of the safety index and the rating factor using proposed partial factors. 
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calibration purposes, that the rating should be conducted based 
on the same trucks used in evaluating the safety indices. As 
demonstrated in Chapter Three (Fig. 19), HS20 rating or 
AASHTO legal truck ratings may be converted to the rating 
factor corresponding to the measured "average" trucks. 

For bridges with rating less than 1, the maximum and min-
imum safety indices, /3, evaluated for the reduced live load 
effect, R1. L. are 3.63 and 2.39, respectively. 

EXAMPLE PROBLEMS 

Appendix A includes the guidelines for rating reinforced con-
crete bridge structures. 

Example 1-Woodbrldge Bridge, California (1925) 

This is a single-span, simply-supported, two-lane, five-girder 
reinforced concrete T-beam bridge. The ultimate resistance and 
dead load moment at midspan are, respectively, M = 493 kip-
ft, and MD  = 124 kip-ft. 

The live load girder moment at midspan for the HS20 truck 
loading with the AASHTO impact effect is M. = 147 kip-ft. 

The rating factors based on the current AASHTO "load 
factor" method are as follows. At inventory level, 
0.9 (493) - 1.3 (124) 

1.3 (5/3) (147) 	
= 0.89; and at operating level, 

0.9 (493) - 1.3 (124) = 148 
1.3 (147) 

The inventory level rating indicates that under the current 
design loading and design specification, the bridge does not 
satisfy the design limit state. However, the operating level rating 
indicates sufficient strength exists to carry the HS20 truck loads 
if the uncertainty of the truck load is no more than that of the 
dead load. Using the newly calibrated partial factors, the bridge 
may be rated as follows: 

The bridge is in good or fair condition; 4) = 0.94 (Table A-
2). 
The dead load factor is 1.2 (Table A-4). 
The truck traffic at the bridge site is considered light and 
the truck weight control is not enforced. The live load factor 
for this situation is 1.6 (Table A-7). Assuming smoothed 
roadway with an impact factor of 1.1, the nominal HS20 
girder moment is 147 (1.1/1.3) = 124.4. Therefore, RFES2O  
= 0.94(493) - 1.2(124) = 1.58. 

 
1.6024.4) 

With the assumption that the bridge is subjected to different 
truck traffic volumes and truck weight control enforcement 
(Table A-7), the following HS20 rating factors, showing the 
variation with live load conditions, were obtained: 

Truck Weight Control 

Truck Traffic 	Unenforced 	Enforced 
Volur 	I 	(RE) 	 (RI) 

Light 	 1.58 	 1.71 
Moderate 	 1.37 	 1.46 

Heavy 	 1.31 	 1.39  

The increase in rating due to weight control enforcement is 
about 6 to 8 percent. 

The dead load effect includes the following components: 

Structural Concrete 	 72.67 	 58.5% 
A.C. Overlay 	 32.96 	 26.5% 

Railing 	 18.59 	 15.0% 

MD  = 124.22 kip-ft 

The contribution due to A.C. overlay is relatively high in this 
bridge. Assume that a dead load factor of 1.4 is necessary for 
the overlay material and maintain the same factor of 1.2 for 
structural concrete and railing. The rating factor is 

= 0.94(493) - 1.2(72.67 + 18.59) - 1.4(32.96) 

1.6(124.4) 
= 1.55 

which is only 2 percent less than the case with no consideration 
given to the different dead load categories. 

To obtain rating factors corresponding to controlling trucks 
suggested by Moses, RE the conversion factors can be obtained 
from Figure 19 based on span length (26 ft) for different truck 
traffic. 

	

1.09 	light traffic 
RF = 0.88 * RFHS2O moderate traffic 

	

0.79 	heavy traffic 

For longer span lengths, however, the HS20 rating is usually 
more conservative than the rating for the controlling trucks 
suggested by Moses even for the heavy truck traffic category. 

Example 2-LIshakill Bridge, New York (1911) 

This is a simple-span five-girder T-beam bridge with a clear 
span length of 36 ft The width of the roadway pavement is 18 
ft. The center-to-center girder spacing is 64 in. This bridge has 
the highest ratio of dead load effect to live load effect, 1.44, 
among the T-beam bridges in the data base. 

The ultimate resistance and dead load effect at midspan are, 
respectively: M = 600 kip-ft, and MD  = 303 kip-ft. 

For the HS20 truck and AASHTO impact (1.3), the live load 
effect at midspan is ML  = 211 kip-ft. The ratings according to 
the AASHTO load factor method are 0.32 at inventory level 
and 0.53 at operating level. 

Based on the "allowable stress" method, the bridge was rated 
by the state as 0.21 and 0.86 at inventory and operating level, 
respectively. 

Assuming the bridge is in fair condition (Table A-2), has 
unenforced vehicle weight control and light truck traffic volume 
(Table A-7), and a smooth roadway, we can rate the bridge for 
the live load moment of (211 x 1.1/1.3) = 178 kip-ft, as 

- 0.94(600) - 1.2(303) = 0.70 

- 	1.6(178) 

The rating factor corresponding to the controlling truck sug-
gested by Moses is 
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(Table A-2), the resistance factor for this situation is 0.67. 
Therefore, RF = 0.79 RFHS2O  = 0.89 (Fig. 19) 

which is 27 percent higher than the HS20 rating. 

Example 3-Adams County Route 36 (Bridge No. 
001-0005) IllInois (1924) 

This is a four-girder, simple-span T-beam bridge with a span 
length of 51.5 ft and a girder spacing of 6.58 ft. The ultimate 
girder resistance at midspan is M = 1,678.8 kip-ft. 

The dead load moment is composed of 

Structural Concrete 	 359.8 kip-ft 
A.C. Overlay 	 31.1 

Railing 	 138.5 
MD  = 529.4 kip-ft 

The HS20 live load moment (plus impact, 1.28) at an interior 
girder is ML  = 455.4 kip-ft. The AASHTO load factor ratings 
are 0.83 at inventory level and 1.39 at operating level. 

Based on the partial factors for fair superstructure condition, 
smooth roadway (with impact 1.1), light truck traffic, and unen-
forced vehicle weight control, the rating factor is computed, for 
the live load moment of 391.4 kip-ft (=455.4 >< 1.1 / 1.28), as 

- 0.94(1678.8) - 1.2(529.4) - 	 = 1.51 
1. 6(39 1.4) 

In this bridge, the railing constitutes about 26 percent of the 
total dead load effect. Assuming that a dead load factor of 1.05 
is sufficient for railing, and maintaining the same factor 1.2 for 
structural concrete and overlay, the rating factor may be de-
termined as follows 

0.94(1,678.8) - 1.2 (359.8 + 31.1) - 1.05(138.5) 
1.6(391.4) 	

= 1.54 

There is only about a 2 percent increase in the rating factor. 

Example 4-DeterIorated Structure 

The Woodbridge Bridge in Example I is used as an illustra-
tion. Assume that some deterioration in the bridge structure 
was reported and the superstructure condition rating of the 
bridge is 5. Based on the as-built plans, the ultimate capacity 
of an interior girder is Mu  = 493 kip-ft. The load effects are 
MD  = 124 kip-ft and ML(I+ I) = 124.4 kip-ft (smooth road-
way). 

The new ratings are calculated for the following assumptions: 
1. The bridge is under the normal biennial inspection program. 

No preventive maintenance has been done. From Figure 35  

- 0.67(493) - 1.2(124) 
- 	 -0.91 

1.6(124.4) 

The bridge is inspected annually to observe the rate of de-
terioration. However, no preventive measure has been taken 
so far to retard further deterioration. The resistance factor 
for this case is 0.76. Therefore, RFHS,s = 1.13. 
The bridge has been inspected annually since the first signs 
of deterioration were observed. In addition, preventive mea-
sures were taken to repair and to retard further deterioration. 
A resistance factor of 0.84 may be used in this situation. 
Therefore, RFHS2O  = 1.33. 

Example 5-Lovekln Boulevard Undercrosslng 
(1972) 

This is a 121.3-ft single-span, 40-ft wide, four-cell box-girder 
bridge. The ultimate resistance and dead load moment at mid-
span for the total cross section are, respectively: M = 42,100 
kip-ft and MD  = 19,282 kip-ft. 

The live load moment at midspan for an HS20 truck which 
included the AASHTO impact (1.20) and distribution factor 
(5/7) is ML  = 6,549.4 kip-ft. 

The rating factors at inventory and operating level based on 
the current AASHTO load factor method are, respectively: 

- 0.90 (42,100) - 1.3 (19,282) - 
1.3 (5/3 (6,549.4) 	

=0.90 

- 0.90 (42,100) - 1.3 (19,282) - 	 = 
1.3 (6,549.4) 	

1.51 

The inventory level rating indicates that under the current 
design loading and specifications, the bridge does not satisfy the 
design limit state. However, the operating level rating indicates 
that there is sufficient strength to carry the HS20 truck. Using 
the proposed calibrated partial factors, the bridge may be rated 
as follows: 

The bridge is in good or fair condition; 4' = 0.94 (Table A-
2). 
The dead load factor is 1.2 (Table A-4). 
The truck traffic at the bridge site is considered light and 
the truck weight control is not enforced. For smooth road-
way, the live load effect is (6,549 >< 1.1/1.2) 6,003.6 kip-
ft. The live load factor for this situation is 1.6 (Table A-7). 
Thus, 

RF = 0.94 (42,100) - 1.2 (19,282) = 1.71 
1.6 (6,003.6) 
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Reported herein is a study pertaining to the strength evalu-
ation of existing reinforced concrete bridges. The emphasis is 
placed on the probabilistic calibration of the load and resistance 
factors in the Level I limit state format. This format is essentially 
the same as the current AASHTO Load Factor Method. How-
ever, by using the probabilistic calibration procedure, various 
aspects of the load and resistance variables may be accounted 
for systematically. Also, the inherent differences between the 
design of a new bridge and the evaluation of an existing bridge 
may be considered automatically by using different statistical 
data bases. Only the flexural strength of the superstructure was 
considered. 

For the load environment, site-specific live load parameters 
based on weigh-in-motion field measurements were used. These 
parameters include truck traffic volume, truck weight control 
enforcement, characteristic truck weight, and roadway rough-
ness and/or bump. 

The data available for this study are based on measurements 
conducted in 10 states. The live load model was formulated 
such that individual parameters may be identified and easily 
updated whenever additional information becomes available or 
when special conditions exist in any single state that warrant 
recalibration. 

The following factors were considered in evaluating resistance: 
degree of deterioration in the structure, frequency of inspection, 
preventive maintenance, and basis of ultimate resistance eval-
uation. 

For each resistance category in the hierarchical classification, 
a pair of values was assumed for VR  and 8R•  With the exception 
of bridges in good or fair condition, these statistical values were 
based on information available in the literature or subjective 
engineering judgments. 

Although there is a paucity of available data on which to 
rigorously calibrate all the variations in this procedure, it is 
believed that the formulation of the procedure developed herein 
provides a sound basis for future improvements. In addition, it 
is enough of an improvement in current practice to warrant 
AASHTO acceptance as a guide specification. 

By using the site-specific live load model, a target safety index 
of 2.8 was established based on current AASHTO rating at 
operating level. It should be noted that in selecting this target 
safety index, the high system redundancy inherent in typical 
reinforced concrete bridges has been implicitly considered. The 
corresponding system safety index will be higher. Because of 
the complexities involved in a complete system reliability anal-
ysis, it is difficult to ascertain this system reliability. However, 
a component safety index of 2.8, which is based on the operating 
level rating of existing bridges, is deemed sufficient to ensure 
the appropriate overall system reliability. 

The limit state criteria may be written as 

4R = Factored loads 	 (65)  

If the load factors were kept at the same level as in the current 
AASHTO specification, the nominal central safety factor would 
be proportional to 1/4'. The adoption of a higher 4) factor (0.94) 
for bridges in good or fair condition only reduces the central 
safety factor by 4 percent. Judging from the past perfonnance 
of bridges, this change is minimal. For deteriorated structures, 
lower 4) values are suggested for different inspection and main-
tenance efforts. 

The right-hand side of the limit state equation may be ex-
pressed in a format similar to the current AASHTO load factor 
method, 

Factored load effect = yp (I) + q L) 	(66) 

where q is the ratio of YL  and iD  Written in this form, '/D 

represents the basic uncertainties common to both dead load 
and live load effects, while q is the additional uncertainty solely 
related to the live load. The dead load factor chosen in this 
study is 1.2, which is about 9 percent less than the current 
design value. The live load factors determined in this study are 
for different live load categories based on available live load 
statistics. The corresponding q factors are as follows: 

Weight Control 
	

Truck Traffic Volume 
Enforcement 	 Moderate 	Heavy 

No 	 1.33 	1.53 	1.61 
Yes 	 1.23 	1.44 	1.52 

In designing a new reinforced concrete bridge, there is much 
higher uncertainty about the truck traffic volume and weight 
control enforcement that could exist during the life of the bridge. 
It is necessary, therefore, to use a conservative value for the q 
factor. It is interesting to note that the current AASHTO design 
value of 5/3  is very close to 1.61 for the most severe live load 
condition in this study. For existing bridges, truck traffic con-
ditions are known or may be obtained. It is justified to use a 
smaller value for the q factors as obtained from the probabilistic 
calibrations. By choosing the q factor (or live load factor) ac-
cording to the site-specific truck traffic condition, rating of 
existing bridges may be conducted more rationally. It has been 
shown that for all bridges in the data base with light truck 
traffic, the new rating factors obtained are close to the current 
AASHTO operating level rating. In addition, if the truck load 
is completely under control, such as in the case where the bridge 
is temporarily closed to allow a particular overload truck of 
known weight and wheel configuration to cross at crawl speeds, 
it may be feasible to reduce q further. 

During the course of this project, various aspects related to 
the strength evaluation of existing reinforced concrete bridges 
were reviewed. Some of the more important research needs that 
could be identified include the following: 
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At present, the knowledge about deteriorated, hazardous 
structures is lacking. It is important that bridge inspections may 
distinguish between cosmetic-type deterioration and structural 
deterioration. The superstructure condition rating as currently 
implemented in the NBIF should be rated systematically and 
should reflect consistently the degree of deterioration. 

For seriously deteriorated structures, more full-scale load 
testing is recommended. On the one hand, the test results could 
be directly used to rate the particular structures. The results, if 
documented properly, could also be used to establish a statistical 
data base of resistance of deteriorated structures. This could be 
used for further refined calibration. 

The FHWA-computerized National Bridge Inventory File 
is a valuable data base. However, more useful information of a 
bridge could be included. To maximize its use in rating, it is 
recommended that the following items be included: (a) resist-
ance and load effects (shear and moment), and (b) failure mode 
corresponding to the rating factor reported. With this additional 
information, the centralized NBIF data base can be very useful 
not only for administrative purposes but also for such technical 
purpose as selecting a target safety index for future code revi-
sions. 

Among the live load parameters, the girder distribution 
factor needs further study. In the current AASHTO code, the 
girder distribution is given in terms of number of wheel lines. 

It is implicit in the formula for the two lanes loaded case that 
two identical trucks occupy the bridge simultaneously. When 
applied to the rating of a special overload truck, the AASHTO 
load distribution factor becomes unnecessarily conservative be-
cause the possibility of two identical overload trucks side-by-
side on the bridge is unlikely. For this case, guidelines are needed 
so that the live load effect distributed to a girder due to a 
standard truck and a special overload truck can be evaluated. 
An ongoing research project (NCHRP Project 12-26) on wheel 
load distribution will take this into account. 

More field measurements of highway bridge live loadings 
should be conducted both for areas with high percentage of 
overload permit trucks and for more typical rural area and 
secondary roads. From these measurements, site-specific live-
load parameters may be identified. With a more extensive data 
base, the values used in this study may be verified or revised. 
For a certain geographical locality, it may be advantageous to 
establish regional live load statistics instead of using the national 
average. 

In addition, field measurement data obtained from other mea-
surement methods should also be surveyed to avoid any potential 
bias from a single measurement method. With these data avail-
able, a loading code, similar to the NBS ASS loading code (19), 
can be developed specifically for bridges, which is applicable to 
all bridge types. 
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APPENDIX A 

GUIDELINES 

SECTION 1 

INTRODUCTION 

1.1 PURPOSE 

These guidelines establish a methodology for determining the 
live load capacity of existing reinforced concrete bridges. 

1.2 SCOPE 

The methodology is presented in a limit states format using 
both load and resistance factors. This format provides a basis 
on which probability theory and engineering judgment can be 
rationally combined. The approach is general enough to allow 
for independent consideration of each of the major variables 
that can affect the determination of the live load capacity of a 
bridge. The numerical values assigned to the load and resistance 
factors are based on probabilistic calibration with the current 
AASHTO practice utilizing a set of existing bridge structures, 
available statistical data, and engineering judgments such that, 
on the average, a safety index of 2.8 may be attained. These 
values are subject to change as more statistical data become 
available. 

1.3 APPLICABILITY 

This methodology was developed for existing, reinforced con-
crete bridges consisting of rigid frames, simple spans, or con- 

tinuous spans with right or skewed supports. The applicable 
bridge types include slab, girder, T-beam, and box-girder bridges 
with short-to-medium span lengths. These guidelines are in-
tended for bridges with known structural details. 

SECTION 2 

SYMBOLS AND DEFINITIONS 

The following symbols and definitions apply to these Guide-
lines: 

B, Nominal dead load effect of element i 
I "Impact factor" used to approximate the dynamic effects 

of moving vehicles 
L Nominal live load effects for the rating vehicle 
1? Nominal resistance 
RF Rating factor 
Ym Dead load factor for element i 

'/L Live load factor 
4) Capacity reduction factor to account for uncertainties in 

resistance due to variations in dimensions, material prop- 
erties, and theory. 
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SECTION 3 
	

3.4 EVALUATION PROCESS 

LIMIT STATES EVALUATION 

3.1 GENERAL 

The determination of bridge live load capacity requires some 
knowledge of both the physical properties of the bridge and the 
applied loadings. This knowledge allows the prediction of nom-
inal strengths and loads from established procedures. Because 
of the uncertainties in this knowledge, actual strengths and loads 
may vary from their nominal values. In addition, there are 
uncertainties both in the structural analysis and in detennining 
the amount and extent of deterioration. 

One method of accounting for these uncertainties is through 
a limit states evaluation developed on the concept of consistent 
structural reliability. 

3.2 DEFINITION OF LIMIT STATES EVALUATION 

When a structure or structural element becomes unfit for its 
intended purpose, it is said to have reached its limit state. Limit 
states fall into two categories: safety limit states and servicea-
bility limit states. Structure reliability is the probability that a 
given structure will perform satisfactorily by not reaching its 
limit state over a specified time period. 

Safety limit states correspond to the ability of the structure 
or structural component to support the applied loads. Service-
ability limit states either restrict the normal use of a bridge or 
affect its durability. The acceptable level of structure reliability 
will vary depending on the type of limit state. 

3.3 THE BASIC RATING EQUATION 

The basic rating equation used in these guidelines is 

Zn 

IPR -  mD 
RF= 	 (A-i) 

7L'( 1 +1) 

where: 

RF = rating factor (the portion of the rating vehicle allowed 
on the bridge); 

4) = capacity reduction factor; 
m = number of elements included in the dead load; 
R = nominal resistance; 

= deadload factor for element i; 
Di  = nominal dead load effect of element i; 
'IL = live load factor for rating vehicle; 
L = nominal live load effect for the rating vehicle(s) (see 

Commentary, Appendix B, Section 3.3); and 
I = live load impact factor. 

This equation should be evaluated for critical components at 
both safety and serviceability limit states. The following major 
sections will discuss methods for determining each of the var-
iables in this equation. 

The limit states evaluation process described in these guide-
lines consists of the following steps: 

Step I. Collection of information—field inspection, office rec-
ords, and special testing. 

Step 2. Selection of rating vehicle— 
Step 3. Analysis—identification of critical limiting states(s), 

determination of nominal load effects, and determination of 
nominal resistance. 

Step 4. Selection of load and resistance factors—charts and 
tables in these Guidelines. 

Step 5. Determination of rating factors— 

The results of the structural strength evaluation may be used 
to determine restrictions on the use of the bridge by normal 
traffic load (load limit posting), the maximum weight of the 
occasional overload vehicle allowed to mix with normal traffic 
(unsupervised overload permits), or the absolute maximum 
weight of the vehicle allowed on the bridge under controlled 
circumstances (supervised overload permit). In addition, a sub-
standard live load capacity may be used as justification for future 
repairs and/or replacement. 

Figure A-I presents a flowchart of the evaluation process. 

SECTION 4 

RESISTANCE 

4.1 GENERAL 

Resistance shall be calculated for the probable limiting 
mode(s) for both the safety and serviceability limit states as 
described in Sections 4.2 and 4.3. In most short-to-medium span 
reinforced concrete bridges, flexure in the primary load-carrying 
members (i.e., girders or longitudinal strip of a flat slab bridge) 
is the probable limiting mode; thus, nominal resistance is the 
fiexural capacity of these members. Occasionally, shear in the 
girders or bending and shear in other structural components, 
such as slabs or bent caps, are more likely limiting modes. This 
is particularly true when these components are badly deterio-
rated. Because shear failures can be catastrophic, care should 
be taken not to overlook the possibility of a shear failure. When 
in doubt as to the most probable limiting mode, the rating 
equation should be evaluated for each potential limiting mode. 

Nominal resistance shall be modified by a capacity reduction 
factor. This factor, which accounts for uncertainties in calcu-
lating nominal resistance, is described in Section 4.4. 

Only the resistance factor for flexural behavior is considered. 
The resistance factor for shear currently used in AASHTO 
specifications may be used. 

4.2 RESISTANCE—SAFETY LIMIT STATES 

The nominal resistance of reinforced concrete members at the 
safety limit state will be the ultimate strength of the given 
member. Nominal strength calculations shall take into consid-
eration the observable effects of deterioration, such as loss of 
concrete or steel cross-sectional area, loss of composite action, 
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or reduced material strengths. Alternately, nominal strengths 
may be determined from plan dimensions with deterioration 
accounted for by reduced resistance factors. 

4.2.1. Concrete 

The strength of sound concrete shall be assumed to be equal 
to either the values taken from the pians and specifications or 
the average of construction test values. When these values are 
not available, the ultimate stress of sound concrete may be 
assumed to be 3,000 psi. A reduced ultimate strength shall be 
assumed (no less than 2,000 psi, however) for unsound or de-
teriorated concrete unless evidence to the contrary is gained by 
field testing. 

4.2.2. ReInforcing Steel 

The area of tension steel to be used in computing the ultimate 
flexural strength of reinforced concrete members shall not ex-
ceed that available in the section or 75 percent of the steel 
reinforcement required for a balanced condition. The steel yield 
stresses to be used for various types of reinforcing steel are given 
in Table A-I. 

4.3 RESISTANCE—SERVICEABILITY LIMIT STATES 

The nominal resistance for reinforced concrete members at 
the serviceability limit state shall be computed by using the 
elastic theory of flexure. The allowable steel stress limitations 
will be based on fatigue and crack control requirements as 
described in the current AASHTO specifications. The following 
conditions apply to the evaluation of serviceability limit states: 

I. Restrictions of nonpermit traffic (i.e., posting) will not be 
required to maintain serviceability. 

Fatigue stress limitations do not need to be considered for 
occasional overload trucks. 

Frequent inspections are recommended for bridges sub-
jected to live loadings that produce steel stresses beyond the 
recommended allowable stresses for serviceability. 

Other serviceability limit states do not need to be considered 
except at the discretion of the engineer. 

4.4 CAPACITY REDUCTION FACTOR 

The nominal resistance shall be multiplied by a capacity re-
duction factor to account for uncertainties due to variations in 
material strengths, dimensional tolerances, accuracy of the 
methods used to calculate nominal resistance, current super-
structure condition, and future deterioration. The capacity re-
duction factor also accounts for variations in inspection and 
maintenance efforts that affect the ability to detect and/or pre-
vent future deterioration or distress that can potentially result 
in losses in live load capacity. The resistance categories are 
classified hierarchically as shown in Table A-2 according to the 
following: degree of deterioration, evaluation based on as-built 
plans or field measurements, inspection frequency, and prev-
entative maintenance. 

Table A-i. Yield stress of reinforcing steels, 
Reinforcing Steel 	 yield Stress F (psi) 

Unknown steel (prior to 1954) 	 33,000 
Structural Grade 	 36,000 
Intermediate Grade and unknown 
after 1954 (Grade 40) 	 40,000 

Hard Grade (Grade 50) 	 50,000 
Grade 60 	 60,000 

Table A-2. Resistance categories. 

Superstrirture Rating based on: Inspection rrequency Preventive 
COrjtiOn* 	Field 	 Nonrial 	maintenance 
(r) 	Plans Measurenent Frequent (2 yrs.) Yes 	No 	0 

Goedorrair - -- 	-- - -- - 0.94 
r > 7 

X X X 0.64 
X X 0.84 

X X X 0.76 
Deteriorated 	X X X 0.84 
(r4,5,6) 	X X X 0.76 

X X 0.76 
X X X 0.67 

Seriously 	 X 	 X 	 X 0.76 
Deteriorated 	 X 	 H 	X 	0.76 
to Itentia1iy 	 X 	 X 	 X 	0.67 
Hazardous 	X 	 X 	 X 	0.67 
Cr 3) 	X 	 H 	 X 0.60 

H 	 X 	X 	0.60 
X 	 X 	 H 	0.54 

Item 59 from National Bridge Inventory File 

Capacity reduction factors for safety limit states shall be taken 
from Figure A-2 for flexure. The capacity reduction factor for 
serviceability limit states shall equal 1.0. 

SECTIoN 5 

LOADS 

5.1 GdIERAL 

Bridges shall be evaluated for their ability to carry dead load 
and traffic live load, including the dynamic effects of moving 
vehicles. Normally, other types of loadings such as wind, earth-
quakes, and thermal forces shall not be considered except as 
determined by the Engineer. 

5.2 COMBINATION OF LOADS 

The load factors described herein apply to AASHTO Group 
I loading as described in Sec. 1.2.22 of the AASHTO Standard 
Specifications for Highway Bridges. Loading combinations in-
volving live loads other than traffic live load and vehicular 
impact require the use of the load factors for Group II through 
X given in Table 1.2.22 of the AASHTO Standard Specifications 
for Highway Bridges. These combinations shall be considered 
for the safety limit states only. 
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Figure A-2. Capacity reduction factor—flexure. 

5.3 DEAD LOADS 

Dead loads, which shall be determined from dimensions on 
the plans or from field measurements, shall include the weights 
of each of the permanent parts and appendages of the bridge. 
Particular care should be given to include any additional dead 
load resulting from modification to the bridge. The minimum 
unit weights of materials to be used in computing the dead load 
shall be taken from Table A-3. 

54 DEAD LOAD FACTORS 

Partial dead load factors have been established to reflect the 
various degrees of control used in producing the structural and 
nonstructural components of the bridge. 

Separate dead load factors may be applied for various types 
of components according to Table A-4. 

For serviceability limit states, the dead load factor shall be 
equal to 1.0  

5.5 LIVE LOADS 

The traffic live load used for determining the live load capacity 
shall be representative of the actual vehicles using the bridge. 
In most cases, the typical vehicles shown in Figure A-3 or the 
standard AASHTO "H" or "HS" vehicle will satisfy these 
criteria. The axle spacings and weights chosen for the typical 
vehicle types shown in Figure A-3 were selected from actual 
maximum legal loads conforming closely with the regulations 
of most states. In some cases it may be necessary to adjust the 
given axle weights and spacings to conform with allowable max-
imum legal weights and lengths, which vary from state to state. 
Because axle weights and spacings for overload vehicles may 
vary considerably from those of typical legal loads, some juris-
dictions may find it useful to develop special vehicle configu-
rations for the purpose of issuing overload permits. 

In computing the rating factor for normal loading, only one 
vehicle shall normally be considered in any one lane. The num-
ber of traffic lanes to be loaded shall be in conformance with 

Table A-3. Dead load unit weights. 
UNIT WEIGHT 

MATERIAL 	 (lbs. per 	cu. ft.) 

Asphalt 	surfacing .......................144 
Concrete, plain or reinforced ...........150 

(nornal weight) 
Steel ...................................490  
cast 	Iron ...............................450. 
Timber (treated or untreated) ............50 
Earth (compacted), sand, gravel .........120 

or ballast 

Table A4. Dead load factors. 

4 
Structural Concrete 	 1.20 

Factory Produced Component 	 1.05 

Asphalt Wearing Surface 	 1.40 
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of multiple vehicles, different axle spacings, and variations in 
accuracy in the analysis of load effects. 

The degree of refinement or sophistication used to determine 
the distribution of live loads to the load-carrying components 
shall be categorized into one of the three levels shown in Table 
A-S. 

The methodology described in these guidelines makes addi-
tional allowances for the traffic volume on the bridge and the 
enforcement of weight limit control. Six live load categories may 
be classified as shown in Table A-6. 

Live load factors to be used in evaluating safety limit states 
shall be taken from Table A-7. For serviceability limit states, 
live load factors shall be equal to 1.0. 

TYPE 3-3 UNIT WEIGHT = 80 HIPS 

	

12 	 12 12 	 16 	 14 14 

5.0 	4.0.1 	5.0 	 6.0 	
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30.1 	 23.9 
54.0 

Figure A-i Typical legal load types 

the current AASHTO Standard Specifications for Highway 
Bridges, except that the minimum roadway width for two lanes 
shall be reduced to 18 ft. When the engineer determines that 
conditions of traffic movement and volume would warrant it, 
fewer traffic lanes than specified previously may be considered. 

Unless special circumstances exist that would make loading 
by multiple overload vehicles probable, only one overload vehicle 
needs to be considered on the bridge at any one time. Unless 
special traffic control is provided, one legal vehicle shall be 
assumed to occupy the lane adjacent to the overload vehicle. 
When the engineer determines the conditions of traffic move-
ment and volume would warrant it, the legal vehicle may be 
eliminated. 

The gage distance between wheels of typical legal vehicles 
shall be taken as 6 ft. The spacing, center-to-center, of adjacent 
wheels of passing vehicles shall be taken as 3 ft and the center 
of the outside wheel of any vehicle shall be considered as applied 
at a distance not less than 1.5 ft from the face of the curb. 

The probable maximum sidewalk loadings should be used in 
calculations for safe load capacity ratings. This loading will vary 
from bridge to bridge, depending generally on its location. Be-
cause of this variation, the Engineer must use his judgment to 
make the final determination of the unit loading to be used. 
This loading will not exceed the design sidewalk loading given 
in the AASHTO Standard Specj/Ications for Highway Bridges. 

5.6 LIVE LOAD FACTORS 

Live load factors account for the variability of traffic live 
load, including overweight vehicles and/or axles, the presence 

Table A-S. Live load distribution levels. 
LEVEL 	 DESCRIPTION 

Grillage analogy, orthotropic plate theory, 

finite element, or specially prepared inf luence 

surfaces developed by using one of these 

methods 

2 	 Load distribution based on formulas which have 

been derived for specific loads, such as AASHTO 

design live load distribution factors for 

AASHTO design loads 

Load distributions based on formulas which are 

not specifically intended for the loading under 

consideration. 

Table A-6. Live load categories. 
Weight Limit Control 	Traffic Volume 	 Category 

Light (200 Trucks/Day) 
Unenforced 	 Moderate (2000 Trucks/Day) 	2 

Heavy (10,000 Trucks/Day) 	3 

Light 	 4 
Enforced 	 Moderate 	 5 

Heavy 	 6 

Table A-7. Live load factors 

'Live Load Distribution Levels' 
* I:Live Load Category , 	1 	, 	2 	 3 

1 	 1.44 1.60 1 1.76 
2 	 1 	1.65 1.84 1 2.02 
3 	 1 	1.74 i 1.93 1 2.12 

____________________________ 1 
4 	 1 	.33 	

I 

' 	1.48 	i 	1.63 
5 	 1.56 

	

i 	1.73 	1 	1.90 
6 	 1 	1.64 

	

1.82 	2.00 

*Derived from Level 2 by ±10% adjustment 
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5.7 IMPACT 

The dynamic effects of moving live loads shall be included 
in the evaluation of both the safety and serviceability limit states. 
The dynamic effect traditionally referred to as the "impact 
factor" is applied to the live load to account for the dynamic 
interaction between the bridge and the suspension system of the 
moving vehicle. 

The dynamic effects of moving live loads shall be included 
in the evaluation Group A components as described in Sec. 
1.2.12 of the AASHTO Standard Specifications for Highway 
Bridge& 

A dynamic load test, using design or rating live load moving 
at normal speed across the bridge, may be used to establish 
values for dynamic load allowances. In the absence of these test 
data, the impact factors shall be determined according to the 
roadway roughness as shown in Table A-8. 

SECTION 6 

DETERIORATION 

6.1 GENERAL 

From the collected field data, the degree of deterioration needs 
to be determined so that the revised load-carrying capacity of 
the structure can be determined. 

6.2 MOMENT CAPACITY 

Using the plots of deterioration, determine the cross section 
of the girder having the greatest percentage loss in moment 
capacity due to deterioration at the highly stressed region, e.g., 
within the center '/2  of a simply-supported span. This may require 
several trial calculations. Assume that the moment capacity of 
the highly stressed region of the girder has been reduced by this 
same percentage. 

When calculating the moment capacity, all of the concrete 
in the compression area from the girder's neutral axis is con-
sidered active. 

The deteriorated concrete compression section is compensated 
for by reducing the depth of the slab an amount equivalent to 
the area lost from spalls and the areas above detectable under-
surface fracture planes. Assume that the undersurface plane is 
level with the top of the top layer of reinforcing steel. Also 
assume that the plane of an undersurface fracture will travel 
up to the deck surface at a 45-deg angle from the edge of the 
detectable fracture. 

Table A.S. Impact factors. 

Roadway 

Rough surface; bump 	0.20 
in approaches or 
expansion joints 

Smooth surface 	i 	0.10 

When the steel section loss is too smalito determine, or when 
there is visible evidence of corrosion on the concrete (e.g., rust 
stains) at a covered bar, assume that the bar has lost 3 percent 
of its cross section. 

Reinforcement at a section should be considered effective only 
to the extent that stress in the steel can be developed due to 
bar anchorage. When the full yield stress of the steel cannot be 
developed, the effective steel area used to calculate flexural 
capacity shall be reduced in proportion to the reduction in the 
amount of steel stress that can be developed. 

When more than half of the perimeter of a steel reinforcing 
bar is exposed, assume that no bond exists between the bar and 
the concrete over the length of exposure. When less than half 
of the perimeter is exposed, the bond should be reduced in 
proportion to the percentage of the perimeter exposed. When a 
longitudinal crack greater than 0.1 in. in width occurs in the 
concrete along a line parallel to the bar, assume that the bond 
is reduced by 10 percent over the length of the crack. When a 
longitudinal crack less than 0.1 in. in width exists, a bond 
reduction shall be assumed to vary linearly with the width of 
the crack from 10 percent at a width of 0.1 in. to no reduction 
at a crack width of 0.01 in. or less. 

6.3 SHEAR CAPACITY 

When the field report shows the following conditions existing 
in the region of high deterioration in the girder, the girder shear 
capacity should be reduced as indicated: 

I. Diagonal cracks—reduce shear capacity of the concrete 
based on the width of the crack up to a maximum of 100 percent 
for crack widths of '/ in. or more. 

Rust stains—reduce area of shear steel by 5 percent. 
Vertical displacement across a crack(s)—neglect shear ca-

pacity of concrete and reduce area of shear steel by 10 percent. 
Spalled concrete along diagonal cracks—neglect shear ca-

pacity of concrete. 
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APPENDIX B 

COMMENTARY 

SECTION 1 

INTRODUCTION 

1.1 PURPOSE 

The guidelines were developed to improve the procedures for 
evaluating the structural strength of existing reinforced concrete 
bridges. Unlike steel, reinforced concrete seldom fails cata-
strophically; however, gradual deterioration due to environ-
mental factors can affect the structural capacity of reinforced 
concrete bridges. In addition, test results have indicated that 
reinforced concrete bridges generally have a greater structural 
capacity than indicated by the most commonly used analytical 
methods. 

The guidelines address several of the discrepancies and short-
comings of existing evaluation procedures. Many questions still 
remain, but the methodology is developed within a framework 
that provides for the systematic improvement of the evaluation 
process. Moreover, the methodology can be used in conjunction 
with a wide range of engineering practices. The use of improved 
techniques is encouraged since credit is given to the improved 
reliability that can be obtained 

One of the primary goals of the guidelines is to clarify the 
procedures used to evaluate the effects of deterioration. A more 
comprehensive field inspection procedure is included in Appen-
dix D of this report for bridges that are seriously deteriorated. 

1.2 SCOPE 

The limit states approach using partial load and resistance 
factors was chosen as the basis for the proposed methodology 
because it conforms closely to the current AASHTO load factor 
design, while still allowing for a systematic consideration of the 
differences involved in bridge evaluation. This approach allows 
each variable to be addressed separately, researched (if needed), 
and proportionally weighed in the overall rating process. Thus, 
it provides a framework into which future developments can be 
incorporated. 

Load and resistance factors can be calculated from the coef-
ficient of variation of actual load effects and resistance, the ratio 
of the mean value to nominally determined values, and the 
desired safety level. Therefore, as more data become available 
on the distribution of actual load effects and resistances, new 
and more realistic load and resistance factors can be developed. 

The definition of limit states themselves is likely to change 
with time as more experience is gained. By documenting the 
guidelines in a limit states format, new limit states can be sys-
tematically and rationally included with a minimum of disrup-
tion to evaluation practices. 

The methods for calculating nominal resistance at the various 
limit states, the suggested techniques for determining nominal 
load effects, and the values for load and resistance factors sug-
gested in the methodology were derived from the information 
available at the time of publication. It is almost certain that 
improvements will be made as experience is gained from using 
the methodology. Nothing in the guidelines should be inter-
preted as opposing the introduction of improvements provided 
they can be justified by the principles of good structural engi-
neering and a sound statistical base. 

The guidelines have been written in specification format with 
the intent that they will be reviewed, scrutinized, and modified 
so that they can eventually be included in the AASHTO pro-
visions. 

1.3 APPLICABILITY 

Although the guidelines will be developed for a specific, nar-
row range of bridges, many of the principles involved are ap-
plicable to the evaluation of all types of bridges. Ideally, any 
type of bridge could be evaluated by the limit states approach. 
If evaluation procedures were developed so this could be done, 
progress would be made toward load limit evaluations based on 
equal probabilities of failure. 

The guidelines were developed specifically for bridges in the 
United States. Current American bridge evaluation practices 
were considered in developing the methodology. Although the 
basic concepts can be universally applied, it would be prudent 
to consider the effects of local practices on the load limit values 
obtained by the methodology before applying these guidelines 
to bridges outside the United States. 

SECTION 2 

SYMBOLS AND DEFINITIONS 

The following symbols and definitions apply to these Guide-
lines and Commentary: 

- 

A Random variable reflecting the uncertainties in transform-
ing the nominal dead loads assigned to each member prior 
to carrying out the structural analysis, normally referred to 
as the "dead load distribution"; this variable is equal to 1.0 
if the mean of all the assumptions equals the correct answer 

Di  Nominal dead load effect of element i 
I "Impact factor" used to approximate the dynamic effects 

of moving vehicles 
L 	Nominal live load effects for load j other than the rating 

vehicle 
LR  Nominal live load effects for the rating vehicle 
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m Total number of elements contributing dead load to the 
structure 

n 	Total number of live loadings contributing to the live load 
effects other than the rating vehicle or vehicles 

Qk Effect of load k 
B,, Nominal resistance 
.RF Rating factor 
VR  Coefficient of variation of the resistance 
V,, Coefficient of variation of the dead load 
V, Coefficient of variation of the live load 
/3 Safety index 
yj Dead load factor for element i 
'/LJ Live load factor for load] other than the rating vehicle 
YLR Live load factor for the rating vehicle 
8 	Bias coefficient to transform the calculated or nominal dead 

loads to mean dead loads 
B 	Bias coefficient to transform the calculated or nominal live 

loads to mean live loads 
8, Bias coefficient to transform the calculated or nominal re-

sistance to mean resistances 
fr Capacity reduction factor to account for uncertainties in 

resistance due to variations in dimensions, material prop-
erties, and theory. 

SECTION 3 

LIMIT STATES EVALUATION 

3.1 GENERAL 

The evaluation of a structure is based on the simple principle 
that the available capacity of a structure to carry loads must 
exceed the capacity required to support the applied loadings. 
To perform an evaluation, therefore, it is necessary to how 
something about the available capacity, the applied loading, and 
the response of the structure to that loading. Knowledge and 
information with respect to each of these items is seldom com-
plete; and, therefore, evaluation can seldom be done precisely. 

To compensate for this lack of knowledge and information, 
engineers have used safety factors to ensure that failure does 
not occur. Within the United States, until very recently, safety 
factors in bridge evaluation were included in the allowable 
stresses specified by AASHTO. These allowable stresses have 
undergone an evolutionary process and have tended to assume 
values which, from experience, have resulted in load capacity 
evaluations that have a maximum probability of exceeding a 
limit state which is both socially and economically acceptable. 
This approach has the drawback that all uncertainties relating 
to available capacity, loadings, and structure response are ac-
counted for by the allowable stress. This has resulted in different 
probabilities of failure for various types of structures. 

AASHTO has also adopted an alternate load factor evaluation 
approach for bridges. In this approach, safety factors are in-
cluded in the form of load factors which account for the un-
certainties of loadings and structural response. In determining 
structural resistance the ultimate capacity is assumed. In the 
case of reinforced concrete, resistance factors are also used which 
reflect the uncertainties related to the material properties, sec-
tion dimensions, and the assumptions of ultimate strength the- 

ory. The load factor evaluation is generally accepted as a more 
rational approach than the allowable stress method. (B. L B.2). 

3.2 DEFINITION OF LIMIT STATES EVALUATION 

Limit states design and evaluation have become very popular 
in recent years. The trend in the development of new design 
evaluation codes and standards is toward this approach (B.2, 
B.3). 

Within the framework of a limit states approach, structural 
failure is defined in terms of its impact on the users of the 
structure. For example, failure may be considered to occur when 
the safety of a user is placed in jeopardy. When a structure is 
loaded to the point that such a failure is imminent, it is said to 
have reached its ultimate or safety limit state- This type of failure 
is obviously very serious. On the other hand, failure may be 
defined as excessive deflections or vibrations. This type of failure 
does not affect safety, but can affect the way a structure performs 
in service. These less serious failures occur when a structure 
reaches what is called a serviceability limit state. 

When presented in a load and resistance factor format, the 
limit states approach can be used to consider the relative seri-
ousness of each type of structural failure because the load and 
resistance factors can be adjusted to yield different probabilities 
of failure. A serious failure can, therefore, be given a low prob-
ability of occurrence, while less serious failures can be assigned 
higher probabilities of occurrence. This approach is intended to 
prevent both excessive construction costs in new structures and 
overly restrictive load limits on existing structures. 

The values for load effect and resistance are nominally de-
termined by established methods. The relationship between these 
nominal values and the distribution of actual values for load 
effect and resistance is used along with probability theory to 
select load and resistance factors. Theoretically if load and re-
sistance factors are considered separately, the probability of 
failure will be less dependent on the structure type. 

The following section will illustrate in greater detail the de-
velopment of the basic limit states rating equation used in the 
guidelines. 

3.9 THE BASIC RATING EQUATION 

The basic structural engineering equation states that the re-
sistance of a structure must equal or exceed the demand placed 
on it by loads. Stated mathematically, B > Y Qk, where B = 

resistance, and Qk = effect of load k. 
The solution of this simple equation encompasses the whole 

art and science of structural engineering including the disciplines 
of strength of materials, structural analysis, and load determi-
nation. This equation applies to design as well as evaluation. In 
structural evaluation, the objective is to determine the maximum 
allowable live load. In the case of bridge evaluation, this usually 
means the maximum vehicle weight. 

Any rational and tractable approach to the analytical solution 
of the basic structural engineering equation requires that the 
modes of failure be identified to establish the resistance. The 
location, types, and extent of the critical failure modes must be 
determined. The equation must be solved for each of these 
potential failure modes. 
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Since neither resistance nor the load effect can be established 
with certainty, safety factors must be introduced that give ad-
equate assurance that the limit states are not exceeded. This 
may be done by stating the equation in a load and resistance 
factor format. 

Separate load or resistance factors that will account for each 
- of the major sources of uncertainty may be introduced to the 

equation. The basic rating equation used in the guidelines is 
simply a special form of the basic structural engineering equation 
with load and resistance factors introduced to account for un-
certainties that apply to the bridge evaluation problem. It is 
written is follows: 

- 	VDI1  - ± YLjUj(I) 
RF= 	Jl 	 (B-i) 

'/LRLR(I +1) 

where 

RF = rating factor (the portion of the rating vehicle allowed 
on the bridge); 

$ = capacity reduction factor; 
m = number of elements included in the dead load; 
it, = nominal resistance; 

n = number of live loads other than the rating vehicle; 
dead load factor for element i; 

.0, = nominal dead load effect of element i; 
'hi = live load factor for live load j other than the rating 

vehicle(s); 
L = nominal traffic live load effects for load] other than - 

the rating vehicle(s); 

'hR = live load factor for rating vehicle; 

LR = nominal live load effect for the rating vehicle; and 
I = live load impact factor. 

The concept of a rating factor RF is introduced into this 
equation for convenience. The rating factor is defined as the 
ratio between the maximum pennitted traffic live load effect 
and the effect of the nominal rating vehicle. Thus, if the rating 
factor equals or exceeds unity, the bridge live load capacity is 
sufficient to support the rating vehicle. However, if the rating 
factor is less than unity, the rating vehicle may overload the 
bridge. 

The maximum permitted traffic live load effect will be the 
total resistance minus the effect of loadings other than the rating 
vehicle. This will include dead loads, nonvehicular live loads, 
and, in the case of unsupervised permit loading, the vehicular 
live load and the impact of normal traffic that could mix with 
the rating vehicle. This may be written as follows: 

Rating 	 Dead 	Other 
Vehicle = Capacity - Load - Live Load 
Effects 	 Effects Effects 

The basic rating equation, as stated earlier, is in a more general 
format than the current AASHTO practice. In the current 
AASHTO specification, the live load effects are computed based 
on a wheel line distribution factor that considers implicitly more 
than one vehicle on the bridge. This is a special case in the 
proposed rating equation in which Lj  = 0 and LR  is computed 
for the standard rating vehicles. The above rating equation may 
be particularly advantageous when rating for an overload special 

permit vehicle. In this case, the concurrent probability of two 
or more such overload vehicles is practically zero. Therefore, 

LR  is the load effect due to a single rating vehicle, and L is the 
load effect due to the more common trucks. However, a simple 
formula for evaluating such single vehicle load effect is not 
available. It is envisioned that in the ongoing NCHRP Project 
12-26 "Wheel Load Distribution," simplified procedures will 
be developed to evaluate the maximum load effect in a bridge 
component due to a single vehicle. 

The load and resistance factors included in the basic rating 
equation are selected to yield an acceptable reliability level in 
terms of safety index. Each of these factors accounts for certain 
aspects of the uncertainty in calculating normal load and re-
sistance effects. They are discussed in more detail in Sections 4 
and 5. 

3.4 EVALUATION PROCESS 

Each of the steps in the evaluation process may be performed 
in any one of several ways. Therefore, the guidelines are general 
enough to accommodate the practices of several different en-
gineers or agencies. The load and resistance factors presented 
in the guidelines were developed on the principle that the ac-
curacy of an evaluation was dependent, in part, on the methods 
used to perform the evaluation. 

For economic reasons, it is desirable to keep the evaluation 
effort to a minimum. If the capacity of a bridge can be shown 
to be sufficient by making some approximations, there is no 
need to resort to an expensive evaluation procedure. On the 
other hand, if the sufficiency of a bridge cannot be reliably 
established using a more approximate method, then an engineer 
may wish to resort to a more sophisticated approach in order 
to demonstrate the sufficiency of the bridge. Therefore, the 
evaluation process outlined in the guidelines is a cyclic process 
in which one or several of the steps may be repeated. 

The evaluation process may also vary depending on how the 
results of the evaluation will be used. Often this may mean that 
one or more of the steps in the process will be repeated. In the 
case where the results of evaluation will be used to issue an 
overload permit, for example, the selection of a rating vehicle, 
parts of the analysis, and selection of load factors, will vary. At 
least those steps that are related to these items must be repeated. 

SECTION 4 

RESISTANCE 

4.1 GENERAL 

The determination of structural resistance is one of the pri-
mary tasks in the evaluation process. In a limit states approach 
it is necessary to define the limit states at which resistance will 
be determined. These limit states should provide for similar 
structural performance regardless of the material or structure 
type. 

4.2 RESISTANCE—SAFETY LIMIT STATES 

Safety limit states are those states corresponding to the max- 
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imum load-carrying capacity of a structure or component. These 
limit states should have a very low probability of occurrence 
because they can lead to loss of life as well as to major financial 
losses. They include: 

I. Loss of equilibrium of all or part of the structure considered 
as a rigid body (e.g., overturning, sliding, uplift). 

Loss of load-bearing capacity of members due to insufficient 
material strength, buckling, fatigue, fire, corrosion, or deterio-
ration. 

Overall instability of the structure (e.g., P-delta effect, wind 
flutter, seismic motions). 

Very large deformation (e.g., transformation into a mech-
anism). 

In the case of reinforced concrete structures subjected to 
traffic live loads, the safety limit state is assumed to occur when 
an individual component, such as a girder, reaches its ultimate 
capacity and forms a plastic hinge. In most cases, this state does 
not present a serious threat to safety. The actual threat to safety 
occurs when enough plastic hinges are formed within the struc-
ture to result in a collapse mechanism. Many studies have shown 
that this will normally occur at a loading significantly above 
the load at which the first plastic hinge was formed. This is 
because all reinforced concrete structures have a high level of 
structural redundancy. Possible exception to this may be a sim-
ply-supported span with seriously deteriorated support condi-
tions and resulting in an unstable condition. Therefore, what is 
currently defined as the safety limit state would in most cases 
be more appropriately called a "severe damage" limit state. 

Determination of the true safety limit state involves very 
complicated and difficult analytical procedures. In most cases 
the use of these procedures for routine evaluation of bridges is 
not economically feasible. Until simplified methods are devel-
oped, the ultimate member capacity may be used as a lower 
bound of the true safety limit state. This may be either the 
ultimate capacity inshear or in flexure. 

Different methods for considering the observable effects of 
deterioration were studied in developing the guidelines. The 
most reliable method available still appears to be a reduction 
in the nominal resistance based on measured or estimated losses 
in cross-sectional area and/or material strengths. An alternate, 
but less reliable approach is to calculate resistance based on 
plan dimensions and use a smaller capacity reduction factor. 

The capacity reduction factors rely in part on the control of 
future deterioration that can be obtained from various levels of 
inspection and maintenance. The development of these factors 
is discussed further in Section 4.4. More discussion of the effects 
of deterioration is included in Section 6. A field inspection 
procedure which is more comprehensive than the current prac-
tice is included in Appendix D for bridges with serious dete-
rioration. 

4.3 RESISTANCE—SERVICEABILITY LIMIT STATE 

Serviceability limit states either restrict the normal use of the 
bridge or affect its durability. They include: 

I. Excessive deflection or rotation affecting the use or ap-
pearance of the structure or nonstructural components. 

Excessive local damage (e.g., cracking, splitting, spalling, 
local yielding, slip of connection) affecting the use, durability, 
or appearance of the structure. 

Excessive undesirable vibrations. 
The most important serviceability limit states in bridge eval-

uation are those that tend to affect the durability of the structure 
and shorten its useful life. Two types of serviceability failures 
are considered critical for reinforced concrete. 

One of these critical serviceability failures is fatigue in the 
reinforcing steel. This will occur when a large number of re-
petitive live loads result in a large number of stress reversals in 
the steel. The critical number of load repetitions is only likely 
to occur due to normal traffic. Therefore, a restriction of permit 
vehicles because of fatigue serviceability criteria is usually not 
warranted. In addition, the restriction of normal traffic because 
of any serviceability criteria is not necessary because such a 
load restriction in itself restricts the normal use (i.e., servicea-
bility) of the bridge. Therefore, load limit posting, in this case 
would, in effect, preserve one type of serviceability at the expense 
of another. Inasmuch as evaluation of the serviceability limit 
state for fatigue is not used to restrict live loadings, its primary 
function is to alert the Engineer to a potential problem that will 
warrant more frequent field inspections or correction. 

Crack control is the other critical serviceability limit state 
that is considered in evaluating existing reinforced concrete 
bridges. The effect that crack width has on the rate of deteri-
oration of structures exposed to severe environments is still 
unknown. However, there is some concern that excessive crack 
width can cause an increase in the rate of deterioration, although 
several other factors not associated with the level of live loading 
also play a role. 

Crack control has been a problem in bridges using higher 
strength reinforcement designed by load factor methods. The 
increased levels of steel strain can cause excessive cracks to 
form. The crack control criteria used in the guidelines are de-
rived from the AASHTO design criteria. 

Serviceability criteria for crack control should not be used to 
restrict normal traffic, but they should be used when issuing 
overload permits. A probabilistic approach was not used in 
developing the AASHTO serviceability criteria, although the 
format of serviceability evaluation lends itself to future calibra-
tion based on probabilistic techniques. Future research in this 
area should be directed toward further investigation of the true 
effect of serviceability criteria, such as the effect of crack width 
on the durability of the bridge and on calibration of serviceability 
evaluation to acceptable levels of reliability. 

4.4 CAPACITY REDUCTION FACTOR 

A capacity reduction factor, 4', is included in the basic rating 
equation to account for variation in the calculated resistance. 
It takes into consideration the dimensional variations of the 
structure, differences in material properties, current condition 
and future deterioration, and the inaccuracies in the theory for 
calculating resistance. Because different maintenance and in-
spection practices provide different levels of control over future 
deterioration, these practices are considered in selecting the 
capacity reduction factor. 

The capacity reduction factors (or resistance factors) vary 
depending on the degree of deterioration in the superstructure. 
For bridge structural components in good or fair condition, the 
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following resistance statistics are generally accepted: VR  = 10 

percent and 8R = 1.1. 
As the degree of deterioration increases, the resistance may 

become more uncertain, i.e., larger coefficient of variation. In 
addition, the computed nominal resistance may become less 
conservative, i.e., smaller bias coefficient. In the lack of docu-
mented data, VR  and 8R  for deteriorated structures may be 
estimated based on engineering judgments. 

For the deteriorated structures, if the resistances were eval-
uated based on the "as-built" plans with no consideration given 
to the current conditions, the bias coefficients were set at 1.0 
and 0.9 for moderately deteriorated and seriously deteriorated 
structures, respectively. 

Adjustments were also made to the coefficient of variation, 

VR, to account for the degree of deterioration, inspection fre-
quency and preventive maintenance. By conducting more fre-
quent inspections and/or preventive maintenance measures, 
relevant data may be gathered with regard to the type of de-
terioration and the locality of deterioration. Based on these 
considerations, the coefficients of variation are assigned ac-
cording to Table B- 1. 

Based on these resistance statistics, probability calibrations 
were carried out for a target safety index of 2.8. Assuming load 
factors remain unchanged, the capacity reduction factors were 
determined according to Table B-2. The capacity reduction fac-
tors vary from 0.94 to 0.54 for the worst case where the structure 
is seriously deteriorated, rating is based on the "as-built" plans, 
inspection is conducted only biennially, and no preventive main-
tenance has been done. 

These capacity reduction factors apply to the flexural actions 
only. 

Table B-i. Coefficients of variation, V, for deteriorated structures. -- 

Inspection Frequency 	 Frequent 	 Normal 

Preventive Maintenance 	Yea 	No 	Yes 	No 

Moderately Deteriorated 	10% 	15% 	151 	20% 

Seriously Deteriorated 	15% 	20% 	20% 	25% 

sEcrloN 5 

LOADS 

5.1 GENERAL 

Loads consist of concentrated or distributed forces that are 
applied directly to the bridge or result from deformations or 
the constraint of deformations. For bridge evaluation the most 
important loads are dead load and vehicular live load plus its 
accompanying dynamic effects, because each of these loadings 
induces high superstructure stresses. 

5.2 COMBINATION OF LOADS 

Loadings other than dead load and traffic live load usually 
do not result in significant bending or shear in the superstruc-
ture. Because the critical mode of failure for traffic live load 
almost always occurs in the superstructure, other types of loads 
will seldom affect the live load capacity of the bridge. When 
other combinations of loads can affect the capacity of the bridge, 
such as when substructure components can fail because of traffic 
live loading, the AASHTO load factors for design will be used. 
Reduction of live load intensity according to Sec. 1.2.9 of the 
AASHTO Standard Specifications for Highway Bridges will be 
used in these cases. 

Table B-2. Resistance categories and capacity reduction factors. 

SuperatructureiRating_based on InspectIon Frequenl cy preventive! 
Condition I Field Normal- Maintenancel Resistance I 

r) Plans Measurement: Frequent 	2 yrs.) Yes 	No SR 	: 

Good or Fair : 	-- -- : 	-- -- -- 	-- 	: 10% 1.1 0.94 

r 	> 	7 

X X X 10% 1.11 
X i 	X xl 15% 1.1:0.84 
X : x 	: x 	: 15% 1.1:0.84 
X I X 	i Xi 20% 1.10.76 

Deteriorated IC x : x 	: 10% 1.0 0.84 

r'4,5,6) i 	x : 	x X 	1 15% 1.0 : 	0.76 

X : x 	I x 	: 15% 1010.76 
X IC xl 20% 1.01067 

X IC x 15% 1.1 Th 
Seriously 
Deteriorated 
to potentiallyl 
Hazardous 
(rs]) 

IC 	1 20% 1.1. 	1 0.70 
20% 1.1 	1 0.76 

X 	1 25% 1.1 	I0.67 
X 	: 15% 0.9 	: 0.67 

x 	: 20% 0.9 	: 0.60 
x 	: 20% 0.9 	1 0.60 

x 	: 25% 0.9 	1 0.54 
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52 DEAD LOADS 

Dead load can usually be determined more accurately than 
any other type of loading. One major source of error is failure 
to consider some of the elements that will contribute to dead 
load. Some items that are often overlooked are wearing surfaces, 
parapets and railings, utilities, light standards and signs, and 
structure modifications not shown on plans. Other items that 
can affect the calculation of dead load are dimensional variations 
in the concrete section and variations in the unit weight of 
material. 

5.4 DEAD LOAD FACTORS 

Dead load factors are used to account for variations in di-
mensions, unit weights, and methods of calculating dead load 
effect. The variation in the dead load of different components 
will depend on the accuracy with which the components can 
be manufactured or measured. Factory-produced girders cast-
in-steel forms obviously have less variation than an asphalt 
overlay placed on the bridge deck. 

Three categories of dead load intensity were considered: struc-
tural section D1, parapets and railings D2, and asphalt overlay 
material D3. The total dead load effect is defined DL = CO  
(A 1 D5  + A2 !)2  + A3))3), where CD  is a deterministic constant 
converting load intensities (weight per unit length) to load effect 
(moment or shear), and A j  is the analysis uncertainty variable 
associated with D. 

In the reliability analysis, the coefficients of variation and the 
bias coefficients were assigned to D and A1  according to Table 
B-3. 

A dead load factor of 1.2 was chosen for the total dead load 
effect. For reinforced concrete bridges, the self-weight of struc-
tural section accounts for more than 70 percent of the total 
dead load. For this type of bridge, it is not essential to assign 
different dead load factors for different dead load categories. 
However, for future enhancement of the guidelines to include 
other types of bridges, three dead load factors, as shown in 
Table B-4, were assigned to account for the different uncertainty 
levels. 

5.5 LIVE LOAD 

Highway vehicles come in a wide variety of sizes and con-
figurations. No single vehicle can accurately reflect the effects 
of all of these vehicles. Because it is necessary to limit the number 

Table B-4. Dead load factors. 

Dead Load Category 	 4 

Structural section 	 120 
Factory Fabricated Conponents 	 1.05 
A/C overlay 	 1.40  

Table B-3. Statistics of dead loads. 
----------------------------------------------- 

Coefficient of 
Variation 	Bias Coefficient 

---------------------------------------------- 

Analysis Variable (A) 	 5% 	 1.0 
Structural Section 11 	 5% 	 1.05 
Parapets and Railings ( 02) 	3% 	 1.03 
A/C Overlay (03 ) 	 20% 	 1.05 

of vehicle configurations to a manageable level to keep the 
evaluation process from becoming too cumbersome, the effect 
of the actual traffic live loads will vary from predicted values. 
This variation will usually be greater than the variation in dead 
load effect. To minimize this difference, it is necessary to select 
a rating vehicle with axle spacings and relative axle weights 
similar to actual vehicles. Because overload vehicles typically 
have very different axle configurations, it is very important that 
this be considered when issuing permits. 

The guidelines specify the number of vehicles to be considered 
on the bridge at any one time. These numbers are based on an 
estimate of the maximum likely number of vehicles under typical 
traffic situations. When unusual conditions exist, adjustments 
to the specified number of vehicles should be made. 

Judgment must also be exercised with regard to sidewalk 
loadings. The likelihood of the maximum truck loading occur-
ring at the same time as the maximum sidewalk loading is small. 
A unit loading for the sidewalk for the purposes of load limit 
evaluation will generally be less than the design unit loading. 

5.6 LIVE LOAD FACTORS AND IMPACT FACTORS 

Live load factors are used in strength evaluations to account 
for variations in the maximum live load effect that is likely to 
occur during the rating period of the bridge. These factors must 
be established based on a probabilistic live load model which 
accounts for ross vehicle weight, multiple presence, and dis-
tribution of load effects. 

Each of these factors may depend on the vehicle weight con-
trol enforcement and the truck traffic volume at the bridge site. 
If weight limits are strictly enforced, the variations in the max-
imum live load effect will be less. If the truck traffic at a site 
is heavy, higher variations may be expected. These considera-
tions may be incorporated into the probabilistic calibration pro-
cedure by assigning appropriate coefficients of variation to the 
associated variables. 
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In the reliability analysis, the following live load model for 
flexure as suggested by Moses was used: LL = a WHg (1 + I), 
where LL = maximum live load moment in a bridge component, 
a = deterministic constant, K' = characteristic vehicle weight 
(95 percentile value), H = multiple presence random variable, 
g = distribution random variable, and I = impact factor. 

The distribution factors as defined in the current AASHTO 
specifications were used. The AASHTO empirical formula was 
compared with more accurate analytical results. The bias of the 
AASHTO "S-over" formula for T-beani bridges was estimated, 
according to Table B-S, as a function of girder spacing, S. 
Similarly for slab bridges, the bias coefficients of AASHTO 
distribution factor, i.e. I /E, were tabulated, according to Table 
B-6, as a function of span length, L. The coefficient of variation 
is assumed to be 5 percent. 

Based on limited measurements of live load effects in highway 
bridges, Moses suggested tentative values for the mean and the 
coefficient of variation for H. As shown in Tables B-i and B-
8, these values vary with the truck traffic volume, the weight 
limit enforcement, and the span length. Also based on the field 
measurements, two characteristic vehicle configurations were 
identified as shown in Figure B-I to represent single body trucks 
and semi-tractor trailers on the nation's highway bridges- The 
95th percentile truck weights for different truck traffic volumes 
are given in Table B19. 

The dynamic (impact) effect (1 + I) was also considered as 
random variables. Based on field measurements of actual truck 
traffic conducted by Moses, it was observed that the impact is 
influenced more by the roadway roughness or bumps in ap-
proaches or expansion joints rather than the dynamic amplifi-
cation (or resonance). The mean value of the impact effect 
(1 + I) was determined: 

84% 

16% 

18 ft 

(a) Single Body Truck 

44% 	 44% 

12% 
13 ft 	1 	 26 ft 

(b) Semi. Tractor Trailer 

4% 44% 

12% 

1 14 ft 14 ft 

(c) AASHTO US- Truck 

Figure B-I. Representative vehicle configurations.  

Table B-S. Bias coefficients for wheel load distribution in" T" beam 
bridges. 

S (ft) 	4 	5 	6 	7 	8 	9 

1.166 	1.076 	1.076 	1.027 	0.979 	0.949 

Table B-6. Bias coefficients for wheel load distribution in slab bridges. 
-------------- 

L (ft) 	 15 	25 	40 	50 	60 

Two Lane 	 0.946 	1.062 	1.236 	1.352 	1.352 
FourLane 	 1.008 	1.132 	1.317 	1.441 	1.441 

Table B-i. Mean multiple presence factor. 

Span 	 H - 
Traffic 	 Length 	40 ft 	40 ft-laO ft 	>100 ft 
Volume 

Light 200 T/day) 	 2.2 	 2.42 	2.64 
Moderate 2,000 T/day) 	2.4 	 2.64 	2.88 
Heavy (10.000 T/day) 	 2.5 	 2.75 	3.00 

Table B-S. Coefficients of variation for the multiple presence factor. 
-------------- 
Span 	 VH 

	

Length 	40 ft 	40 ft-lOU ft 	>100 ft 
Weight 
Control 
---------------------------- 

Enforced 	 0.20 	0.17 	0.15 
Unenforced 0.23 	0.20 	0.18 

Table 11-9. Characteristic truck weight (95-percentile value). 

W kips 
Category - 	 Single 	 Semi 

Light (200 T/day) 	 38 	 68 
Moderate (2,000 T/day) 	 47 	 75 
Heavy (10,000 T/day) 	 52 	 82 

for smooth roadway (1+1) = 1.10 

for rough roadway (1-I-!) = 1.20 

The coefficient of variation for (I + I) is 8 percent. 
Based on these statistics, the live load factors for the distri-

bution Level 2 were determined for different truck traffic vol-
umes and weight limit controls, as given in Table A-i in the 
Guidelines. For live load distribution determined by approaches 
of distribution Level 3 or Level 1, the live load factors were 
estimated by adjusting those corresponding to the distribution 
Level 2 by ± 10 percent. This is based on a study of iO R.C. 
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T-beam bridges (the on-going NCHRP 12-26 Project, "Wheel 
Load Distribution in Highway Bridges"), which shows that the 
AASHTO wheel load distribution formula is, on the average, 
about 5 percent unconservative. 

SECTION 6 

DETERIORATION 

6.1 GENERAL 

Deterioration in a superstructure does not necessarily reduce 
its load-carrying capacity. For instance, a spall in the deck near 
the supports of a simple-span bridge or loss of section in a 
bottom layer of reinforcing steel near the supports will not 
necessarily affect the capacity of the span, because the deteri-
oration will have occurred in an area which will be subjected 
to low stresses during loading. However, if similar deterioration 
occurs at the highly stressed, midspan section of a simple-span 
bridge, it will directly affect the loading capacity of the bridge. 

It, therefore, follows that both the degree and location of 
deterioration must be considered when determining the effects 
of deterioration on a superstructure's load-carrying capacity. 

The effects of deterioration on the performances of each of 
the different components of the structural system vary, primarily 
because of the different roles of the components in the system. 
For instance, deck slabs serve a dual function: ( I ) they distribute 
wheel loads to the girder system, and (2) they serve as a flange 
of the girder system in positive bending in transmitting these 
loads to the substructure. Thus, both of these functions should 
be examined independently when considering the effects of de-
terioration on the performance of deck slabs. 

It has long been suspected that the AASHTO specifications 
for conventional deck design are far too conservative. 

To obtain test data on deck slabs, Batchelor, Hewitt, and 
Csagoly tested a number of 4th scale models of an 80-ft pro-
totype steel "I" beam, concrete deck bridge (B. 4). Their con-
clusions included the following: (U: ".. .conventionally 
reinforced deck slabs have very high factors of safety against 
failure by punching and are wastefully reinforced," and (2) 

- .0.2 percent isotropic top and bottom reinforcement is rec-
onmiended as the maximum reinforcement. This amounts to 
reduction of 66 percent of the current reinforcement require-
ments." 

Csagoly, Holowka, and Dorton (B.5) loaded the deck slabs 
of 32 bridges with a point load (representing a dual-tired wheel) 
of 100 Up, 10 times larger than the allowable legal load. In the 
summary of their report, they state: "Even under this heavy 
overload, combined with the deterioration of some decks, no 
failure of restrained decks was ever observed." 

Fullarton and Edmonds (B. 6) tested a structure that was 
scheduled to be demolished by using two jacks reacting to beams 
supported under the superstructure. They found that "the max-
imum load of six times an ITS wheel load, which was limited 
by the capacity of the reaction frame, caused no significant 
distress to the deck slab." 

There have been many other deck-loading projects with sim-
ilar results. 

Many deteriorated decks in actual service have functioned 
without failure, some with fully exposed reinforcing steel. Se- 

rious problems have only developed when there was a combi-
nation of very little concrete section left and badly corroded 
reinforcing steel. 

With the proven large capacity for wheel loads inherent in a 
standard deck, it is unrealistic to adopt a rating factor for it as 
a load carrier to the girder system. It would have to suffer a 
very high degree of deterioration before warranting penalization. 
Therefore, no deterioration effect will be considered in the guide-
lines for the deck acting as a distributor of loads to the girder 
system, although very deep hazardous pot holes could seriously 
affect the load-carrying capacity of bridge deck slabs. 

Because deterioration in the deck does have a ncgative effect 
on the girder's capacity, deterioration must be considered for a 
deck slab's functioning as a girder flange. However, isolated, 
noncontinuous potholes or other cosmetic surface deteriorations 
have negligible effect on resistance. 

6.2 MOMENT CAPACITY 

Generally, it is the deterioration within the cross-sectional 
(two-dimensional) area of the system that affects the load-car-
rying capacity of a girder rather than in the overall (three-
dimensional) volume. One exception to this occurs when there 
is total loss of both cover and bond of reinforcing steel over a 
significant length of the bar. The significance of this exception 
is demonstrated in work by Minkarah and Ringo (B.7). They 
tested 40 reduced-scale (Sin, by lOin, by 9.5ft) concrete beams 
under various cover and bond variables. They found that when 
the tensile reinforcing steel was devoid of cover and bond for 
32 percent of its length within the maximum positive moment 
zone of the beam, the beam had the same coefficient of strength, 
CS, as the control beam with no loss of cover. (The coefficient 
of strength is the ratio of the maximum experimental load on 
the test beam to the load capacity of the control beam.) With 
42 percent of the bar devoid of cover and bond, the CS was 
0.930. Even with 63 percent devoid, the average CS of the two 
beams tested was 0.831. In other words, even when the cover 
and bond on the reinforcing steel was absent for as much as 63 
percent of the span length, only 17 percent of the beam's strength 
was lost. 

In actual practice, it is rare to find total cover and bond loss 
occurring over more than 30 percent of the span length of a 
reinforcing bar in tension. Since this corresponds to a CS of 1.0, 
the deterioration of cover and bond loss on the steel should be 
considered insignificant unless it affects the anchorage near the 
ends of individual reinforcing bars. 

A loss of concrete (spall) in a compression area results in a 
redistribution of the stresses in that area. This action causes 
some stress concentrations at section changes, which is unde-
sirable. Once the stresses are redistributed, they maintain a fairly 
uniform pattern until another change in section is reached. 
Consequently, the continuous section resulting from a long, 
longitudinal spall can be less detrimental than the many changes 
in section resulting from several smaller spalls. 

Undersurface fractures are considered spalls. At the time a 
survey is made, the concrete above the fracture plane is un 
doubtedly carrying some compressive forces. From experience, 
however, it is known that probably within one year the area 
will develop from an incipient spall to a full spall. Consequently, 
it is best to treat it as a full spall which is its anticipated near-
term worst condition. 
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Engineering experience must be relied on to determine the 
future size of an incipient spall. When "sounding" incipient 
spans formed by an undersurface fracture, there is no way of 
knowing if the fracture plane is approaching the surface, is some 
place between the surface and top steel, or is still on its typical 
undulating pattern between the tops of parallel reinforcing bars. 
Until methods are found to determine the path, it should be 
assumed for the deterioration calculation that the path is along 
the top of the top reinforcing steel mat and is directed upward 
on a 45 degree angle to the deck surface at the edge of the 
detectable fracture. The perimeter of the plotted area of an 
undersurface fracture should therefore be widened by two times 
the thickness of the cover over the reinforcing steel to estimate 
the width of the area expected to be lost because of deterioration. 
Assume the thickness of the spalled area to be the same as the 
cover over the steel. 

Theoretically, the deterioration effect on the concrete stress 
is different when the deterioration is in compressive concrete 
rather than in steel under tension. When steel loses cross section, 
the moment arm between it and the force resultant of the com-
pressive stresses in the concrete changes very little. On the other 
hand, when concrete spalls, the resultant compressive force 
moves towards the steel, which can in some cases cause a sig-
nificant change in the stresses, especially in the concrete. The 
shortened moment arm results in a higher compressive force 
acting on a smaller area. When the spalled area is narrow (with 
respect to the width of the deck), this increased stress is insig-
nificant because of both the low ratio of the spalled area to the 
nonspalled area in the cross section and the natural readjustment 
of stresses that takes place during high stress loading. As the 
ratio of spalled to nonspalled areas increases and there is less 
unaffected area for stress readjustment, concrete strength may 
affect the capacity of the section. This will be taken into account 
in the calculations by limiting the effective reinforcement to that 
available in the section or 75 percent of that required for bal-
anced condition (B.8). 

To simplify calculations, the loss of the concrete compression 
section is compensated for by reducing the depth of the slab an 
amount equivalent to the area lost due to deterioration. 

Except for shear-type cracks in a high shear region of the 
girder and cracks along lines of reinforcing that can affect bond, 
concrete cracking is not believed to have a strong effect on load 
capacity. 

Several studies on actual steel loss due to deterioration caused 
by salt have shown that the "typical" corroded bar has lost less 
than 3 percent of its cross-sectional area. Unless hard data, in 
the form of actualmeasurements, can be collected, it should be 
assumed that where there is an indication of steel corrosion the 
steel involved has lost 3 percent of its section. It should also be 
assumed that "indication" includes either large cracks in, or 
rust stains on, the concrete covering the reinforcing steel. 

Tables B- 10, B-Il, and B- 12 illustrate the effects the loss of 
concrete compressive area and steel tensile area have on the 
ultimate moment capacity of a beam. Calculations in the tables 
are based on the T-beam section shown in Figure B-2. 

Table B- 10 shows the percent reduction in moment capacity 
for each 34 in. reduction in slab depth. Note that if there is no 
steel loss, the deck can suffer a 29 percent loss in cross-section 
area due to deterioration with only a 5.46 percent reduction in 
moment capacity. Generally, with deterioration caused by deic-
ing salt, there is no bottom girder steel loss in the midspan area. 

Steel corrosion in this area is, however, common in a marine 
environment. 

Because of its insignificant influence on the moment capacity 
of a girder, deterioration occurring in a low stress zone should 
not be considered when rating a structure. 

Deterioration in a high stress area, on the other hand, greatly 
influences the moment capacity of a girder. 

Although Bakht and Csagoly's report (B. 9) did not state the 
degree of deterioration on the field load testing they did on 
some 32 bridges, they stated that "the testing program, besides 
helping to understand the structural behavior of bridges, has 
saved several bridges which otherwise were condemned by con-
ventional theoretical standards." 

Table 11-10. Loss of concrete compressive area (see Fig. 11-2 for section 
properties). 

Slab Lost 
Depth 	 Full Section Reduced Sect. 	S Cap 
(in) 	Deterioration Moment Cap. 	Moment Cap. 	Reduction 

1/2 4.77 2946 2921 0.85 
9.67 2946 2895 1.73 

1-1/2 14.55 2946 2868 2.65 
2 19.45 2946 2841 3.56 
2-1/2 24.22 2946 281.4 4.48 
3 29.21 2946 2785 5.46 

Table B-il. Loss of steel tensile area (see Fig. 11-2 for section prop-
erties). 

Numberof S Full Area Reduced Area S Cap 
Bars Lost Deterioration Morn. 	Cap. Mom. Cap. Reduction 

1/2 5 2946 2789 5.33 
1 10 2946 2632 10.66 
1- 1/2 15 2946 2475 15.99 
2 20 

-----------------------------------
2946 2317 21.35 

Table 8-12. Loss of concrete compressive area plus loss of steel tensile 
area. 	 - 

Full Reduced S 
Lost No. 	of S Section Section Cap 
(in) Bars Lost Deterioration 
------------------------------------------------------------ 

Horn. 	Cap. Mom. Cap. Reduction 

1/ 2  1/2 9.77 2946 2765 6.14 
1 1 19.67 2946 2587 12.19 
1-1/2 1-1/2  29.55 2946 2411. 18.16 
2 2 39.45 2946 2237 24.07 

In reporting the results from field tests on five short-span 
bridges, K.issane, Beal, and Sanford (B. 10) noted the following: 
"Findings include: 1) induced strain and deflections are much 
lower than expected from analytical methods, 2) concrete de-
terioration does not cause a noticeable change in measured struc-
tural response.. 

Beal (B. 11) reported on tests conducted by the State of New 
York on a reinforced concrete T-beam bridge that was consid-
ered in poor condition. An inspection conducted just prior to 
the tests indicated that the bridge was assigned a condition rating 
of 2-3 for its primary members on a scale from 1 (potentially 
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that the shear capacity of a structure is adversely affected by 
deterioration, one or more of the following symptoms must 
occur in the high shear area of the girder: wide diagonal cracks, 
rust stains, vertical displacement across a crack(s), and concrete 
spalling along a crack. 

The recommended reductions in normal shear capacity shown 
in Section 6.3 of the guidelines for each of these symptoms were 
estimated by using sound engineering judgment. 

Measured Undersurface 

fracture (USF) SECTION 7 

Large Cracks with rust 	/ I 

stains - 5% Area_jgL_-1" 
\" 

	

	Pitted - 30% Area lost 

Pitted - 10% Area lost 
each (assumed) 

Spa lied 

Figure B-2. Typical T-beam cross section. 

hazardous) to 7 (new condition). Tension steel in the girder 
stems was exposed and there was extensive longitudinal cracking 
on the vertical faces of all the girder stems. Cores taken in the 
deck indicated that the deck was highly fractured throughout. 
The borings indicated that a 4-in, concrete wearing surface was 
substantially disintegrated. Exposed rusted rebars in the girder 
stems were estimated to have a I to 2 percent loss in cross-
sectional area. Beal concluded that there was no evidence to 
suggest that the section was weakened either by apparent con-
crete deterioration, the loss of rebar cross-section, or the loss 
of rebar cover. 

By close exploration and evaluation, an engineer should be 
able to determine the percent deterioration in a given cross 
section with a high degree of accuracy. If in error, the inaccuracy 
will probably be off on the high side because the tendency of 
investigators is to be conservative in their measurements. 

From the available information, it appears that more than an 
adequate margin of safety will be provided by using the moment 
capacity as calculated from the field data for evaluating dete-
rioration. 

6-3 SHEAR CAPACITY 

Normally, the shear capacity of a structure is not adversely 
affected by deterioration, but, when hard evidence is present to 
indicate that it is, an evaluation of the remaining capacity of 
the girder is difficult to determine. For hard evidence to indicate 
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APPENDIX C 

EXAMPLES 

This appendix presents a selected group of examples illus-
trating the use of the proposed rating procedures. The following 
table identifies the characteristic features of the reinforced con-
crete I-beam and slab example problems treated in the re-
mainder of this appendix. 

T-BEAM 

No. YEAR SPAN 
EXAMPLE STATE SPANS BUILT LENGTH (Fr) 

AR 3 1963 55, 31 
2 CA 1 1925 26 
3 NY 1 1928 25 
4 NY 1 1928 30 

SLAB 

5 AR 3 1957 35 
6 PA 1 1926 19 
7 PA 1 1941 8 
8 OH 1 1930 25 

PIER I 	 PIER 2 

COMPRESS P0*0 OVERPASS 

TYPICAL SECTION 

Figure C-I. Example 1—Cam Grande Highway Bridge on Route 1-8 over 280, Yuma 
County. Arizona. 



Span 2. 0.5 point-positive 	 Span 3, 0.6 point-positive 

7 ft 

7in.  

d = 3.4 ft 
D 3.75 ft 

4-'!! =4x1.56 = 6.24 

2-19 	2x1.00 = 2.00 

8.24 sq in.  

7ft. 

7in 	 .1 

d = 3.4 ft 
0 = 3.75 ft 

- 
( 

4- 'II = 4 x .56 = 6.24 

fie = 3.000 psi 

5 = 40,000 psi 

Resistance 
esistance 

 
R 

A5  f 
-  --- - ------------- 

0.85 	f' 	b 

(8.24) (40) 
- - 	1.54 	in. 

(0.85) (3) (84) 
= 	0.13 	ft. 

. 

A5  f 
a 

0.85 V 	b c 

(6.24) (40)- 
	1.17 	in. 	= 

(0.85) (3) (84) 
0.10 	ft. 

Mu  [A5  5 (d 
a 

- 	)J 	= 	[(8.24) (40) (3.4 
0.13 

- 	)J 
MU  = 	[A5  I 	(d 

a 
- 	-fl 	= 	[(6.24) (40) (3.4 	----- 
2 

0.10 

2 

Mu = 1,100 k-ft Mu = 836 k-ft 
 

Dead Load Live Load 	(RS20) Dead Load Live Load 	(11520) 

183 k-ft (80$) AASHTO 
297 k-ft 
Proposed 
256 k-f 
(Assume 

(805) 
Rating Procedure 

(SOS) 	(1+1) 	= 	1.1 
smooth surface) 

88 	k-ft 	(BDS) AASHTO 
244 k-ft 	(SOS) 
Proposed Rating 
206. 	k-ft 	(SOS) 

Procedures 
(1+1) 	= 	1.1 

Figure C-I. Continued 



Span 2. 1.0 point-negative 
	 Span 2, 0.5 point-positive 

Mu - MDL 
R--------------- 

9 
= 

(7-S 7006.7-i 5-217 L 1LL 

è 1100 - 183 D = 8D 	1.2 
---- u:- 

7 in. 

d 	3.511. 	• 775 	fl Proposed 

XL RF RF 

1.48 	0.54 0.99 1.82 0.54 0.80 

IC 	ft - 0.60 1.16 0.60 0.94 
0.67 1.37 0.67 1.11 
0.76 1.62 0.76 1.32 
0.84 1.86 0.84 1.51 
0.94 2.15 0.94 1.75 

1.60 	0.54 0.92 1.84 0.54 0.80 
0.60 1.08 0.60 0.94 

Resistance . 0.67 1.26 0.67 1.10 
0.76 1.51 0.76 1.31 

As  f 
------ ---- 

(9.17) (40) 0.84 1.72 0.84 1.50 - ------------- -- 	11.99 	in. = 	1.00 	ft. 0.94 1.98 0.94 1.73 0.85 tc b (0.85) (3) (12) 

1.73 	0.54 0.85 1.93 0.54 0.75 
LA5  f 	(d 

a 
- ;)J = 	[(9.17) (40) (3.5 	- 

1.00 
-- -; 	H 

0.76 1.39 0.76 1.25 
mu = 1.100 k-ft 0.84 1.59 0.84 1.43 

0.94 1.84 0.94 1.65 
Dead Load Live Ja (H520) mv. 	(AASHTO) Oper. 	(AASHTO) 

232 	k-ft 	(BDS) AASHTO 
213 k-ft 	(BDS) 1.17 1.95 
Proposed Rating Procedures 
182 k-ft 	(BDS) (1+1) 	= 	1.1 

Figure C-i. Continued 



Span 3, 0.6 point-positive 

$ M - 'D MDL 
RE = 
	MLL 

4' 836 	88 
------------- 	a = 1.2 

206 

Span 2, 1.0 point-negative 

4, M1, - 'D MDL - _____________ 

'L MLL 

4' - 'D 232 
- 	- -- 

182-
00 = 1.2 

Proposed Proposed 

4, RE 'L 4' RE  4' RE  $ RE 

1.48 	0.54 1.17 1.82 0.54 0.95 
1.48 0.54 1.14 1.82 0.54 0.92 0.60 1.42 0.60 1.15 

0.60 1.30 0.60 1.05 0.67 1.70 0.67 1.38 
0.67 1.49 0.67 1.21 0.76 2.07 0.76 1.69 
0.76 1.74 0.76 1.41 0.84 2.40 0.84 1.95 
0.84 1.95 0.84 1.59 0.94 2.81 0.94 2.28 
0.94 2.23 0.94 1.81 

1.60 	0.54 1.09 1.84 0.54 0.95 
1.60 0.54 1.05 1.84 0.54 0.91 0.60 1.31 0.60 1.14 

0.60 1.20 0.60 1.04 0.67 1.58 0.67 1.37 
0.67 1.37 0.67 1.20 0.76 1.92 0.76 1.66 
0.76 1.61 0.76 140 0.84 2.21 0.84 1.93 
0.84 1.81 0.84 1.58 0.94 2.60 0.94 2.26 
0.94 2.06 0.94 1.80 

1.73 	0.54 1.01 1.93 0.54 0.90 
1.73 0.54 0.97 1.93 0.54 0.86 0.60 1.22 0.60 1.09 

0.60 1.11 0.60 0.99 0.67 1.45 0.67 1.31 
0.67 1.28 0.67 1.15 0.76 1.77 0.76 1.59 
0.76 1.48 0.76 1.33 0.84 2.05 0.84 1.84 
0.84 1.67 0.84 1.50 0.94 2.40 0.94 2.15 
0.94 1.91 0.94 1.71 

mv. 	(AASHTO) Oper. 	(AASHTO) 
mv. (AASHTO) Oper. 	(AASHTO) 

1.49 2.49 
1.21 2.01 

Figure C-I. Continued 



4JU - 23 

• 0 

2.00- Operating (AASHTO) 1.95 Operating (AASHTO) 2.01 

• + 2.0 £ 1-
O MN . I 
U 4 a x 

1.50- N 	U 
0 

£ 
. + 

N 13- 0 	a Inventory (AASHTO) 1.17 0 

Inventory (AASHTO) 1.21 	a 
1.00 • 

EN-L S 0 

A + EN-M 1.0- 1 
)CEN-H 

£ 
030- N 	UN-L x m EN-L 

UN-M * EN-M 

0 UN-H + 	EN-H 
0.5- UN-L 

UN-M 
0.00- - 	i-i-i.,... X 	UN.}l 
.0.00 0.20 	0.40 	0.60 0.80 1.00 	1.20 

ResistanceFactor 0.0 - 	I 	 I 

0.00 0.20 	0.40 	0.60 	0.80 1.00 	1.2( 

NOTE: EN-L (Enforced-Light) UN-L (Unenforced-Light) 
EN-M (Enforced-Moderate) UN-M (Unenforced-Moderate) Resistance Factor 
EN-il (Enforced-Heavy) UN-H (Unenforced-Heavy) 

Figure C-2 Example 1—proposed rating factors for span z as point-positive moment Figure C-3. Example I—proposed rating factors for span 3, 0.6  point-positive moment. 



0 

Operating (AASHTO) 2.49 

o • 
0 

o • 
! • 

0 
a 

Inventory (AASHTO) 1.49 	0 	13 

0 
a' 

OEN-L 
• EN-M 
DEN-H 
• UN-L 
• UN-M 

UN-H 

I 	• 	I 	• I • I 

4.0 

3.5 

1.0 

0.5 

LI] 

MI 

PIP 

0.0 	0.2 	0.4 	0.6 	0.8 	1.0 	1.2 

Resistance Factor 

Figure C-4. Example 1—pro-
posed rating factors for negative 
moment. 



2?- 0" 

25-0" 	

I 

6)/4 

ASSUME PINNED 
AT ABUTMENT 

ELEVATION ALL BARS ARE 

7/8" SQUARE 	ILJi 	
2" 

2'/2' 

GIRDER DETAIL 

"AC 

l'-0"  

TYPICAL SECTION 

Figure C-S. Example 2— Woodbridge irrigation canal, California. 

-4 0 



Resistance Span 1, 	0.5 point 

Year Built-1925 
a .  

Mu = A 	f 	(d - 
y c = 3,000 RE - 

VLMLL 
t 	= 	33,000 psi 

= 	(6.89) (33) (2.22 	- 	0.5xO.095) (reinforcing 4(494) (124.3) 
steel unknown) - ------------------- D = 	1.2 

= 494.0 k-ft L (133.2) 

Dead Load Proposed 

W(k/ft) Mn, 	(k-ft) 6L 4' RI äL 4,  RE 

Struc. Conc. 	= (0.86) (26)2 
0.150[0.5x6.52x2x1.25) 	= 0.86 ------------- 	72.7 1.48 0.54 0.59 1.82 0.54 0.48 

8 0.60 0.74 0.60 0.60 
0.67 0.92 0.67 0.74 

(0.22)(26)2 0.76 1.15 0.76 0.93 
Rail 	 = 0.22 ------------- 18.6 0.84 1.35 0.84 1.10 

8 0.94 1.60 0.94 1.30 

AC overlay (0.39) (26)2 1.60 0.54 0.56 1.84 0.54 0.48 
(0.144) (0.42) (6.52) 	= 0.39 ------------- 33.0 0.60 0.69 0.60 0.60 

8 0.67 0.85 0.67 0.74 
0.76 1.06 0.76 0.92 

124.3 0.84 1.25 0.84 1.09 
0.94 1.48 0.94 1.29 

Live Loads 1.73 0.54 0.51 1.93 0.54 0.46 
App. A - AASHTO 0.60 0.64 0.60 0.57 

AASHTO 8520 0.67 0.79 0.67 0.71 
0.76 0.98 0.76 0.87 

(222.2) S 	6.52 0.84 1.16 0.84 1.03 
ML-- (1.09) (1.30) - --------- 	1.09 0.94 1.37 0.94 1.23 

2 6 	6 
mv. (AASHTO) Oper. (AASHTO) 

= 	157.4 50 
1+1 = 1 	+ 	-------- 	1.33 0.83 1.44 

26+125 
= 	1.30 Figure C-5. Continued 

Proposed Rating Procedures Proposed Rating Procedures 

(222.2) (Assume smooth surface) 
MLL 	- (1.09) (1.1) 1+1 = 	1.1 

= 	133.2 

Figure C-5. Continued 

Co 
C 



Operating (AASHTO) 1.44 N 

+ 
I 

N a 
• + 

0 

Inventory (AASHTO) 0.83 

EN-L 

S + EN-M 
a XEN-H 

N UN-L 
• UN-M 

I 	• 	I • 

0 UN-H 

I 

2.0 

1.5 

0.5 

0.0 
0.0 	0.2 	0.4 	0.6 	0.8 	1.0 	1.2 

Resistance Factor 

C-6. Example 2—proposed rat-
ing factors for span i, as point-
positive moment 
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:r',c'. C,c- 
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Figure C- 7. Example 3—Route 41 over Trout Brook Tributary Town of Golden, Court/and County, New York 



Resistance fi,, 

a 
Mu 	As fy  (d - -) 

2 

2.87 
= (9.872) (40) (20.94 ----- 

2 

Mu 	641.85 ft-k 

1y = 33 ksi MU  = 536.31 ft-k 

fy  = 40 ksi 	f1c 	3 ksi  

Tension steel recquced 5% due 
to deterioration 

10.125 	 10.125 
= 	( ------ ) (.95) + ( ------ 

2 	 2 

= 9.872 in2  

a 	----- - ---
. 87)(40) 

0.85 	c b 	0.85(3)(54) 

a = 2.87 in 

Dead Load Mm 

(0.731) (25)2 
Struct. Concret-  ------------ - - 	57.1 

8 

(0.422) (25)2  
Wear. 	Surface ------------- - 	33.0 

8 

(0.077)(25)2  
Rail ------------ - - 	6.0 

8 

96.1 	ft-k 

SIN 1024880 - NY Rte 41 over Trout Brook Tributary, Town of 
Golden, Cortland County 

RF 1  RF 1  Resistance 
Factor Description f=40 ksi f=33 ksi 

0.76 Field Meas. Norm. Insp., 2.72 2.15 
No PM 

0.84 Field fleas. Norm. Insp., 3.09 2.44 
PM 
Field fleas. Norm. Insp., 
No PM 

0.94 Field fleas. Freq. Inspe., 3.57 2.83 
PM 

AASI4TO Inventory 
------------------------------------------------------------ 

2.07 1.63 
Load Operating 3.45 2.72 
Factor 
------------------------------------------------------------ 
NYS DOT Inventory 1.10 
LR Progi2  Operating 1.86 

(l) 	= 40 ksi specified on NYS Standard Sheet issued in 
1928 for T-beam bridges. 

fy  = 33 ksi specified in NCHRP Project 10-15(1) for 
unknown reinforcing steel prior to 1954. 

(2) NYS DOT Load Rating Program - Uses Allowable Stress 
Method. Assumes f = 30 ksi. 

Figure C-7. Continued 

(1) A 5% reduction in steel is the minimun specified in the 
Project 10-15(1) report. A more realistic reduction of 
2%-3% was observed for this structure. 

Figure C-7. Continued 

'Ja 



App. A - AASHTO-Max. Mom. Tables 
MMAX = 207.4 ft-k 

S 	4.5 
- 0.75 

6 	6 

50 	 50 
1+1 = 1 + ( -----) = 1 + --- = 1.33 

6+125 	150 

= 1.3 	Use 1.3 MAX 

Proposed Rating Procedures 
(Assume smooth surface) 

1+1 = 1.1 

AASHTO Load Factor 
	

2 
0.9(M) - 1.3(MDL) 

Inventor 
5/3 1.3 (MLL) 

0.9(641.85) - 1.3(96.1) 
- 2.07 

5/3 1.3(101.1) 

0.9(M) - 1.3(MDL) 
Operatin 

1.3 (tILL) 

0.9 (641.85) - 1.3(96.1) 
- 3.45 

1.3 (101. 1) 

@ f = 33 ksi 	mv. = 1.63 
Oper. = 2.72 

Figure C-7. Continued 

Live Load MTT 

AASHTO 

207.4 
MLL = ( ----- ) (.75) (1.3) 

2 

MLL = 101.1 ft-k 

Proposed Rating Procedures 

(207.4) 

-
(0.75) (1.1) 

= 85.6 

Reduction Factors 

4) = 0.76 	Table A-3 (Rated 4, Normal Insp., No PM) 
Y U  = 1.2 	Table A-S (Structural Concrete) 

= 1.6 	Table A-8 (Dist. Level 2, Category 20 
Unenforced, light traffic). 

Rating Factor (RF) 

4) 
RF = __iL________ 

L MLL 0.76 
----------------------- 

0.84 0.94 

0.76(641.85) 	- 	1.2(96.1) 
RF = ------------------------- - 	2.72 3.09 3.57 

1.6 (85.6) 

@ fy  = 33 ksi 2.14 2.44 2.83 

Figure C-7. Continued 



0.0 
0.00 	0.20 	0.40 	0.60 

Resistance Factor 

4.0 

2.0 

5. 

3.0 

1.0 

Operating (AASHTO) 3.44 

+ 

0 

+ 
o I 

+ a 

• I 
+ • D 

I 
0 

Inventory (AASHTO) 2.07 + 	• 
0 	• 

C + • + EN-L 
o • EN-M 

XEN-H 
O 0 UN-L 

• UN-M 

- 	 • I 	 • I • 

DuN-H  

I 

0.80 	1.00 	1.20 

Figure C-8. Example 3—pro-
posed rating factors for span 1, 
as point-positive moment 



a.E V r'O"I. 

86 

A: 33541 

7'IPICAL 	SECtION 

Figure C-9. Example 4—Route 
145 over unknown creek; Albany 
County, New York 

BIN 1038230 - Rte 145 over Unknown Creek, Albany County 

Resistance RF 1  RF11  
Factor Description f4O ksi f=33 ksi 

0.76 Field Meas. Norm. Insp., 2.40 1.84 
No PM 

0.84 Field Meas. Norm. Insp., 2.74 2.14 
PM 
Field Meas. Freq. Insp., 
No PM 

0.94 Field Meas. Freq. Inspe., 3.18 2.49 
PM 

AASKTO Inventory 
------------------------------------------------------------ 

1.83 1.42 
Load Operating 3.05 2.37 
Factor 

NYS DOT 2  Inventory 
------------------------------------------------------------ 

1.41 
LR Prog. Operating 2.37 

(J 	= 40 ksi specified on NYS Standard Sheet issued in 
1928 for P-beam bridges. 

f = 33 ksi specified in NCI3RI Project 10-15(1) for 
unknown reinforcing steel prior to 1954. 

(2) NYS DOT Load Rating Program - Uses Allowable Stress 
Figure C-9. Continued 	 Method. Assumes fy = 30 ksi. 



to 	
4. 

XikC%. cc.c((iJ(s. 

Ye' 	 I
o in Wcr 

u.s.(t')(4.c)(.lYb) '- O.LS3 klfl- 

D 
A= 'ojz ic 

4.5 
DL Rail 2(3.35) (0.15) = 1.005 k/ft 	= 0.156 k/ft/beam 

29 

Figure c-ia T-beam cmss section. 



Resistance Mu 	 Live Load MLL 

Mu As 	f, 	(d - -) f, = 	40 	ksi 	f' 	= 	3 ksi 

2.87 
= 	(9.872) (40) (25.94 	- ---- ) 	Tension steel recuced 5% due 

2 	to deterioration 

Mu = 806.38 	ft-k 10.125 10.125 
A5  ( ------ ) (.95) 	+ ( ------ 

2 2 

= 	9.872 	in2  

8 f, = 33 ksi Mu = 672.11 ft-k 	
As  f 	- 

= 0.85 f. c  b 	0.85(3) (54) 

a = 2.87 in 

Dead Load MDL 

(0.825) (30)2 
Struct. Concret- ------------ - - 92.8 

8 

(0.253) (30)2 
Wear, Surface 	-------------- 28.5 

8 

(0.156) (30)2 
Rail 	 - 17.6 

8 

138.9 ft-Ic 

(1) A 5% reduction in steel is the minimum specified in the 
Project 10-15(1) report. A more realistic reduction of 
2%-3% was observed for this structure, 

282.1 
MLL = ( ----- ) (.75) (1.3) 	App. A - AASFITO-Max. Mom. Tables 

2 	 MMAX 	282.1 ft-k 

137.5 ft-k 	 S 	4.5 
- 0.75 

6 	6 
Proposed Rating Procedures 

(282.1) 	 50 	 50 
-------(0.75)(1.1) 	1+1 = 1 + ( -----) = 1 + --- = 1.33 

2 	 5+125 	150 

= 116.4 	 = 1.3 	Use 1.3 MAX 

Proposed Rating Procedures 
(Assume smooth surface) 

1+1 = 1.1 

Reduction Factors 

o = 0.76 	Table A-3 (Rated 4, Normal Insp., No PM) 
ID = 1.2 	Table A-S (Structural Concrete) 
IL = 1.6 	Table A-8 (Dist. Level 2, Category 20 

Unenforced, light traffic) 

Rating Factor (RF) 

RFa --- 	--DL 

	

0.84 	0.94 
-------------- 

0.76(806.38) - 1.2(138.9) 
RF --------------------------- 2.40 	2.74 	3.18 

1.6 (116.4) 

	

@ fy  = 33 ksi 	 1.84 
	

2.14 	2.49 

Figure c-io. Continued 

Figure C-JO. Continued 



Ml 

Operating (AASHTO) 3.05 

	 I 
3.0 + . 

ON 

+ 	a 

ON 
a + 

Inventory (AASHTO) 1.83 

0 + . 
+ EN-L 

EN-M 
X EN-H 
0 UN-L 

UN-M 
D UN-H 

1.0 

0.5 

4.0 AASHTO Load Factor 

0.9(M) - 1.3(MDL) 
Inventor -------------------- 

5/3 1.3 (MLL) 

0.9(806.38) - 1.3(138.9) 
------------------------- - - 1.83 

5/3 1.3(137.5) 

0.9(M) - 
Operatin- - ------------------ 

1.3 (MLL) 

0.9(806.38) - 1.3(138.9) 
--------------------------- 3.05 

1. 3 (1 37 . 5) 

8 fy  = 33 ksi 	mv. = 1.42 
Oper. = 2.39 

Figure c-ia Continued 

Figure C-il. Example 4—pro-
posed rating factors for span 1, 
0.5 point-positive moment 

0.2 	0.4 	0.6 	0.8 

Resistance Factor 



nuT I 	PIER I 	PIER 2 	PIER 3 	PIER 4 	PIER 5 	PIER 6 	PIER 7 	PIER S 	PIERS 	PIER 10 	ABUT 2 

GILA RIVER ORIDGE 

TYPICAL SECTION 

C 

Figure C-12. Example 5— Gila River bridge near Lake APR on Route 85, Arizona. 



Positive Moment 

Ic = 3000 psi 

fy 	40,000 psi 
136875 

j 

15.5 	in. 
in j As = 5.506 sq. in. 

S 	1 @ 8.5 inches 
Resistance 

a 
Mu = As  f (d 	- -) 

2 

A5  f, (5.506) (40) - 
--------------------- - 2.88 

0.85 f. b . 	(0.85) (3) (30) 

40 2.88 
Mu = 	5.506 (--) (13.6875 	-----) = 	224.78 	k-ft 

12 2 

Negative Moment 

'II @8.5in. 

I 	II 9.5 
d = 171875 in 

lift  

Resistance 	 • II @ 8.5 inches 

a 
Mu 	As  f (d - -) 

2 

As  f 	(5.506) (40) 
- 2.88 

0.85 V C  b 	(0.85) (3) (30) 

40 	 2.88 
Mu = 5.506 (--) (17.1875 -----) = 289.02 k-ft 

12 	 2 

Ic = 3000 psi 

fy = 40000 psi 

k-ft 
25 ---- (BuS) 

ft 

Dead Load 

k-ft 
48 ---- (aDS) 

ft 

Live Load 

AASHTO 

k-ft 
69 ---- (BOS) 

ft 

Proposed Rating Procedures 

MLL = 58.4 (aDS) 

E = 4 + 0.06 L 
= 4 + 0.06(35) 
= 6.10 

2.5 
No. Lane- - --------- - - 0.205 

(6.10) (2) 

Impact (assume smooth surface) 
1+1 = 1.1 

Live Load 

k-ft 	 E = 4 + 0.06 L 

	

81 ---- (BDS) 	 = 4 + 0.06(35) 
ft 	 = 6.10 

2.5 
No. Lane- - --------- - - 0.205 

(6.10) (2) 
Proposed Rating Procedures 

Impact (assume smooth surface) 

	

MLL = 68.5 (BUS) 	 1+1 = 1.1 

Figure C-li Continued 

Figure C-12. Continued 



Positive Moment Negative Moment 

ÔMU DMOL 4'MU _KQMDL - 
RR - 	- ------------- 

L MLL L MLL 

4,(224.78) 	- 	(25) 4'(289) (48) 

o = 1.2 ---------------------- 1.2 
(58.4) (68.5) 

Proposed - Proposed 

4, 1W 61, 4,  RE XL 	4,  RE '1. 4' RE 

1.48 	0.54 1.05 1.82 0.54 0.86 1.48 	0.54 0.97 1.82 0.54 0.79 
0.60 1.22 0.60 0.99 0.60 1.15 0.60 0.93 
0.67 1.39 0.67 1.13 0.67 1.34 0.67 1.09 
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APPENDIX D 

SCHEMATICS OF THE EXISTING T-BEAM AND SLAB BRIDGES 

Schematics of the existing T-beam bridges are shown in Fig-
ures D- I through D- 16, and those for the existing slab bridges 
are shown in Figures U-li through D-28. 
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Figure ThI. East Pine Street overerossing (29-149), California (1963). 
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Figure D-2 Woodbridge irrigation canal (29C-I90), California (1925). 
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Figure 13-3. Illinois structure (058.0037) (1928). 
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Figure 0-4. Armstrong County (LR 69), Pennsylvania (1931). 
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Figure .0-5. Butler County (LR 10070), Pennsylvania (1940). 
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Figure .0-6. Jefferson County (LR 436), Pennsylvania (1926). 
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Figure D-8. Shasta River (2-I1), California (1928). 
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Figure D-9. El J'aro Creek (51-91), California (1929). 
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Figure 1)-JO. Clarion County (LR 237), Pennsylvania (1931). 
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Figure 13-11. Cazenovia Creek (332803), New York (1929). 
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Figure 13-12. Butternut Creek (331257), New York (1923). 
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Figure D-13. Skaneatles Creek (331309), New York (1924). 

Figure D-14. Lishakill (305051), New York (1911). 
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Figure V-iS. Sandy and Beaver Creek (30-08760), Ohio (1932). 	Figure 13-16. Ashland County (250-0104), Ohio (1928). 
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Figure 0-17. Butler County (LR 73), Pennsylvania (1941). 
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Figure D-19. Armstrong County (LR 203), Pennsylvania (1926). 



ELEVATION 

8' 

(A' 
TH 

110 

I7- 

(CLEAR SPAN) 

ELEVATION 

CAL SECTION 

Figure D-20. Pocket Creek (20-0149), California (1922). 

TYPICAL SECTION 

Figure 11-21. Chihuahua Creek (57-0014), California (1941). 
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Figure D-22. Adams County Route 31 (001-0039), Illinois (1920). 
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Figure D-23. Adams County Route 102 (001-0041), Illinois (1927). 
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Figure D-25. Standard slab bridge for Ohio. 
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Figure D-26. Bask reservoir (330158), New York (1935). 
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Figure D-27. Got Creek (332643), New York (1928). 
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Figure 11-28. Spring Brook (332844), New York (1929). 



APPENDIX E 

FIELD INVESTIGATION PROCEDURES 

sEcTION 1 
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GUIDELINES 

1.1 GENERAL 

Rating a structure for its safe load carrying capacity begins 
with a thorough field investigation. All physical features of the 
bridge that affect its structural integrity shall be examined. Any 
damaged or deteriorated areas should be noted, and adequate 
data on the deteriorated section should be obtained so that their 
effect can be considered by the rater. Cursory field checks should 
be conducted annually on each deteriorated structure after it is 
rated. If major changes in deterioration seem to have occurred, 
another thorough field investigation should be made. In any 
event, thorough field investigations should be made at a mini-
mum of once every 5 years, with the rating adjusted as appro- 
priate. 

Section 1.2 identifies the minimum information that shall be 
included in the field inspection report for various types of rein-
forced concrete bridges that have been damaged or show signs 
of deterioration. A cross section of a typical T-beam bridge, 
shown in Figure E- 1, is included as an example to illustrate 
some of the more common types of deterioration. It should be 
noted that reduction in the amount of reinforcing steel shown 
in the figure should not be made if the as-built plans are not 
available. This refinement is not warranted in this case because 
the uncertainty is significantly larger without the plans. Section 
1.3 covers various in-situ testing methods for determining con- 
crete strength. 

12 FIELD INSPECTION 

The following outline identifies information that the field 
reviewer needs to collect for a structure to be rated. 

1.2.1 SImple-Span BrIdges 

Deck Surface 

I. Plot the location of spalls and undersurface delamination 
(incipient spalls) on a scaled drawing that shows the location 
of girder lines. (a) Locate undersurface delamination through 
an acceptable means (chain dragging, Delamtec and more so-
phisticated systems are available). (b) Outline areas of spalls 
and undersurface delaminations on the deck. (c) Plot the spalled 
and delaminated areas on the drawing. 

Plot areas of heavy scalingand record estimated thickness 
of lost deck surface. 

Plot exposed steel information including approximate val-
ues for the following: (a) number of bars exposed; (b) length 
of exposure; (c) evidence of pitting, including amount and depth 
of pits, and estimate approximate remaining cross-sectional area 

Fit 
	 - 	 Cc 

'Measured Undersurface 
fracture (USE) 

Large Cracks with rust 

stains - 5% Area_jL_-2"1 	
Pitted - 30% Area lost 

as 
Pitted - 10% Area lost 

each (assumed) 
Spoiled 

Figure E-1. Deteriorated T-beam. 

(will probably require some concrete removal with a hand type 
chipping hammer); (d) depth of top of bar below the concrete 
surface. 

Plot areas of rust stains. 

Deck Soffit 

I. Plot and describe areas of unusual cracking and discol-
oration. 

Plot spalling and scaling. 
Plot exposed steel information. 
Record approximate remaining cross-sectional area of ex-

posed transverse bars. 
Plot all rust stains. 
"Sound" with a hammer any areas suspected of under-

surface delaminations. If any are found, plot their locations. 
Describe and plot the location of any unusual deflections, 

especially those caused by live loads. 

Girders 

I. Collect the same information as collected for the deck soffit. 
Record the approximate remaining cross-sectional area of 

any longitudinal bars exposed in the bottom of a girder within 
the middle % of the span length. 

Describe apparent "bond" conditions of each bar for its 
entire length. 

Describe any web cracking patterns, including any crack 
widths occurring within '/ of the span length from the girder 
supports. 

Plot all rust stains. 
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1.2.2 ContInuous Span Bridges 

Deck Surface 

Collect the same information as collected for the simple 
span. 

Record approximate remaining cross-sectional area of lon-
gitudinal bars exposed within 3/5  of the span length on either 
side of the bent. 

Deck Soffit 

1. Collect the same information as collected for the simple 
span. 

Girders 

1. Collect the same information as collected for the simple 
span. 

1.3 iN-SITU TESTING 

One factor affecting the load-resisting capacity of a reinforced 
concrete bridge is strength. It is a difficult task to determine 
the concrete strength of an existing structure, especially for an 
older structure for which construction records are not available. 

At this time, only core samples taken from the concrete in 
question give a close indication of its strength. Core samples 
are not, however, always readily obtainable, and the rating en-
gineer needs to be assisted by other methods. To assist him in 
selecting the one that best fits his needs, various methods will 
be discussed. 

Some of the nondestructive testing methods available at this 
time include: rebound hammer, ultrasonic pulse velocity, Wind-
sor probe and pull-out. These methods are discussed in more 
detail in the commentary. 

SECTION 2 

COMMENTARY 

2.1 GENERAL 

Before the safety and serviceability of a structure suffering 
from premature deterioration can be determined, a field in-
spection is needed to identify factors affecting resistance, such 
as concrete strength and the magnitude and location of the 
deterioration. 

2.2 FIELD INSPECTION 

2.2.1 DeterioratIon Location 

The effect deterioration has on a structure is dependent on 
the location and the amount of the deterioration. Any level of 
deterioration located in a high stress area would have a signif-
icantly higher influence than would the same level in a low  

stress area. Consequently, it is imperative that a field reviewer 
report not only the kind and magnitude of deterioration, but 
also its location with respect to girder line, portion of span, 
girder depth, etc. The collected field data will serve two pur-
poses: (I) it will provide data needed to rate the structure for 
its load-carrying capacity, and (2) it will provide a basis for the 
comparison of data collected in the future. The former is im-
portant for inmediate rating purposes, while the latter is im-
portant for future determinations of the rate of decline in the 
structure's capacity, and is therefore useful for planning either 
rehabilitation or replacement. 

Most engineers intuitively feel that any amount of premature 
deterioration at a critical location reduces the load-carrying 
capacity of a highway structure to some degree. However, there 
is considerable disagreement as to the extent of the capacity 
reduction. 

Two reasons for the difficulty in quantifying the reduced load-
carrying capacity of a structure suffering from deterioration are 
a lack of knowledge about the actual load-carrying capacity of 
the structure before the premature deterioration ocóurred 
(which is dictated by such factors as construction materials, 
construction methods) and a lack of knowledge about how any 
imposed loads will be distributed around the deteriorated areas. 
Because this knowledge is not available, making a field evalu-
ation of the factors influencing the load-carrying capacity of a 
structure is more of an art than a science. 

Like most materials, reinforced concrete deteriorates more 
rapidly in some environments than in others. The environmental 
effects on deterioration are covered in many publications. The 
purpose of the guidelines is not to review the causes of deteri-
oration, but rather to examine the effects of deterioration on 
the strength and serviceability of a highway structure. 

The guidelines will also identify methods that can be used to 
improve the evaluation of the strength and serviceability of 
highway structures showing signs of premature deterioration. 
The following outline covers the types of deterioration that have 
been most responsible for reducing the strength and servicea-
bility of reinforced concrete. For each type of deterioration, 
there are circumstances that contribute to the development of 
these factors. Evidence of these circumstances may increase the 
probability that a loss in resistance is present or pending, but 
it does not prove it is so. There is also probably a limit to which 
the deterioration can proceed without manifesting itself with 
hard evidence. Therefore, in cases where certain types of cir-
cumstantial evidence are present, there is justification to make 
a small reduction in the anticipated resistance due to the in-
creased probability of harmful deterioration. 

In the presence of hard evidence, the problem becomes one 
of measuring or estimating the probable extent of the deterio-
ration. It may be possible to establish a value from measurements 
that will quantify deterioration. There are inaccuracies in the 
current methods of in-situ strength measurement, and it must 
be remembered that all measurements currently available can 
only sample concrete strength. Therefore, both the probability 
of inaccurate measurements and the extent to which the sam-
pling of data is representative of the whole must be considered 
in establishing nominal resistance. 

2.2.2 Detecting and Measuring Deterioration 

The following outline covers both circumstantial and hard 
evidence for each type of deterioration. In addition, questions 



117 

are formulated which must be answered if this evidence is to 
be used more effectively for strength evaluation. 

Results of Deterioration that Can Affect Resistance 
of Concrete Sections 

Loss of cross-sectional area of steel reinforcement. 
A. Mechanism: corrosion of steel. 
B. Detectable circumstantial evidence. 

I. Excess chlorides in the concrete as indicated in tests. 
Presence of water as indicated by leaching. 
Reduction in alkalinity of cement as indicated by 
leaching. 
Exposure of steel due to concrete spalling, insuffi-
cient cover, or excessive cracking. 

C. Detectable hard evidence. 
I. Concrete spalling or excessive cracking of concrete 

along the line of a reinforcing bar due to the expan-
sive action of corrosion. 
Rust stains. 
Visible scaling of an exposed reinforcing bar. 

D. Questions relating to strength evaluation. 
Can the increased risk of steel corrosion be deter-
mined for each of the items in "C"? 
In the absence of items listed in C, what is the max-
imum corrosion that can exist in the presence of 
items listed in B? 
What is the maximum extent of corrosion that can 
take place without exposing reinforcing steel? 
Can the items listed in C be related quantitatively 
to the percentage of steel area lost due to corrosion? 

II. Loss of anchorage of the reinforcing steel. 
A. Mechanism: corrosion of steel at the steel to concrete 

interface—loss of contact area due to spalling. 
B. Detectable circumstantial evidence. 

1. All items previously mentioned for loss of rebar area 
due to corrosion. 

C. Detectable hard evidence. 
I. Wide longitudinal cracks along rebar line. 
2. Spalled concrete which exposes rebar. 

D. Questions relating to strength evaluation. 
I. How severe must bond loss be before it is more 

critical than steel area loss? Will it ever be a problem 
in a completely covered bar? 

2. How is corrosion of the rebar perimeter related to 
bond loss? Can this be quantified? 

3. How effective is a partially exposed bar in resisting 
bond stresses? 

Stress concentration due to pitting of reinforcing steel. 
Mechanism: corrosion of Steel. 
Detectable circumstantial evidence. 
1. All items previously mentioned for loss of reinforce-

ing steel area due to corrosion. 
Detectable hard evidence. 
1. All items previously mentioned for loss of reinforcing 

steel area due to corrosion. 
Questions relating to strength evaluation. 
1. Same questions as for loss of cross-sectional area of 

steel reinforcement. 

IV. Loss of effective concrete cross-sectional area. 
A. Mechanism: fracturing of concrete. 
B. Detectable circumstantial evidence. 

I. Surface cracking of concrete. 
2. Undersurface delamination of concrete. 

C. Detectable hard evidence. 
Loss of concrete volume (spalling, scaling). 
Observation of action under load. 
Large cracks perpendicular to the direction of stress 
application that do not or cannot close. 

D. Questions relating to strength evaluation. 
I. When is concrete cracking sufficient to decrease the 

effectiveness of a cross section of a concrete member? 
Can the decrease be quantitatively related to the 
observed cracking? 
What are the effects of a spall or large cracks on the 
flow of stress within the concrete? Is stress concen-
tration a problem? 
What are the effects of spalling or loss of section 
effectiveness on the response of the structure? 

V. Reduction in concrete strength. 
A. Mechanism: poor quality of construction, inferior ma-

terials, chemical and physical degradation of the con-
crete matrix, and undesirable additives. 

B. Detectable circumstantial evidence. 
Evidence of poor construction practice (e.g., exces-
sive shrinkage cracks, poor distribution of materials, 
excessive number of large air voids, etc.). 
Excessive cracking and/or popouts due to aggregate 
reaction or expansion. 
Leaching of cementitious materials. 
Discoloration. 
Weak concrete in similar structures of the same vin-
tage in the area. 

C. Detectable hard evidence. 
I. Test results (core samples, Schmidt hammer, pull-

out, ultrasonic pulse velocity, etc.). 
D. Questions relating to strength evaluation. 

I. What is the reliability of existing test methods? Will 
the reliability increase when there are corroborating 
results from more than one test method? 

2. How important is concrete strength to service-abil-
ity? 

2.3 IN-SITU TESTING 

One factor affecting the load-resisting capability of a rein-
forced concrete bridge is concrete strength. However, it is gen-
erally difficult to determine the concrete strength of an existing 
structure, especially if it is older and its construction records 
are not available. 

Most nondestructive, in-situ testing requires knowledge of 
either the original cylinder strength of the concrete or infor-
mation on the mix, especially on the aggregate characteristics. 
As a further complication, none of the existing nondestructive 
methods have been developed to the point of providing a very 
high degree of accuracy. As stated by Chabowski and Bryden-
Smith (F. 1): "There is at present no completely satisfactory 
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method of determining the in situ strength of concrete. The 
existing methods of establishing the strength directly by non-
destructive testing methods gives only a broad indication of the 
quality of the concrete." 

Application techniques also greatly affect the results. Also, 
significant variations in results can occur when they are obtained 
by different operators. 

At this time, only core samples taken from the concrete in 
question give a close indication of its strength. Details on pro-
cedure for concrete core testing are contained in the ASTM 
C823 "Standard Practice for Examination and Sampling of 
Hardened Concrete in Construction." Core samples are not, 
however, always readily obtainable, and the rating engineer 
needs to be assisted by other methods. To assist him in selecting 
the one that best fits his needs, various methods will be discussed. 

It should be realized at the beginning that most nondestructive 
test methods require knowledge of the concrete mix proportions, 
type of aggregate, age, curing, or other types of similar infor-
mation. Because most experienced engineers can evaluate the 
concrete's quality fairly accurately without testing when given 
these types of information, most nondestructive test methods 
offer little to the solution of the problem of evaluating concrete 
strength. 

If there is no construction data available (plans, concrete mix, 
aggregate source, strength), some insight into the structure's 
strength can be obtained by reviewing available information on 
similar structures constructed in the area at about the same time 
as the structure being evaluated. This is especially true for 
gathering information on the type of reinforcing steel that would 
have been used in the structure, its concrete design strength, 
and various codes under which it would have been designed 
and built. 

Some of the nondestructive testing methods available at this 
time include the rebound hammer, ultrasonic pulse velocity, 
Windsor probe, and pull-out. 

The most commonly used rebound hammer is the Schmidt 
N2. The hammer is essentially a hardness tester. An important 
fact to remember when using a rebound hammer, though, is 
that the type of aggregate used in the concrete, the rouglmess 
of the concrete's surface, and the age of the concrete are all 
significant variables affecting the accuracy of the results. 

Samarin and Meynink describe the theory and pitfalls of using 
the ultrasonic pulse method on deteriorated concrete (E2): "It 
must be remembered however that the theory is developed for 
a homogeneous, elastic and semi-infinite solid, whereas concrete 
is heterogeneous and isotropic, rheologically complex and al-
ways finite." 

The pulse velocity method for strength determination is ham-
pered by surface fmish, internal cracking, and buried reinforcing  

steel. Also, for closer approximations of test and actual strength 
values, a statistically significant correlation has to have already 
been developed for the type of concrete being tested. 

The Windsor probe (penetration probe gage testing—ASTM 
C803) is a proprietary, in situ, semi-nondestructive tool for 
testing the strength of concrete. A probe gage is driven by a 
power-activated device into the concrete, and its penetration is 
determined. The compressive strength is determined by corre-
lating the kinetic energy with the depth of the probe gage's 
penetration. A severe limitation to using the Windsor probe on 
existing structures is the requirement that the Moh hardness 
rating (scratch test) of the course aggiegate be known. 

A method called "pull-out" appears to offer the most accurate 
measurement of concrete strength aside from core samples. The 
device to be pulled-out can either be cast in the concrete or 
implanted into mature concrete. it is the latter placement 
method that is applicable when determining the strength of older 
structures. This method is not totally nondestructive because it 
does result in a small, spalled concrete cone. Its value lies in 
the fact that, as with the extracted core sample method, it 
measures more directly the actual strength of the concrete. All 
of the other methods currently available for testing older struc-
tures rely on correlating indirect measurements with concrete 
strength. 

The pull-out method has not been totally developed, but in-
terest in it is high and its availability in the near future appears 
promising. 

From the discussions on the various methods of measuring 
in-situ strength, it is quite clear that the first thing a person 
must do to make in-situ strength measurements is to thoroughly 
research the available methods. To insure usable results, one 
must become thoroughly acquainted with each method's appli-
cation requirements, strong points, and limitations. 

SECTION 3 

E. I CHABOWSKI, A. J., and BRYDEN-SMITH, D., "A Simple 
Pull-Out Test to Access the In-Situ Strength of Concrete." 
Concrete International, Vol. 1, No. 12 (Dec. 1979) pp.  35-
40. 

E.2 SAMARIN, A. and MEYNINK, P., "Use of Combined Ul-
trasonic and Rebound Hammer Method for Determining 
Strength of Concrete Structural Members." Concrete In-
ternational, Vol. 3, No. 3 (Mar. 1981) pp.  25-29. 
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APPENDIX G 

GLOSSARY AND NOMENCLATURE 

GLOSSARY OF TERMS 

allowable stress design or working stress design: A method of 
proportioning structures such that the computed elastic 
stress does not exceed a specified limiting stress. 

calibration: A process of adjusting the parameters in a new 
standard to achieve approximately the same reliability as 
exists in a current standard or specification. 

coefficient of variation: The ratio of the standard deviation to 
the mean of a random variable. 

factor of safety: A factor by which a designated limit state force 
or stress is divided to obtain a specified allowable value. 

format of design checking procedure: An ordered sequence of 
products of load factors and load effects that!  must be 
checked in the design process. 

first-order second-moment (FOSM) reliability methods: Meth-
ods which involve (I) linearizing the limit state function 
through a Taylor series expansion at some point (first or-
der); and (2) computing a notional reliability measure, the 
safety index, which is a function only of the means and 
variances (first and second moments) of the random var-
iables rather than their probability distributions. 

failure: A condition where a limit state is reached. This may 
or may not involve collapse or other catastrophic occur- 
rences. 	 - 

limit states: Criteria beyond which a structure or structural 
element is judged to be no longer useful for its intended 
function (serviceability limit state) or beyond which it is 
judged to be unsafe (ultimate limit state). 

limit states design: A design method that aims at providing 
safety against a structure or structural element being ren-
dered unfit for use. 

load effect: The force in a member or an element (axial force, 
shear force, bending moment, torque) due to the loading. 

load factors: A factor by which a nominal load effect is mul-
tiplied to account for the uncertainties inherent in the de-
tennination of the load effect. 

load and resistance factor design: A design method that uses 
factors and resistance factors in the design format. 

nominal load effect: Calculated using a nominal load; the nom-
inal load frequently is defined with reference to a probability 
level, e.g., 50-year mean recurrence interval wind speed 
used in calculating the wind load. 

nominal resistance: Calculated using nominal material and 
cross-sectional properties and a rationally developed for-
mula based on an analytical and/or experimental model 
of limit state behavior. 

probability distribution: A mathematical law that describes the 
probability that a random variable will assume certain val-
ues; either a cumulative distribution function (cdf) or a 
probability density function is used. 

probabilistic design: A design method that explicitly utilizes 
probability theory in the safety checking process. 

probability of failure: The probability that the limit state is 
exceeded or violated. 

reliability of survival (reliability): The probability that the limit 
state is not attained. 

reliability index: A computed quantity defining the relative 
reliability of a structure or structural element. 

resistance: The maximum load-carrying capacity as defined by 
a limit state. 

resistance factor (or capacity reduction factor): A factor by 
which the nominal resistance is multiplied to account for 
the uncertainties inherent in its determination. 

target reliability: A desired level of reliability in a proposed 
design method. 

NOMENCLATURE 

A Cross-sectional area 
A1  Analysis random variable for dead load category i 
A, Area of steel reinforcement 
c Depth of Whitney's compressive stress block 
d Distance from extreme fiber in compression to the 

centroid of steel reinforcement 
Dead load intensity of dead load category i 

DL Dead load effect 
F Wheel line distribution width of slab bridges 
F(x) Cumulative probability distribution function of ran- 

dom variable x 
f,(x) Probability density function of random variable x 
fRQ (r,q) Joint probability density function of random varia- 

bles R and Q 
Yield stress level of steel reinforcement 

G Gradient vector of the limit state function g 
g Limit state function, or safety margin, or distribution 

random variable 
Mean value ofg 

11 Multiple presence random variable 

hAt) Hazard function during [o, 4 
I Impact factor 
L (or SL) Span length 
LL Live load effect 
LAt) Reliability during [o, 4 
NR  A correction random variable 
PF Probability of failure 

Q Load effects 
R Resistance 
RF Rating factor 



r Superstructural condition rating j3 Safety (reliability) index 
rM Longitudinal moment ratio ft. Target safety index 
S Girder spacing YD Dead load factor 
T Random variable indicating the time to the lust fail- 7L Live load factor 

ure event A Wavelength of the roadway roughness 
VA Coefficient of variation of it 8, Bias coefficeint of R 
W Truck weight 0 Capacity reduction factor (or resistance factor) 

O g  Standard deviation of g 
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THE TRANSPORTATION RESEARCH BOARD is a unit of the National Research 
Council, which serves the National Academy of Sciences and the National Academy of En-
gineering. It evolved in 1974 from the Highway Research Board which was established in 1920. 
The TRB incorporates all former HRB activities and also performs additional functions under 
a broader scope involving all modes of transportation and the interactions of transportation 
with society. The Board's purpose is to stimulate research concerning the nature and performance 
of transportation systems, to disseminate information that the research produces, and to en-
courage the application of appropriate research findings. The Board's program is carried out 
by more than 270 committees, task forces, and panels composed of more than 3,300 admin-
istrators, engineers, social scientists, attorneys, educators, and others concerned with transpor-
tation; they serve without compensation. The program is supported by state transportation and 
highway departments, the modal administrations of the U.S. Department of Transportation, 
the Association of American Railroads, the National Highway Traffic Safety Administration, 
and other organizations and individuals interested in the development of transportation. 

The National Academy of Sciences is a private, nonprofit, self-perpetuating society of dis-
tinguished 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. Frank Press 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 outstanding engineers. It is au-
tonomous 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, 
encourages education and research, and recognizes the superior achievements of engineers. Dr. 
Robert M. White 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. Samuel 0. Thier 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 purpose 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 com-
munities. The Council is administered jointly by both Academies and the Institute of Medicine. 
Dr. Frank Press and Dr. Robert M. White are chairman and vice chairman, respectively, of 
the National Research Council. 
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