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ABSTRACT

‘This report contains an evaluation and design manual for strengthening and replacing low volume Stcel
stringer and timber stringer bridges. An advisory panel consistiﬁg of county and municipal engineers provided
direction for the development of the ménuﬁi. NBI bridge data, along with resuits from questionnaires sent to
county and municipal engineers was used to formulate the manual.

Types of structures shown to have the greétest need for cost-effective strengthening methods are steel
stringer and timber strihger bridges. Procedures for strengthening these two types of structures have been
developed. Various types of replacement bridges have also been included so that the most cost effective
solution for a deficient bridge may be obtained. | |

The key result of this study is an extensive compilation, which can be nsed by county engineers, of the
most effective techniques for strengthening deficient exiéting bridges. The replacement bridge types included
have been used in numerous low volume applications in surrounding states, as well as in Iowa. An economic
analysis for determining the cost-effectiveness of the various strengthening methods and replacement bridges
is also an important part of the manual. Microcomputer spreadsheet software for several of the strengthening
methods, types of replacement bridges and for the economic analysis has been developed, documented and
presented in the manual. So the manual, Chp. 3 of the final report, can be easily located, blue divider pages
have been inserted to delineate the manual from the rest of the report.
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L. INTRODUCTION AND RESEARCH APPROACH
LL Background

Numerous national studies have been completed detailing the substantial structural problems of large

ADT (average daily traffic) highway bridges on the federal and state Jevel Howéver, based upon existing

literature, the problems local governments face daily have not been adequately addressed. Iowa officials have
a special interest in addressing these concerns since an April 1989 Transportation Report (67) indicated that
86.4 percent of the rural bridge maintenance responsibilities are assigned to the local leve; only 13 pcrcenf are
assigned to the state, and the remaining 0.6 percent are assigned to "other® which denotes private or a
combination of custodial responsibilities. Iowa is ohe of sixteen states in which the federal government has no
bridge maintenance responsibilities. Iowa n;iton!y has the highest percehtage of rural bridge maintenance
problems assigned to the local level, but it is also the state with the highest percentage of rural bridge
maintenance responsibilities assigned to the county level.

In 1989, the FHWA reported 23.5 percent of the nation’s highway bridges were structurally deficient
and 17.7 percent were functionally' obsolete (56). A 1989 report by the National Association of Counties
indicated 72 percent of all Iowa county bridges have SI&A sufficiency ratings less than or equal to 80 percent
(85,86). It is important to note that while most of this 72 percent qualify for Federal Aid, only a very smali
pércentage may receive that help. In 1986,'Ga}ambos (27) reported on the scope of this financing problem
by noting that $433 billion was needed for bridge problems, however, Congress only authorized $1.9 biliion.
Coopef (16) in 1990 estimated the cost of rehabilitating the nation’s highway bridges to adequate service levels
would be 352 billion; currently the amount budgeted is sh‘ghtlj,v 6’ver-$1 billion per year. ‘ |

1.2. Research Objectives

Previous investigations have concentrated on deﬁning the pational infmsx:uctu:e deficiency problem,
methods of financing possibie solutions, and specific structural details which propose to solve the problems of
fong-span bridges (most frequently found on the primary highway system). The State of ]dwa has 89,594 miles
of county roads, most of which are unpaved, low traffic volume roads. Eighty two percent of the state’s
bridges are located on these county roads. This project concentrated on the unique problems associated with
these low-volume road bridges. ‘ |

The pﬁary objective of this project was 10 develop a manual to assist the county engineer in making
cost-effective bridge strengthening or replacement decisions. This manual includes several microcomputer
seftware applications, which simplify the structural design and economic comparison of bridge replacement
alternatives. A ,

To perform a life cycle cost analysis of any civil engineering project, it is necessary 10 have a database
of information available 10 estimate the service life and costs associated with a particular alternative. This

manual has assembled a database of information for use in the economic analysis of low volume road bridges.
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1.3. Scope of Investigation

The research project consisted of two phases; 1) the determination and prioritization of the critical
problems on Iowa's secondary bridge system and 2) development of solutions for the problems identified in
Phase 1. | | o
Phase ‘1 required information related to s:ructﬁral deficiencies and functional obsolescence on both
Towa's county and municipal systcnis. To evaluate specific trends, the lowa DOT's secondary structures and
municipal structures computer apes from January 1989 were obtained. Information on these tapes included
structural type and matg:tial, age, senriceabi}i;y, geometric data, and classification. After statistical trends weré

determined from the tape information, professional opinions on the scope of the Jowa county and municipality

problems were obtained from several lowa doun:y and municipal engineers. A questionnaire was distributed
to ajl nincty-nine counties and seventy-seven of lowa’s municipalities (all those with populations greater than
5000). While personal opmxons were solicited from the quesnoanalres, a limited number were actually
received. Therefore, opmions and addmonalmsxghts were obtained from an advisory panel consisting of county
and municipal engineers.

The conclusion from Phase 1 was that there are two bridge types, steel stringer and timber stringer,
which make up the greatest percentage of problem bndges on the secondary road system. Therefore, Phase
2 focused on these two ‘bridge types using field observations and statistical reviews of data. A design manual
was developed to help evaiuate strengthening and replacement options for these two bridge types.

This smdy investigated su'engthemng and rehabilitation procedum that can be used on low volume
bridges. All strengthening procedures prmnted apply to the superstructure of bridges. The manual contains
no information on the strengthening of existing foundations as such information is dependent on soil type and
condition, type of foundation, and forces involved and, thus, is not readily presentable in a manual format.

The techniqués used for strengthening, stiffening, and repairing bridges tend to be interrelated so that,
for example, the stiffening of a structural member of a bridge will normally result in its being strengthened also.
To minimize misinterpretation of the meaning of strengthening, stiffening, and repairing, the research team's

-definitions of these terms are provided. In addition to these terms, the investigators’ definitions of

- maintenance and rehabilitation, which are sometimes misused, are ako given. The definitions given are not
suggested as the best or only meanings for the terms but rather are the meanings of the terms as they are used
in this report. 7

Maintenance. The technical aspect of the upkeep of the bridges; it is preventative in nature.
Maintenance is the work required to keep a bridge in its present condition and to control potential future
deterioration. :

Rehabilitation. The process of restoring the bridge to its original service level

Repair. The technical aspect of rehabilitation; action taken to correct damage or deteriorationona

structure or element to restore it to its original condition.

g
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Stiffening. Any technique that improves the in-service performance of an existing structure and thereby

eliminates inadequacies in serviceability (such as excessive deﬂections, excessive cracking, or unacceptable

vibrations).

Strengthening. The increase of the load-carrying capacity of an existing structure by providing the
structure with a service level higher than the siructure originally had (sometimes referred to as upgrading).

In recent years, the Federal Highway Administration (FHWA) and National Cooperative Highway
Research Program (NCHRP) have sponsored several studies on bridge repair, rehabilitation, and retrofitting,
Inasmuch as some of these procedures also increase the strength of a given bridge, the final reports on these

investigations are excellent references. These references, plus the strengthening guidelines presented in this

manual will provide information an engineer can use to resolve the majority of bridge strengthening problems.
The FHWA and NCHRP final reports related to this investigation include the following:

L 4

NCHRP Report 206, "Detection and Repair of Fatigue Damage in Welded Highway Bridges,”
1978 (26). ' .

FHWA-RD-78-133, "Extending the Service Life of Existing Bridges by Increasing their Load-
Carrying Capacity,” 1978 (10).

NCHRP Report 222, "Bridges on Secondary Highways and Local Roads--Rehabilitation and
Replacement,” 1980 (&4). '

NCHRP Report 226, "Damage Evaluation and Repair Metbods for Prestressed Concrete Bridge
Members,” 1980 (73).

NCHRP Project 12-17 Final Report, *Evaluation of Repair Techmques for Damaged Steel Bridge

- Members: Phase 1,* 1981 (47).

NCHRP Report 243, "Rehabilitation and Replacement of Bridges on Secondary Highways and
Local Roads,” 1981 (83). '

FHWA-RD-82-041, "Innovative Methods of Upgrading Deficient Through Truss Buildings," 1983
(63). ‘ '

FHWA-RD-83-007, *Seismic Retrofitting Guidelines for Highway Bridges," 1983 (7).

NCHRP Reports 271, "Guidelines for Evaluation and Repair of Damaged Steel Bridge Members,”

1984 (72).

NCHRP Report 280, "Guidelines for Evaluation and Repair of Prestressed Concrete Bridge
Members,” 1985 (7). ‘

NCHRP S}ntheszs of Highway Practice 119. "Prefabricated Bridge Elemems and Systems * 1985
(76).

NCHRP Report 293, "Methods of Strengthening Existing Highway Bridges,” 1987 (36).
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1.4. Rescarch Approach

14.1. Task1l

The purpose of Task 1 was to obtain general information regarding bridge types and common bridge
problems on low volume roads within Iowa: This included both county and municipal road systems.
Information for compeletion of this task was obtained employi'ng several methods: 1) review of National
Bridge Inventory (NBI) for the state of Iowa, 2) meeﬁngé with several county and city engineeting
organizations, 3) meetings with an advisory panel consisting of city and county engineers, and 4) reviews of
npumerous bridges within the state using the Iowa DOT bridge embargo map as a guide. Chapter 2 provides
details on the methods used and a summary of the findings.

142, Task 2
Task 2 included the identification of the types of bridges from Task 1 with the most problems and

identification of the specific problem(s). Two primary methods were used to accomplish this task: 1)
consultation with various municipal and county engineers (as well as the advisory panel) and several bridge
engineering consultants in Jowa, and 2) questionnaires. Mr. Gordon Burns of Calhoun and Burns, served as
a subcontractor for this study and provided extensive information for this task. Findings from this task are also
summarized in Chp. 2 of this report.

143, Task3

This task determined the methods of strengthening and/or rchabil_z‘tétion that are most applicable to
the types of bridges identified in Task 2. In addition, methods of replacement deemed to be most applicable
for short spans were identified. This included both proprietary and nonproprietary replacement methods. To
accomplish this task, an extensive review of existing literature was undertaken, as well as contacting colleagues
who work in this technical area. Vendors of proprietary replacement bridges were also contacted to obtain
pertinent technical literature. From this information, several types of replacement bridges were selected for
. inclusion in the design manual. Another important source of information for this task was the results from the
qnesnonnanres of Task 2. Respondents provided details on strengthening/rehabilitation methods that they had
used effectively. The results of this task are presented in Chp. 3.

144 Task4 _

Task 4 consisted of the development of a procedure for performing bridge strengthening and
replacement decisions. The initial literature review indicated that a widely applied method of evaluating cost
effectiveness of strengthening versus replacement considered the initial strengthening cost as a percentage of
the initial replacemént_ cost. Although this is a very basic approach for measuring cost effectiveness,
determiﬁing the percentage at which replacement becomes a more cost-effective solution is a difficult
procedure. Several different percentages were suggested in the literature review, each with little validation.

T
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The method developed (and included in the manual) for evaluating the cost effectiveness of
strengthening bridges is based on determination of Equivalent Uniform Annuat Costs (EUAGs), which are
commonly used in engineering economy studies. The models and equations used to determine the EUACs for
the stzengthezﬁng and replacement alternatives met the requirements of a flexible approach for determining
the cost effectiveness which includes life cycle costs and user benefits,

The EUAC models are presented in a generalized form that allows the manual user to introduce
individualized cost data into the eqﬁations. However, as an aid to the mannal user, cost data for most of the
variables in the EUAC models are included in the manual. Detail on EUACs are provided in Chp. 3 of this
report. -

14.5. Task S

For the information coﬁected from the previous tasks to be useful for the practicing engineer, it must
be organized and presented in a manual format. The development of such a manual was the objective of Task
5. Chapter 3 of this report is the technical manual on the application portion of this investigation. Section3.1
contains peneral information on the scope and use of the manual. Sections 3.2 and 3.3 contain basic
information to assist the engineer with inspections and fundamental bridge evaluation calculations. Economic
analysis information is provided in Sec. 3.4. Design information for strengthening steel and timber stringer
bridges is presented in Secs. 3.5 and 3.6, respectively. Bridge replacement alternatives are summarized in Sec.

37,

146, Task6 . ‘

The purpose of Task 6 was to prepare a final report documenting the research undertaken in this
study. Since this report in part is the compilation of the research of threc graduate students at ISU, the
following references are cited for additional background information (11,40,74). As previously noted, Chp. 3
of the final report is the design manual; the other chapters and appendices provide supplementary and
background information.
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2. FINDINGS

This chapter sumﬁxarizes the information assimilated in Tasks 1 and 2. To accomplish these tasks, the
research team made numerous site inspections, held several meetings with the project advisory panel, reviewed
the National Bridge Inventory (NBI) data for Iowa, developed, disseminated, and analyzed the results from a
questionnaire, and made a literature review. A summary.of the panel meetings is presented in Sec. 2.1. The
summaries of the NBI data, questionnaires, and literature are presémed in Secs. 2.2, 2.3 and 2.4, respectively.

2.1. Panel Meeting

The advisory panel was proposed and formed to assist the research team in making sure the project
had the right direction and that the final results (i¢. the design manual) were practical and in such a format
that they would be easy for practicing engineers to use. The advisory panel was comprised of representation
from the lowa DOT, county engineers, and municipal engineers. Listed below are the members of the advisory

panek:
Dennis Gannon Coralville Assistant City Engineer
Moe O. Hanson Poweshiek County Engineer
Det Jesperson Story County Engineer
Larry R. Jesse Office of Local Systems, lowa DOT
Nick R. Konrady Lucas County Engineer
Richard Ransom Cedar Rapids City Engineer
Fred M. Short Audubon County Engineer

_ The panel meetings were especially beneficial in the development of the questionnaires and defining
the scope of the project. Early in the project, through exchanges with the municipal engineers on the panel,
it bécame apparent that the majority of their problems were beyond the scope of the project. Thus, the project
proceeded primarily with the county engineer in mind, howevef, numerous sections of the design manual are
equally applicable 10 certain municipal bridges. _ |

As noted in the proposal, the input of consultants familiar with low volume bridge problems would also
be contacted for input in the project. Upon acceptance by the advisory panel, Gordon E. Burns of the firm,
Calhoun-Burns and Associates, Inc. (West Des Moines, Iowa) was contracted and worked closely with the
research team in several areas of the project. '

2.2. National Bridge Inventory

The NBI (56), now essentially complete, contains records from Structural Inventory and Appraisal (81
& A) sheet on bridges having spans of at least 20 ft, culverts of bridge length, and tunnels. Records are placed
on the SI & A sheet in accordance to a FHWA coding guide (25). Based on results from a previous project
(36) and spot checks of the Jowa NBI data, it has been determined that the NBI data are relatively free of
obvious errors.  There are some definite and some probable coding errors, however, those errors did not
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exceed 5 percent and often were less than 1 percent for the NBI items checked. Records having obvious errors
or significant omissions were rejected thus improving the accuracy of conclusions based on NBI data.

The Iowa I)OT's Secondary Structures and Municipai Structures Computer Tapes for January 1989
were reviewed to compile statistical information on Iowa’s county and municipal bridge structural problems.
This information is provided to the FHWA for inclusion in the NBL |

By reviewing Jowa NBI data, the number and type of bridges found on the county and municipal
~ systems were determined. Figure 2.1 shows the ten most frequently occurring bridges on the secondary éyswm
by number and percentage. These ten FHWA types represent 90 percent of the 20,882 bridges on the

secondary system. Note that close to 50 percent of the bridges are in two categories - 28.0 percent steel -

stringer/multi-beam or girder [FHWA 302] and 20.8 percent timber stringer/multi-beam or girder [FHWA 702].
Approximately two-thirds of the bridges are in the first four categories. Table 2.1 provides the FHWA number
key for idcnﬁfying the bridge types identified in Fig. 2.1 and subsequent figures. Figure 2.2 shows similar
information for the municipal system; the top ten bridge types represent 86 percent of the 1,308 bridges found
on the municipal'sys:er_n. Approximately 30 percent of the bridges are in two categories — 17.6 percent
steel/multi-beam or girder [FHWA 302] and 12.2 percent concrete continuous slab [FHWA 201]. Slightly over
44 percent of the bridges are in the first four categories. By comparing Figs. 2.1 and 2.2 one observes thaf
three of the top four categories on the two systems are the same. _

Deficient bridges in the state of fowa are characterized as either structurally deficient or functionally
obsolete. These designations are based on data found in the NBIL. Sufficiency ratings rzinge between O and
100 percent, The three main varizbles used in the sufficiency ratings are structural adequacy and safety,
serviceability and functional obsolescence, and essentially for public use. A bridge classified as structurally
deficient and functionally obsolete with a SI&A sufficiency rating less than 50 percent is eligible for
replacement with Federal bridge funds. While one classified as stmctﬁrally deficient and functionally obsolete

- with a SI&A sufficiency rating between 50 percent and 80 percent, inclusive, is eligibie for Federal
rehabilitation funds. . .

Bridges were also reviewed according to the SI & A sufficiency rating. Of particular interest were
those bridges with values below 50 percent, which are frequently considered structurally deficient. Figure 2.3
shows the top ten structurally deficient bridge types on the secondary system. Of .the total of 5,372 structurally
deficient bridges on the secondary system, the first four types [FHWA 702, 302, 380, and 310}, account for 92
percent of all structurally deficient bridges. Figure 24 shc;ws the top ten structurally deficient bridges on the
municipal system. - Note that the top four bridge types on the municipal system are the same bridge types as
- those on the county system, and make up 69 percent of 306 structurally deficient bridges. Based on this review,
strengthening and/or rehabilitation procedures which apply to these four bridge types would be the most
beneficial.
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Table 2.1, FHWA bridge codes.

FHWA Designation | DescriptichFmI:IWA Bridge Type Name
Concrete slab |

102 Concrete stringer/multi-beam or girder

104 Concrete tee beam |

119 Concrete culvert |

201 Concrete continuous slab

219 Concrete continuous culvert.

302 Steel stringer/multi-beam or girder

303 Steel girder and floor beam system

309 | Steel truss-deck

310 Steel thru-truss i

380 Steel pony truss “

402 Steel continuous stringer/multi-beam or girder “

502 Prestressed concrete stringer/multi-beam or girder "

304 ' Prestressed concrete tee beam - - “
H \ 702 Timber stringer/muiti-beam or girder | J

Also reviewed for comparison were the functionally obsolete bridges. As Fig. 2.5 illustrates, FHWA
bridge types 302 and 702 were the top two functionally obsolete bridges on the secondary system, represénting
69 pércenz of all functionally obsolete bridges. On the municipal system, more FHWA 302 bridges were found
to be functionally obsolete than any other type of bridge (see Fig. 2.6). Steel stringer and timber siringer
bridges account for over 47 percent of the bridges found on the two systems and also make up the highest
percentage of structurally deficient and functionally obsolete bridges. Thus, the greatest percentage of bridges
which will most likely become structurally deficient and functionally obsolete in the future will be these two
bridge types. Unique serviceability requirements, high ADT for example, may require replacement of some
of these bridges; however a large percentage‘would benefit from strengthening. In other words, possibly 63.7
percent of all structurally deﬁéiem and 59.0 percent of ali functionally obsolete bridges in the state of Iowa are
- potential candidates for rehabilitation,
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2.3. Questionnaire Results

With the assistance of the advisory panel, questionnaires were developed to0 determine the
.strengthening and rehabilitation needs of Jowa’s counties and municipaﬁtiés. Although two questionnaires
were prepared - one for each group — the qucétionnaires were essentially the same except for some of the
wording; an example of the questionnaire sent to counties may be found in Appendix C. "
Each of lowa’s 99 counties and 77 of lowa’s municipalities, those with populations greater than 5000,
were sent quéstionna_ires. The county response rate was 88 percent; while the municipal response rate was 75
percent. , '
In the q&es:ionnaires, low volume bridges were defined as those bridges with an ADT of 400 or less.
The guestionnaires énoouraged the inclusion of supplemental information, comments and/or suggestions. Since
responsibilities of the counties are different from those of the municipalities, responses from each were
compiled separately. The questionnaires were divided into two sections. Completion of Section 2 of the
questionnaire was required only if the responding agency had strengthening or rehabilitation experienoé.

The purpose of Section 1 of the questionnaire was to determine the Iowa oounty’s/municipality’s
experience with bridge strengthening and bridge rehabilitation. The questionnaire defined rehabilitation as
including bridge replacement. As Fig. 2.7 indicates of the counties responding, 43.6 percent had implemented
at least one strengthening method; 31.4 percent had rehabilitated/replaced a bridge.

Fewer municipalities had attempted to strengthen bridges than counties. Of all municipalities
responding, 14.3 percent had slrenéthcned bridges, and 52.6 percent had employed a rehaﬁﬂitationjreplaoemcnt
method. It should be noted that 40 percent of éll the municipalities either had no bridges, did not have any
bridges with ADT's less than 400, or lacked a sitvation which could benefit from strengthening. The primary
reason given by counties for not su'engthening a bridge was ihat the deck geometries still would not meet state.‘
width specifications. |

Figure 2.8 illustrates those reasons given by the various agencies for not strengthening and/or
rehabilitating/replacing bridges. The indication is that counties, which are responsible for approximately 16
times as many bridges as municipalities, would benefit more from useful guidelines for bridge strengthening
and replacement. Several respondents indicated that strengthening/rehabilitation had not been used because
of the lack of appropriate expertise. ' |

. Questions in Section 2 of the questionnaire were designed to identify the current bridge strengthening
and replacement procedures most often used by county/municipal engineers. Table 2.2 summarizes the .

responses 1o the questions in Section 2 which required a yes/no answer. When asked if any type of economic
analysis was performed in making decisions, respondents noted that decisions were controlied by budget
constraints, structural deficiency priority syétems, and the needs of the public, thus making an economic analysis
less effective.

Responses to Question 2 of Section 2 of the questionnaire indicated five counties have developed their

own bridge rehabilitation decision toois which inciuded:

e
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® a bridge rating sheet,
graphs for determining beam spacing,
# tables for determining maximum spacing for various sized timber stringers to meet current legal
load capacities for all wood bridges, '
a simple span bridge rating program used to assist in rehabilitation decisions, and
charts indicau’hg span lengths and stringer requirements for carrying fully legal loads.

Table 2.2. Summary of Section 2 questions.

County Municipalities

Questions - .
l Yes No Yes No
! 1. Do you use formal methodologies (e.g.
I‘ benefit/cost analysis, equivalent annual cost 21 - 55 10 23
| method, etc) when making management '
decisions?

2. Have you developed any design aids,
nomographs, software, eic. that are useful in 5 13 10 32
making bridge rehabilitation choices?

3. Does your agency kire any structural
: engmeenng consultants? 68 10 30 3

4, Would your oounty/mumcnpamy benefit froma

design aid or decision making tool? 62 9 21 9
5. Are you familiar with the National _ - |
Cooperative Highway Research Program Report 20 56 2 3

#293, Methods of Stren
Highway Bridges?

A tabulation of the number of counties and municipalitics which used the services of structural
engineering consultants is included in Table 22 the specific services performed by the consultants are
presented in Table 2.3,

Of those responding to Question 4 of Section 2 (see Table 2.2), county approval was 87 percent and
municipal approval was 70 percent in favor of the development of decision making tools 6r
rehabilitation/strengthening design aids. Given a list of "tools" from which the agencies would most likely
benefit, 81 percent of the counties listed computer software development, 52 percent requested nomographs;
and 23 percent requested flow charts. Other "tools® counties specified as being beneficial were plans, cost
comparison documentationof rehabilitation versus réplaecmcnt, a maintenance manual (similar to the one used
in Florida which outlines approved repair practices), and a design manual (similar to the one used in California -
which oﬁtlines design values and techniques).
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Of the municipalities responding who favored design "tools®, 67 percent requested computer software,
52 percent requested nomographs, and 52 percent requested flow charts. One municipality noted that deSign
aids are not necessary since they are a political entity and the insurance liability would be too great; another
municipality noted they will always use a structural engineering consultant for bridge problems. -

Todetermine the strengthening procedures with which counties/municipalitieshad experience, agencies
were asked to identify procedures they had employed on the four most common structurally deficient types of
bridges. The number of responses by counties were: addition or replacement of timber stringers — 50; addition
of replacement of steel stringers — 31; and lightweight deck replacement in timber stringer bridges — 17.

Table 2.3. Summary of services for which agencies employ consultants.

I——I Consulting Service Counties Municipalities I
Structural analysis : : 61 ‘ 27
Bridge inspection ' 52 ' 26
Strengthening or rehabilitation 24 .20 "
New or special bridge designs ' 1 | 7 |
Construction inspection 3 ' 17
Load rating 1 0

E Culvert design o . 1 o 0 u

| t!nderwater inspecﬁon o : 0 1 ll

Municipality responses were: strengthening of existing members on steel pony and through trusses — 6; all -

other methods yielded fewer than 3 responses. Responses 10 the *other” category were given very infrequently.
Agencies which had employed strengthening methods were asked to indicate which of these methods were
perceived to be cost effective and structurally effective. Counties noted that the two most cost effective
strengthening methods were increasing transverse stiffness and providing composite action; the two methods
perceived as the most structurally effective were the addition or replacement of members and the strengthening
of existing members. Municipalities noted the most cost effective methods were the addition or replacement
of various ﬁembers, the strengthening of existing members, and the strengthening of critical connections {equal
number of responses for each) The two structurally effective strengthening methods noted were the
strengthening of existing members and the strengthening of critical connections. The addition or replacement
of various members was also indicated as being very effective. As expected, those methods which were
perceived as being very costly or structurally ineffcctivé were the methods which have been employed the least.

8
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It was suggested that if it were not cost effective to increase the capacity of a given bridge to current
Joading standards, a compromise could be reached where the bridge could be strengthened to a specified

increased load. Counties specified in such a case the load they would desire a bridge to carry is 19.1 tons; this
value was obtained by averaging all reported values which ranged between 12 tons and 30 tons. The
municipalitics specified 16.4 tons (obtained by averagmg reportcd values) as the desired capacity; reported
values ranged between 10 tons and 20 tons,
~ The National Cooperative Highway Research Program Report 293, Methods of Strengthening Existing
Highway Bridges (36), reviews and describes current strengthening techniques used on existing highway bridges.
Only 26 percent and 6 percent of the counties and mumc:pahu%, respect:vely, noted that they were familiar
with this report.

Question 12 on the questionnaire asked the respondents to prioritize the top four deficient bridges into

three categories: 1) the type of bridges which need to be strengthened, 2) those bridges which would most
benefit from a combination of strengthening and posted weight/speed restrictions, and 3) those bridge types
which are least likely to benefit from stréngthening or rehabilitation methods. Responses by both counties and
municipalities indicated that steel stringer bridges would benefit the most from either swengthening or a
combination of strengthening and posted weight/speed restrictions.
_ In summary, a sz‘gniﬁmni percentage of counties are currently employing strengthening methods,
although a limited number of methods are being utilized, Replacement decisions typically tend to be sound
economical and structural decisions based on current information availablé. It appears that part of the
hesitation to strengthen a given bridge is due to laék of adequate informétion and the bridge’s inability to
meet required deck geometries. Both counties and municipalities indicated a rehabilitation/strengthening*tool"
or design aid is desirable,

The number of bridges per municipality is considerably less than the number of bridges per county.
. Apparently the reason municipalities tend not to undertake their own strengthening and replacement designs

is the high cost of liability insurance. However, while counties also employ a large number of consultants, they
are more likely to do some of their own engineering because of the large number of bridges for which they are
responsible and budgetary constraints, -

Data from the lowa NBI, questionnaire responses and input from the advisory panel influenced and
directed the second portion of this investigation (Tasks 3-6). Based on information obtained and reviewed in
the initial tasks of this investigation, it was determined that strengthening procedures and techniques which are
applicable 10 the steel stringer bridges and timber stringer bridges found on low volume roads would be the
most beneficial to practicing engineers, A more detailed summary of the findings of Tasks 1 and 2 are
preseated in Ref, 94.

The manual (Chp. 3) thus provndes practical strengthening methods for these two types of bndges and
numerous spreadsheets to assist the engineer in designing various strengthening systems.
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2.4. Literatore Review
24.1. General _

A literature search was conducted to gathier available information on strengthening/rehabilitation of
low volume bridges. Computerized literature searches were made using the Highway Research Information
Service through the Iowa DOT and the Engineering Literature Index System which is available at the university
library. In addition to searching these two sources, the Geodex Systegn - Structural Information Serviee‘was
used to locate additional pertinent references. '

The literature search revealed that minimal work has been done on the -general subject of
strengthening, rehabilitating, or replacing low volume bridges. Most of the research which has been reported

has been directed toward one specific type of bridge or set of circumstances.
Literature was located on strengthening/rehabilitating of essentially all types of bridges. However in

this brief literature review, only information on the two types of bridges previously identified — steel stringer

bridges and timber stringer bridges + as having the greatest potential for being strengthened/rehabilitated will
be presented. (:

It should be noted at the outset that much of the information related to replacement of low volume
bridges is not located in the published literature, but rather in the form of proprietary publications by private
companies. In most cases, these replacement designs are developed on a mse;by«case basis. The engineet
submits his site requirements (span length, bridge width, load capacity, and aesthetic considerations) and the
predesigned bridge is shipped to the site essentially complete. These proprietary designs will be discussed in
more detail in Chp. 3. .. - :

The current AASHT'O design sQeciﬁmﬁons {2) do not distinguish between low volume rural bridges
and high volume urban bridges. Gangarao and Zelina (28) have suggested that a set of design specifications
and procedures be developed specifically for low volume bridges. They note that it is highly unlikely that
efficient and economical low-volume bridges can be designed using specifications that were compiled primarily
for highway bridges. Similar thoughts have been expressed by Galambaos (27) who suggested specifying rules

for a lower level of service for non-Federal aid bridges. Alternatives which allow flexibility for site conditions
as well as a proposed fatigue model (both of which would allow less structural loading) have been proposed

by Moses (48).
In Chp. 1, various FHWA and NCHRP final reports related to bridge strengthening, repair,
rehabilitation, and retrofitting were noted. One of these, NCHRP Report 293 (36) is particularly pertinent to

this study in that it pertains to strengthening highway bridges. This report reviews strengthening techniques

used in the United States as well as in several foreign countries and contains a bibliographywith 379 references
which review the strengthening of all types of bridges. Suengthening information in this report is organized
by strengthening procedure rather than by bridge type as some strengthening pfocedures are applicable to0
several bridge types. Strengthening techniques/procedures in this report were classified into eight categories:

Y
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Lightweight deck replacement

Additon of composite action

Increasing transverse stiffness of the bridge
Improving the strength of various bridge members
Adding or replacing members

Post-tensioning of various bridge components

e & & & & O @

Strengthening of connections

¢ Developing additional bridge continuity

As previously stated, this literature review is intended primarily to review strengthening techaiques
which are applicable to timber and steel stringer bridges. This investigation also has collected and reviewed
information on numerousreplacement structures; as previously noted this information will be presenated in Chp.
3.

" 242, Timber Bridges

The literature review revealed minimal strengthening procedures for timber stringer bridges. Only

~ three procedures were found -- replacing deteriorated or damaged stringers, reducing existing dead load on

the structure by replacing the decking with a lightweight deck or reducing the amount of "fill" on the bridges,
and réducing the stringer spacing by adding additionalstringers to the bridges. In addition to these possibilities,
the research team has developed a strengthening procedure in which a limited number of timber stringers are
replaced with steel stringérs. This techniqué is presented in Sec. 3.6.2. ‘ |
| In recent years, there has been an increase in the use of timber in the transportation field. Significant

interest in the construction of several timber bridges has developed; some of the techniques and procedures
used in new construction can also be used 10 strengthen existing timber bridges in some situations (12).

Th:oughouuhe United States, numerous short span timber bridges are in need of deck rehabilitation.
The majority of these decks were nail-laminated. Due to traffic loading and the effect of the environment,
these fasteneﬁ have loosened over the years. Until recently, the United States Department of Agriculture
Forest Service has been unsuccessful in attempts to rehabilitate timber bridges. Between 1965 and 1975, the
Forest Semw attempted to strengthen existing timber bridges with the application of transverse A36 ﬁteei rods.
This procedure proved unsuccessful because the prestress force could not be maintained with the 6rdimi:y steel
rods (4). | -

The use of jateral load distribution devices has generated significant research. These include
distributor beams (69) or several methods of compressing longitudinal timber decks perpendicular to lht;.‘. grain.

- One method which has shown much promise is the use of high strength steel rods positioned perpendicular

10 the direction of traffic (58,79). These rods are tensioned against steel bearing plates along the outside edges
of the bridge. The friction between the deck timbers induced by this tensioning eliminates inter-laminar
slippage and provides substantial Jateral load distribution.
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243. Steel Bridges

Steel girder bridges, which have a relatively small ratio of dead to live ioad, are especially affected by
an increase in live load. The strengthening techniques found in the literature for steel stringer bridges
essentially ali fall in the following six categories:
Lightweight deck replacement.
Improving the strength of the stringers.
Increasing transverse stiffness.

Adding or replacing members. |

s & & o

Providing composite action.

¢  Post-tensioning.
The techniques will only briefly be discussed here as there is a very comprehensive literature review of these
strengthening procedures in Ref. 36. To assist the reader in locating reference material on &e various
strengthening procedures, section numbers and page numbers for Ref. 36 have been provided.

Lightweight deck replacement [Ref. 36; Sec. 23.1; p i8]: the live-load capacity of a bridge can be
improved by replacing an existing heavyweight deck with a new lightweight deck. A review of the literature
reveals that several structurally adequate lightweight decks are available, includingsteel grid, exodermic, timber,

lightweight concrete, aluminum orthotropic plate, and steel orthotropic plates. Each of these will be briefly |

discussed in the foilowing paragraphs.

Steel grid deck is a lightweight floor system manufactured by several firms. It consists of fabricated,
stecl-gnd panels that are field welded or bolted to the bridge superstructure. In application, the steel grids may
be filled with concrete, partially filled with concrete, or left open. h
_ Exodermic deck is a newly developed, prefabricated modular deck system that is being markctcd by

major steel-grid-deck manufacturers. The bridge deck system consists of a relatively thin upper layer (3 in.
miﬁimum) of prefabricated concrete jointed to a lower layer of steel gratings.

Laminated timber decks consist of vertically laminated 2-in. (nommal) dimension lumber. The
laminates are b-onded together with a structural adhesm to form panels that are approx:matcly 48-in. wide.
The panels are typically oriented transverse to the supporting structure of the bridge and are secured to each
other with steel dowels or stif.fcnef beams to allow for load transfer and to provide continuity between panels.

Structural lightweight concrete can be used to strengthen steel bridges that have normal-weight,
nnneoinposite concrete decks (43). Lightweight concrete (unit weight of 115 Ib/cu ft or less) can be either cast
in place or installed in the form of precast panels. Cast-in-place lightweight concrete decks can be made to
act compositely with the stringers.

| Aluminum orthotropxc deck is structurally strong, lightweight deck weighing between 20 and 25 Ib/sq
ft. This proprietary decking system is fabricated from highly corrosion-resistant aluminum alloy plates and

i
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extrusions that are shop coated with a durable, skid-resistant, polymer wearing surface. Connections between
the aluminum orthotropic deck and ihe steel_striﬁgers should not be considered to provide composite _aétion.

Steel orthotropic plate decks are an alternative for lightweight deck réphocment, however they are
usually designed on a case-by-case basis with essenti#]ly no standardization. Although steel orthotropic deck
is applicable for short spans, it is unlikely that there would be sufficient weight savings to make it economical.

Improving the strength of the stringers [Ref 36; Sec. 23.4; p 21: One of the most common
procedures used to strengthen existing bridges is the addition of steel cover plates to the existing stringers.
Steel cover plates, angles, or other sections may be attached to the stringers by meaﬁs of bolts or welds, The
additionai steel is normally attached to the flanges of existing sections as a means of increasing the section
modulus, thereby increasing the flexural capacity of the member. When angles are employed to strengthen
stringers, they are usually aitached to the webs of the stringers with high strength bolts. In most cases, the
member is jacked up during the strengthening process, relieving dead-load stresses on the existing stringers.
The resuiting cover-plated section will resist both live-load and dead-load stresses when the jacks are removed.
If the stringers are not jacked, the added cover plates will carry only live-ioad stresses.

Increasing transverse stiffness of a bridge [Ref, 36; Sec. 23.3; p 20 Much of the literature on
transverse stiffness of 2 bridge deals with the effects of diaphragms and cross frames on transverse stiffness
- rather than strengthening of a bridge by increasing the transverse stiffness. Literature indicates that increasing

transverse stiffpess will be most effective for interior stringers and will have essentially no effect on exterior
strimgers. Increasing transverse stiffness should be considered a secondary method of strexig;heninga bridge.
In most practical d_nses, the stress reduction resulting from transverse stiffening is less than 30 percent; in some
cases, it may even be negligible.

Adding or replacing members [Ref. 36; Sec. 2.3.5; p 23} Steel stringer bridges can be strengthened
~ by the addition or replacement of oﬁp or more stringers. Adding 'stringers will increase the deck capacity and
-reduce the magnitude of the loads distributed to the existing stringers. This method is most practically

performed in conjunction with replacement of the deck because this allows respacing of the existing stringers.
Stringer replacement is more typically a repair technique that is used when a stringer has been damaged by
an overheight vehicle or corrosion. The addition or replacement of a stringer is more difficult when the existing
deck is not removed. Installation of-the new stringer is usually carried out from below the bridge and is usually
a difficult procedure. .

Providiﬁg composite action [Ref. 36; Sec. 2.3.2; p 20]: Modification of an existing system is a common
method of increasing the flexural strength of a bridge. This procedure can be used when a deteriorated
concrete deck is removed and replaced with a new deck or when the existing deck is sound by coring holes
through the deck, adding shear connectors, and grouting the holes. The composite action of the stringers and
deck not only reduces live-load stresses but also reduces deflections as a result of the increase in the moment
of inertia resulting from the stringers and deck acting together. -
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Post-tensioning [Ref. 36; Sec. 2.3.6; p 24): Prestressing or post-tensioningin various configurations has
been used for more than 30 years 1o relieve stresses, control displacements and strengthen bridges. Through
research sponsored by the Jowa DOT, Iowa State University (ISU) has developed post-tensioning procedures
for suengthening simple-span as well as continuous-span steel-stringer bridges. As has been earlier
documented, the majority of the steel.stringer bridge préblems on the low volume roads are with single-span
bndges, thus the strengthening of continuous span bridges will not be discussed in this report.

| For the practicing engineer, ISU has developed a post-tensioning strengthening manuai (24) that will
assist the engineer in determining the post-tensioning force a given bridge needs to reduce flexural stresses the
desired amount. In most instances, only the exterior beams need post-tensioning. Lateral distribution of the
post-tensioning forces inmost situations also reduces the stresses in the interior stringers.

244 Cost Effectivencss Studies . _
Several studies have been performed on the cost'effectiveness of various bridge strengthen'ing or

. tehabilitation methods. In 1985, Cady (13) developed a policy for the decision making process in bridge deck
rehabilitation. An economic model, based on the present worth of perpetual service or the capitalized cost
of each alternative was developed. This analysis may be extended to apply to essentially any rehabilitation
" project. ,
o A study at Pennsylvania State University (90) developed a flow chart of rehabilitation methods for
highway bridges. A survey of state bridge and niai_ntenance engineers determined the type and effectiveness
of various maintenance and rehabilitation procedures. These procédures were sdbjected to a life cycle cost
analysis to determine a range of expected unit costs for the various methods, A flow chart was then deveioped

which would a _ur_:wa ma t_ep_ag\_gg enginéer to select the most cost effective rehabilitation method based on the

amount of deterioration, etc. This type of flow chart was found to be very useful to local cngineers.

The use of incremental benéﬁt-cost analysis has been used by many agencies to aid in the decision
making process. This method identifies the optimum alternatives and also prioritizes them. In public projects,
measuring benefits in monetary t¢rms poses a problem. One has 0 estimate the value of benefis, both for
the agency and for the travehng public from available sources (64)

’4 I R & LLias AN

The use of the benefit-cost ratio method to compare possiblc bridge rehabihtauon or replacement._ |
alternatives has traditionally been avoided due to the difficulty in quantifying the benefit of the proposed

improvement. One study which attempted to alleviate this difficulty was performed by the New York DOT
Planning Division. To use this procedure, one needs only the posted speed, the average running speed, the
traffic count with some estimate of vehicle mix, and highway section length for both the before and after
conditions (41); with this data, the operating and travel time costs of the alternatives are calculated.
Maintenance and accident costs of the alternatives are not considered in this model

There has been a significant amount of reséarch on the use of value engineering (50) in the design and
construction of low volume road bridges. Gangarao, et. al. (29) used value engineering, - that is, thé systematic
appiication of recognized techniques which identify the function of a product or service, establish a monetary
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vaiuc for that function, and pfovide the necessary function reliably at the lowest overall cost ~ 1o develop value
graphs, which relate the importance of various bridge components to their costs.

One major problem with this procedure ‘noted in the literature was the difficulty in predicting the
service life of the varjous strengthening methods. This obstacle is somewhat mitigated by two factors: 1) as
service life increases, variation in setvice life has a diminishing effect on calculated equivalent cost and 2) if
the average service lives of relatively short-lived procedures are reasonably well known, rather large variations
will have relatively little effect over the long run. _

Engineering economic analyses have historically ignored the effects of inflation. It has been thought
that inflation affects all aspects of cash flow in the same manner, thus its net effect on the decision making
process is negligible, The 1973 oil embargo produced a significant change in the effect of inflation. A marked
reduction in fuel consumption caused a drastic reduction in gasoline tax revenue. At the same time, the cost
of construction increased dramatically due to the rising rate of inflation. Inflation has affected income and
disbursements in opposite directions, creating a situation where engineering economic aha!ysis must take the
effects of inflation into account (14).
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'MANUAL for EVALUATION, REHABILITATION
and STRENGTHENING OF
LOW VOLUME BRIDGES

(Chapter 3)

The contents of this report and the computer programs contained on the provided computer diskette do not represent a
wartanty on behaif of the State of lowa, fowa State University, or the authors. Enginecring data, designs, computer programs
and specifications presented in this publication have been delineated in accordance with recognized professional principles and
practices. : .

While it is believed to be accurate, this information should not be used or relied upon for any specific application without
competent professional examination and verification of its accuracy, suitability and applicability by a competent licensed
engineer. Anyone making use of this information assumes all liability arising from such use.

e e




31

3. APPLICATIONS

As has been pre§i0usly noted, Chp. 3 of this report is a strengthening manual. The other chapters
provide supplementary and background information. Section 3.1. provides general information about the
manual. Secs. 3.2 and 3.3 provide basic informationiabout bridge inspection and fundamentals of a:ialysis,
respectively. Section 3.3 is particulary informative because ten bridge evaluation examples have been provided.
Economic analyses to assist in the decision to strengthen or replace a given bridge is presented in Sec. 34.
The remaining three sections of this chapter (3.5 to 3.7) present various strengthening methods and
replacement alternatives. '

3.1. General Information
3.11. Background

As previously noted, the statistical information from the Secondary System Section of the NBI served

as the basis for determining the type of bridges that require strengthening. For additional clarification of NBI
data, various categories of steel stringer bridges found on the Iowa DOT's county system base inventory record
were reviewed. The program Syncsort was used 10 sort, extract and summarize information. The year each
bridge was built was reviéwgd to determine if a correlation existed beiween the year a particular lowa DOT
V.series standard bridge was issued and the year a given FHWA 302 bridge was constructed; no clear
correlation was found. Site inspections of several Towa steel stringer bridges revealed that the majority of these
bridges actuaily were not constructed in accordance with any of the Iowa DOT V-series. '
' I.x:ngths and widths of existing FHWA 302 bridges were also reviewed. The average length of the
FHWA 302 bridges found on the Iowa county system is 50.6 ft. Figure 3.1 illustrates that a majority of the
bridges have lengths betweeft 20 ft and 45 ft. Although, as shown, & number of bridges had lengths over 100
ft, more than likely these bridges are the result of coding errors. As may be seen in Fig. 3.2, the majority of
the bridges have widths of 20 ft and 24 ft. However, a significant number of bridges {(over 200 in each case)
have widths of 16 ft and 18 ft.

Two other parameters of interest in the Jowa DOT’s county system base inventory record were the
design loading and the design H-loading, The design loading refers to Item 31 in the SI& A data (see Sec. 2.2.);
this one digit code represents the design live load for the structure. Instructions for coding this item require
classifying the loading, if it is other than standard loading, as the nearest equivalentstandard loading. As shown
in Fig. 3.3, in ti:e majority of cases (72.1 percent) the desig;l load is not known; in 20.6 percent of the cases
the design load was classified as H15. Over 93 percent of the bridges fall into these two categories of loading
(H15 or unknown). The design H-loading of the bridge was obtained from inaintenance records. The number
of bridges designed for each of the five standard design H-loadings is shown in Fig. 3.4. Note that the design
loading for the majority (71.0 percent) of bridges is unknown (NC).
| "As noted in Chp. 2, it was determined that strengthening techniques are primarily required for
nona')mposite, simply supported steel stringer bridges [FHWA 302} and timber stringer bridges [FHWA 702},
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" Thus, this manual is limited to these two bridge types. One exception t0 this limitation is the economic analysis
presented in Sec. 3.4; this analysis is applicable to anjr type of structure, |

The economic analysis procedure assists the user in determining if it is more cost effective 10 replace a
given bridge or to strengthen it. Assumiﬁg it is more cost effective to strengthen it, the same analysis procedure
can also be used 10 determine which strengthening procedures are the most cost effective. The economic
analysis procedure developed makes use of an equivalent uniform annual cost analysis approach and considers
factors such as annual maintenance costs, initial construction costs, service lives, interest rates etc. The various
stréngthening techniques and procedures have been organized and presented in this chapter according to bridge
type.. Only strengtﬁening and replacement procedures that have been used successfully in the field are included
in this chaptef. In the next few years, as a result of extensive bridge strengthening research curreatly in
- pfogress, and the development of new materials, several new strcngthehing procedures most likely will be
developed; these could then be easily added to this manual. In addition,as databases become available as part
of the development of bridge management systems (BMS), that data will be extremely useful in the economic
model developed in this study.

In the replacement section of this chapter, several proprietary products have been presented. Inciusion
of such products in this manual does not constitute a recommendation by the research team or by the Highway

Division of the Jowa DOT.
3.1.2. Scope of Manual
No special considerations have been accorded skewed bridges. However, the strengthening techniques

presented are applicable to bridges with a small degree of skew.
All strengthening methods presented apply to the superstructure of bridges. No information is included

about the strengthening of existing foundations, since such information is dependent on soil type and condition,

type of foundation, forces involved, etc., and thus is not readily presentable in a manual format Before
initiating the strengthening of the superstructure of a given bridge, however, one must investigate the
substructure to determine if it is of adequate strength or it also requires strengthening. Some of the
strength'éning procedures presented illustrate field welding applications. However, field welding in certain
situations is not the best practice. In older bridges, the type of steel is frequently unknown and thus the
weldability of the steel is also unknown. In these situations, bolted comnections should be used unless
laboratory tests are undertaken to determine the steels’ weldability,. Even when it is determined that the steel
involved is weldable, welding should not be used in locations where it would lower the 'fatiguc resistance of the
original structure. Since the bridges in question have low ADT, fatigue is rarely a problem. However,
strengthening details which may create such problems should obvioﬁsly be avoided. Potential welding problems
are notcd several times in the presentation of the various strengthening techniques.

As previously noted, strengthening procedures are presented by bridge type. In the following sections
the strengthening procedures presented later in this chapter are briefly described. Replacement bridge types
are also listed in the following sections and presented in detail later in this chapter
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Care has been taken to provide the background for the design procedures for strengthening and
replacement alternatives. Design procedures and calculations are prdﬁded,or references are listed, to provide
appropriate technical information for a proper analysis and design. The manual user is encnumged w0
thoroughly understand the analysis and design application before performing
the final design. |

3.13. Use of Manual

The design manuai contains information for the bridge engineer ranging from the inspection procedure
to the design of strengthening and/or replacement alternatives. Table 3.1 outlines the major sections of the
manual. It is recommended that the user become familiar with the manual’s contents prior to using it. The
step by step progression of the evaluation and design process as outlined in this manual includes: (1) bridge
inspection, (2) bridge evaluation (load capacity analysis and, if applicable, desired load capacity goal), (3)
selection of strengthening method and/or repiacement bridge type, (4) analysis and design of items in step 3,
and (5) economic aﬁalysis of step 3 alternatives. :

Section 3.2 related 10 bridge inspection is presented %) provide important information to perform an
accurate evaluation. Inspection is possibly the most important step in the complete evaluation process and -
observations can eflect the calculated load capacity of the bridge.

Section 3.3 provides fundamental information for calculating the bridge rating based on inspection data,
The eva}tiation procedure is outlined and references are provided to assist the engineer in obtaining pertinent
information. Sample calculations are provided to clearly illustrate various evaluation procedures.

Table 3.1. Contents of design manual listed by primary section.

- i s
— =

3.2. Inspection

3.3. Fundamentals
3.4. Economic Analysis
3.5. Strengthening Techniques for Steel Stringer Bridges: FHWA 302 I
3.6. Strengthening Techniques for Timber Stringer Bridges: FHWA 702

3.7. Replacement Bridges . ”

Computer spreadsheets are provided in this manual to perform these evaluation calculations and provide a load -

rating, load posting and a maximum SI&A rating.

Once the load rating os the bridge has been determined, a bridge capacity goal must be selected by the
engineer. A strengthening analysis and/or replacement analysis should then be performed once suitable
strengthening methods and bridge replacement types are identified. Sections 3.5 and 3.6 of the manual contain
various applicable strengthening methods for steel stringer and timber stringer bridges, respectively. Based on
the information in this manual, an analysis and design can be performed to achieve the desired bridge capacity
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goal. Computer spreadsheets have been provided for some of the strengthening techniques to assist this
process. Section 3.7 contains various bridge i-eplacement alternatives that can also achieve the desired bridge
capacity goal. Both design information and cost data, where applicable, have been provided 10 assist the
engineer. In addition, computer spreadsheets are presented for three timber bridge types to assist this process.

After a strengthening method (or methods) and/or replacement type have been selected and designed
10 achieve desired load capacity goals, an economic analysis should be j)erformed. This analysis provided in
this manual involves determination of the Equivalent Uniform Annual Cost (EUAC) of each alternative,
Section 3.4 presents procedures for determining EUAC’s. A computer spreadsheet is also presented in this
manual to perform an EUAC analysis. -

The final step in the decision making process is to compare EUAC's for each alternative. In addition,
any unusual problems that may have an influence on this decision making process, and is not quantifiable for
caiculating the EUAC, shouid be consfdered at this time. After all of these factors have been reviewed, a
decision should be made as to which replacement or strengthehing method, or combination of methods, should
be applied. '
3.1.3.1. Applicable Strengthening Teckniques for FHWA 302 Bridges

As previously noted in Chp. 2, there are six well tested strengthening techniques which have been used
to increase the live load carrying capacity of noncomposite simple span steel stringer bridges:

" 1. Replacement of damaged stringers.
Respace existing stringers and adding stringers.
Increase section modulus of steel stringers. .
Develop composite action. _
Replace existing deck with a lightweight deck.
6. Post-tensioning.

These techniques will be presented in Sec. 3.5. Design examples and spreadsheets are presented for
techniques 2, 3, and 6.
3.1.3.2 Applicable Strengthening Techniques for FHWA 702 Bridges

Although the NBI provides quantitative information about bridge systems, it does not contain specific
information about the structural properties of bridges. For example, the presence of a concrete deck is noted,
but not the spacing of stringers. Thus, to benefit as many bridges as possible, strengthening solutions have been

oA e

kept general.

‘While several alterﬁatives for strengthening timber stringers exist, their benefit to cost ratios are low with
the exception of two procedures: Respace and add procedure and addition of steel stringers. These two
alternatives as well as evaluation tecﬁniq'ues will be presented.
3.1.3.3. Replacement Bridges

Eleven feplaccment bridge types have been selected for presentation in this design manual. They

include:
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1. Precast culvert/bridge.

2. Air formed arch culvert.

3. Welded steel truss bridge.

4.  Prestressed concrete beam bridge.

5. Inverset bridge system.

6.  Precast multiple tee beam bridge.

7. Low water stream crossing.

8.  Corrugated metal pipe culvert.
9. Stress laminated timber bridge.

10. Glue-laminated timber beam bridge.

11.' Glue-lammated panel deck bridge.

Some of these replacement bridges are proprietary. [a these cases, general information regarding design
criteria and cost information have been provided. Additional references where more detailed design
procedures afready exist have been included for the manual user. Three timber bridge replacement types have
been included. Design examples and spreadsheets are presentcd for replaoemcnt bndge types 9, 10 and 11.
3.1.34. Microcomputer Spreadsheets :

Responding to the requests of a large pércentagc of engineers who completed the questionnaires,
computer spreadsheets have been developed for performing various evaluation, strengthening, and replacement

_calculations. The primary advantages of computer _spreadsheéts for these applications are:

® Most county offices have personal computers which are capable of running spreadsheets.

® Spreadsheet templates can be arrangéd o follow the normal design process completed by hand.

¢ When changes are made in any part of the input, the corresponding changes in all the calculations are

made automatically.

¢ Spreadsheet templates can include the necessary tables for beam properties, allowable stresses, €t

which reduces the calculation time. The sofiware developed in this report is Lotus 1-2-3 release 23
(42), which includes the @VLOOKUP function (Le. Vertical Lookup). This allows easy extraction of
desired values from stored tables.
- @ Design and revision of spreadsheets is much quicker than coﬁvenu‘onal programming. Thus, engineers
| may take an existing spreadsheet and expand or modify it to better suit their specific needs.

One disadvantage of spreadsheets is that regeneration time increases as the numberof equations increases
and the spreadsheet size expands. The number of calculations in the spreadsheets developed in this report are
small so that is nota problem.

Spreadshee;s are comprised of labeled rows and columns. Numbers represent rows and columns are
represented by letters. The intersection of a row and column is referred o as a cell; see example spreadsheet
in Fig. 3.5. Cells may include either numerical information, text or commands. - ‘
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A % 1T ¢ 1.0

INPUT ‘
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4|BRIDGE LENGTH (FEET)
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Fig. 3.5. Example spreadsheet.

STEEL STRINGER EVALUATION SPREADSHEET )
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In Fig. 3.5, cells B3 through B8 represent the input for a specific bridge; these cells have been highlighted
in the spreadsheet. Cells B16 through B22 and C16 through C22, also highlighted on the spreadsheet,
represent the posting values associated with lowa legal trucks.

A list of the spreadsheets presented in the manval, and their location for various strengthening and
replacement methods and economic 2nalysis is presented in Tabie 3.2,

Table 3.2. Spreadsheets in design manual.

Spreadsheet Application Primary Function Location in * Spreadsheet
'ﬂ - ' Design Manual | Identification
(Section No.)
Economic Analysis ‘ Analysis 344 1 E
I Steel Stringer Evaluation Analysis 352 2
Post-tensioning Strengthening 35.6 3 _
Timber Stringer Evaluation Analysis 361 4 i
Stress Laminated Timber Bridge Replacement 379 5 ' H
Glue-Laminated Timber Beam Replacement 3.7.10 6
Bridge
Glue-Laminated Panei Deck Bridge Replacement - 3711 7 E
32. Inspection

Prior to an engineer’s determination of Qhether a bridge is a suitable candidate for rehabilitation is the
performance of a thorough inspection of the key elements of the structure. This inspection should be made
by a person with at least a general understanding of how loads are distributed through a bridge, a knowledge
of what members are main load-<Carrying elements and what constitutes capacity-reducing damage and
deterioration.

Since 1973, bridges have been routinely inspected on a twd«year cycle. Therefore, the SI&A reports on
file should indicate which elements of a given bridge warrant closer examination. The information provided
on an SI&A report is not always in a parrative form, but rather is numerically coded with frequently sketchy
comments. A complete report will include structural calculations with a summary of operating, inventory and
posting loads, if they are required.

The most current SI&A report, as well as all previous reporis and plans of the bridge in question (if
available), should be reviewed in the office prior to the fieid inspection. The inspector should have this same

 information available during the actual field inspection,

If the previous inspections have been carefully performed and the data properly and correctly recorded,
the measuring of members and the determination of general dimensions is not necessary each time a given
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bridge is inspected. However, it is recommended that the inspector carry a scraper and/or wire brush and
calipers to determine the current status of corrosion and section 10ss in the case of steel members.

With the most recent SI&A report in hand, the inspector should verify the current condition of previously
recorded damage or deterioration. Since this manual deals primarily with simple-span superstructures, it is
assumed that the substructures are sound or can be repaired by practicable, cost-effective methods pursuant
to repairing and rehabilitating the superstmcmie.

The principal elements for review are the deck, stringers, bearings, and their ability to interact. The
inspector should keep in mind that the primary purpose of this inspection s to view the bridge from the aspect
of determining its general condition and suitability for repairs and rehabilitation. That is, can the life of the
bridge be extended for an appreciable (cost-effective) length of time? Can the load posting be eliminated or
increased to carry school buses, farm equipment, etc.?

32L Decn

Alarge number of low volume bridges in Iowa are of timber construction (see Sec. 2.2), having stringer
clements ranging generally from 3 in. x 12 in. 10 6 in. x 18 in. spaced for the utilizationof 3 in. x 12 in. or 4
in. x 12 in. decking laid transverse to the stringer alignment. Another popular timber deck system is to position
3 in. and 4 in, thick by generally 6 in. to 12 in. wide planks transversely on the stringers on 12 in. to 18 in.
centers and then provide appropriate sized planks longitudinally for what is often called a "deck and a half",

Decks on timber-stringer bridges are usually well spiked to the stringers which, in turn, should have
spacer blocks or X—bracing at bearings and at mid-span to resist transverse ‘rolling”. A timber bridge
constructed in this manner is of little concern regarding the stability of the stringer compression zone.
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leads to the need for load posting. The inspector should review closely the connection between the deck and
stringers. The deck functions as 8 Interal support for the wp Mange of beams and stringers and thus must be
appropriately attached.

The allowable stress used by the engineer in computing load capacity is inversely proportional to the
. spacing of top-flange points of lateral support; which is provided by adequate-depth transverse diaphragms,
deck clips-or clamps measured along ore side but staggered dack and forth along both sides of the flange,
power-driven fasteners, etc. In some instances, 2 bridge can have its posting removed or significantly reduced
very simply and economically by reducing the spacing between points of lateral support on the t0p flange.

The load capacity is also inversely proportional to the width of the compression flange of the stringer
or beam. It is important that the inspector determines the current area and configuration of top-flange as well
as general corrosion and section loss. Top flanges of stringers supporting timber decks are naturally subject
to section loss due to deck leakage. Asa generai concern, the inspector should determine whether the existing
condition (decay, insect infestation, dry rot, etc.) of the timber will allow it to act as a sound structural element
and whether it can support the fasteners previously described which provide lateral support to the compression
flange of the steel stringers/beams.
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Timber decks often have rock or earth fill ranging from light to very substantial. This naturally reduces
the live load capacity of the bridge and inhibits determination of the condition of the deck. Before a
rebabilitation scheme is developed for a given bridge, consideration should be given to adjusting the gradeline
which could remove or reduce the deck fill, which in turn would influence the method of rchabilitation and/or
strengthening, _
| The rehabilitation of concrete decks can often be accomplished using a high-density concrete or latex-
modified concrete overlay. Such overlays usually p_roiong' the life of the deck for a substantial period of time,
but also reduce the live Joad capacity of the bridge. For bridges that are marginally "legal® this extra weight
may require the bridge to be posted if provisions were not made for a *future wearing surface” in the originai
design. Whether a concrete deck is removed and replaced as part of the overall rehabilitation of the bridge
will influence the approach taken to improve the Joad capacity of the stringers. For example, if the deck is
removed from a steel stringer bridge which has no composite action between the deck and the stringers, the
load capacity of the bridge can be easily and economically improved by designing and installing shear studs to
the stringers for composite action ﬁefore replacing the decks and/or respacing and adding stringers. The
emphasis here is that the inspector should provide enough detailed data (surface spalls, map cracks,
delamination, rebar exposures, etc.) regarding the deck condition 10 determine if it is cost effective to salvage
the deck, repair it by patching, overlay it, or remove it 1o facilitate a more practical method of strengthening
the stringers. ‘ |

Full-depth deck cracks can often be detected by the presence of efflorescence on the bottom of the deck
and by rust on the edges of the top stringer flanges. If plans are not available indicating the presence of shear
connectors for composite actions, coring of the deck over the stringers should be considered to determine if
shear connectors are present.

. Another situation for overall strengthening is that in which it is determined that the non-composite
concrete deck needs replacing and the stringers are sﬁghﬂy sub-legal. If the concrete deck is removed and
replaced with a properly designed and installed timber deck, the reduction in dead load and the resulting
increase in live load capacity could be substantial Naturally, existing stringer spacing and the economy of
respacing is important here. A concrete deck can provide lateral support for the compression flange of steel
stringers if that flange is embedded in the bottom of the deck.

The use of metal decks is not too common, but their inspection should include the spacing and quality |
of fasteners (usually welds) which attach the deck to the stringers. Most metal decks are a comrhexciauy
designed product. The manufacturer’s specifications, unit weights and recommended installation methods |
should be obtained and reviewed. ’I'he.inspcctor should also be concerned about the presence of cracks in the
portland cement or asphaltic concrete zopping reflecting from the corrugations in the metal pans. This is quite
common and leads to moisture reaching and corroding the metal decks.

~ Metal decks — as an element considered for strengthening and rehabilitation ~ can offer a durable,
relatively light-weight deck and may have, in some situations, advantages relative 10 reinforced concrete or
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timber. The closely spaced welds usually specified provide good lateral support of the steel stringer
compression flange. A |

As a final emphas‘m, inspection and evaluation of decks should consider not only their condition and load
carrying capacity as an isolated structural element, but also the effect the deck has, or could have, on the
stringer system in terms of lateral support, composite action and reduction of dead load.

322 Stringers/Beams
Inspectors should recognize signs of distress in stringer systems. In timber bridges, the top fibers of the

stringers are subject to high moisture content and rot caused by deck leakage. The inspector should probe this
area and other suspicious areas, such as around bearings, with an ice pick to determine the reduction in useful
section. Itis a practice in some places to deal with top fiber rot by removing the deck and turning the stringers
over. This provides better material for re-spiking the deck 0 the stringers, but doesn’t improve the stringer
~apacity because it still has the same effective depth and now the decayed fibers are in tension. The area
. around knots, especially in the middle-third of the span near the bottom tension fibers, should be inspected
closely for signs of horizontal splits or fiber failure. '
Horizontal splits is a serious form of failure, although some residual capacity remains. For example, a
4 in. x 16 in. su'iﬂger with a horjzontal split at mid-depth yields two 4 in. x 8 in. pieces. The resulting section
modulus is then 2(4 x 8%/6) = 85.3 in® which is half of that of the unsplit 4 in. x 16 in. which is (4 x 16%/6) =
170.7 in®. The presence of short horizontal splits at the stringer ends effects shear capacity.
The inspector should be alert ‘for exéwsive twist (out-of-pla{ne bending), sweep (horizontal deflection)

and vertical deflection (usually caused by under design or excessive fill on deck). Twist, sweep and the sudden -

lateral "rolling® of the stringer system (domino effect) can be effectively controlled by the use of spaoei- blocks
or sturdy x-bracing at the bearings and at mid-span.

Insects, usually termites or mrpeﬁter_ants, dan be very destructive. Often a stringer will appear normal

in size and surface texture, but will have its interior fibers eaten away. Tapping and probing of the surfaces
and observation of the sawed cross-section at the stringer ends should be a routine part of any timber bridge
inspection. & ' _
The rehabi'l'i'tati‘c;t'i' a'hd.stfén.gthénihg”of nmber stnnger brictgw' (seeSec. 3.6) 1s .routinely accompiished
in several ways, such as by simply substituting sound uiembcrs for individual damaged or undersized members,
by dismantling and re-erecting with sound members of the same or larger size, by using a mix of sound and
salvageable members either at the same stringer spacing or at a smaller spacing, determined by calculation,
or by inserting sound members into thie spacing between existing stringers, which arbitrarily cuts the spacing
in half. In any case, the spacer blocks or X-bracing wili have to be removed, modified and reinstalled.
Naturaily, calculations should be prepared to provide comparison data on cost, practi@bility, and benefits
gained by eliminating or reducing the load posting requirement.

Again, the inspector should keep in mind that the data to be gathered are to be used in the rehabilitation
and/or strengthening of the bridge in question, not merely to determine its present condition and load capacity.

Ny
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Any observations or suggestions thought to be helpful should be recorded.

The inspection of steel beams or girders should take the same general approach as with timber. Instead
of decaying timber, there is corroding metal Instead of timber decks which don’t interact with timber
stringers to produce a greater load capacity, there may be concrete decks which may be composite with the
beams or girders through the use of shear connectors. . |

‘Whereas decaying timber is irreversible, the life of a steel member can be extended by thorough cleaning
and painting. The inspector should note, measure and photograph heavily corroded areas. The extend and
Jocation of corrosion wiil‘ influence a decision on whether to incorporate the damaged member into the
rehabilitation plan by determining, with calcuiations, whether the Joss of section will reduce the load capacity.

The inspector will often find that a steel stringer bridge with 2 timber deck will have that deck affixed
to the top (compression) stringer flange with clips located only along one edge of the flange. This practice
offers no restraint 1o lateral movement in the direction opposite the clips. If the member was properly
analyzed for this condition and it was determined to govern the load posting, strengthening can be achieved
bf removing the deck and resetting it with clips placed alternately along each side of the flange. If the required
equipment is available, the same results can be achieved with power-driven fasteners, usually spaced at about
2 ft on centers.

’ The inspector should verify the size and location of boit hoies often found in webs and flanges of re-
erected beams and stringers taken from stockpiles of dismantled bridges. The size and locatioﬁ of any bottom-
flange cover piates should also be noted. Strengthening may be achieved by attachmg cover plates if none exist
or additional plates if practicable, to the existing beams. |

As with timber, the inspector should note any twists, sweep or excessive vertical deflection. Fatigue
cracks are not too bommon in simple-span bridges on low-volume roads, however,'they may result from out-of-
plane bending, base metal "notching” caused by careless welding, a poorly designed structural attachment, etc.
Therefore, beam and girder webs should be carefully examined at the top and bottom of diaphragm or floor
beam connections; flanges at the ends of cover piates should also be carefully examined. Fatigue cracking can
usually be arrested if detected in the early stages.

Leaf rust, that is the lamination of metal in the corrosion process, is often found near the ends of beams
at leaking expansion joints and at the interface of pieces such as angle legs and webs of built-up girders,
diaphragm-to-stiffener connections, or under cover plates or gusset plates.

The location and severity of fatigue cracks and corrosion and the practicability of makmg repairs must,
of course, be included in the rehabilitation decision process to minimize the possibility of "putting good money
after bad". '

323. Drzins, Bearings and Expansion Joints
Leaking decks, floor drains that do not extend below the bottom of the bottom flange of the beams or
girders and expansion joints that leak, such as the once common plate-on-plate device, af_e sources of

concentrated corrosion-producingdrainage. The inspector should note any observations in this regard so that
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necessary changes (such as extending or plugging floor drains, replacing leaking expansion joints with neoprene
gland or closed-cell joints, etc.) ¢an be included in the rehabilitation plan. Where a new concrete deck is
planned, expansion joints and deteriorating abutment backwalls can be eliminated by pouring an abutment
diaphragm integral with the slab and flush against the cap or footing bridge seat using doweled-in reinforcing,
The inspector should note the condition or repairability of the cap or footing.

Bearing material in steel bridges is very vulnerable to corrosion caused by drainage through timber decks
or the aforementioned leaking expansion devices. This drainage often ponds on the bridge seat and inundates
the masonry plates. Over time, 'thelcorrosionwiﬂ cause the bearing plates to "freeze-up”. The immobiiity of
joints and bearings is also often caused by movement of the abutments toward each other causing the backwalls
to jam against the ends of the beams or girders. The bridge, expanding in the summer months, but having
“frozen" bearings, could impart forces of damaging magnitude,

The inspector should note if the expansion device is closed, the severity of rocker tipping, the distance
between the beam ends and front face of backwall, etc. These problems majr rcquirevsome rehabilitation of
the substructures to allow the superstructure to be more functional and unrestricted by secondary loads and
forces. ‘ |
Thorough inspection is important! Plans for rehabilitation and strengthening should not proceed until
the data gathered has been reviewed and a feasibility study, including preliminary pricing, bridge life, and load
capaéity benefits has been prepared. Good inspection and reporting may expose problems of such a magnitude
‘that rehabilitation and/or strengthening are not cost effective. '

33. Fundamentals
Pursuant to preparing a load capacity analysis for a simple-span ste¢l beam or timber stringer bridge is
the assembly of dimensional, material, loading and condition data.

331 Dimensions
If plans (preferably as-built) are not availabie, ficld measurements will be required to determine:

¢  Beam/stringer sizes

®  Beam/stringer lateral spacing

¢  Center to center of bearings

®  Type, size and spacing of diaphragms (steel) or blocking (timber)
&  Width, thickness and type of deck

[ ]

Depth and type of any wearing surface present (concrete or asphalt overlay, rock or dirt fili)

- 332 Materhals (Allowabie Stresses)
3321 Steel

~ Plans prepared within approximately the past tweaty-five years will show material strengths (allowable
stresses). If this information is not available on the plans, but the year of construction is known; the yield
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streagth (F,) for steel components can be assumed as follows:

& Prior 10 1905 - 26,000 psi
e 1905 to 1936 ~ 30,000 psi
o 1936101963 - 33,000 psi
& 1963 to Present - 36,000 psi

If neither material strength or year of construction is available, the engineer is left to his/her best
judgment; one shouldn’t, however, assume' a yield strength greater than 30,000 psi. The AASHTO manuals
(2) includes a table of allowable stresses for steel in Sec. 10; allowable steel stresses may also be found in Sec.
5 of Ref. 3.

The allowable stress to be used in analysis is 0.55 F, for the “Inventory” capacity and 0.75 F, for the
"Operating® capacity, except as modified when the compression flange is not fully restrained against lateral
movement. In these cases, the following is used: '

Allowable inventory stress, £, = 0.55 Fy - K(L/b)

where:

F, = appropriate yield strength as determine above
K= 39 forF, = 26,000 psi
- 5.2 for Fy, = 30,000 psi
6.3 for F, = 33,000 psi
7.5 for F, = 36,000 psi
L=  spacing (in inches).of feature that restrains the compression flange
from lateral deflection in both directions, (e.g. diaphragms, power
driven fasteners, clips, etc.)

b= width (in inches) of compression flange

~ L/b shall not be greater than 42, 39, 38 and 36 for the respective F, values listed in the definition of "K*. If
these limits are exceeded, "L" should be reduced by some physical alteration. The allowable operating stress
for a partially restrained compression flange is the inventory stress f, as calculated above, times a factor of 1.37.
3322 Timber S
The determination of allowable stress in timber stringers and decks begins with knowing the species and
grade of lumber used in the member 10 be analyzed. The appropriate allowable value (shear, bending, tension,
compression, etc.) can then be obtained from tables in Section 13 of the "Standard Specifications for 'Highway
Bridges® (2) based on member size and usage with subjective reductions based on the engineer’'s judgment,
considering whether the timber is treated or untreated, its moisture content, age, condition, etc, Thls stress
may be considered as the allowable "Inventory® stress. The allowable "Operating” stress shouid not exceed 1.33
times the allowable "Inventory” stress. | '
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- 333. Loads
. d Load
Decks -
Timber = 50 Ibfcu.ft
Concrete = 150 Iofcu.ft
Steel = 490 [b/cuft
Wearing Surface -
Concrete = 150 Ib/cu.ft
Asphalt = 144 Ib/cuft
Rock = 120 Ib/cu.ft
Dirt = 125 Ib/cuft
Raﬂs B . .
As determined by measurement and the above unit loads or from tables.
Curbs - -
Based on measurements and type of material.
Beams/Stringers - ‘ _
If plans or shop drawings are not available, steel beam weights can be read from tables

in the American Institute of Steel Construction Manual (AISC) (6) once the beam

dimensions are carefully determined. Timber stringer weights are based on field
measurements and 50 I/cuft. | ‘

Diaphragms or Blocking - '
Load per foot of beam/stringer is the weight of one diaphragm or blocking unit divided
by the longitudinal spacing of the diaphragms or blocking. '

Other Attachments - |
Pipes, conduits, cattle restraints, etc (as determined by the engineer)

# Live Load -

The FHWA requires that the “Operating Rating® and "Inventory Rating” be based on "HS" (AASHTO

Loading) as’ graphically defined in Fig. 3.6. Any analysis involved in rehabilitation and strengthening to
- determine posting requirements for Iowa legai trucks should include the "HS" capacities as well.

Figure 3.7 shows the axle loads and spacing for the lowa legal trucks. Bending moments in ft-kips per
wheel line for these vehicles are presented in Appendix B. A wheel line is defined as the wheels on one side
of the truck. _ . '

The bending moments determined from the tables in Appendix B must be distributed laterally to
establish a per beam/stringer bending moment. This distribution is determined from Article 3.23 AASHTO
(2). "One Traffic Lane" distribution is to be used when the roadway width is 18 ft or less and "Two Traffic
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W = Combined weight on the first two axles which is the
‘same as for the corresponding H (M) truck.

'V = Varioble spacing ~ 14 feet to 30 feet inclusive. Spocing
to be used is thot which produces maximum stresses.

Clegraonce and
oad lane width

100 .

Wheel Loods

+ ) ]

Stardard MS Trucks

X In the design of timber floors and orthotropic steel decks (exiuding
transverse beams) for HS 20 loading: one axle foad of 24,000 pounds
or two axie loods of 16,000 pounds each, spaced 4 feet opart may be

used, whichever produces the greater stress, instecd of the 32,000~pound
axle shown. ‘

Fig. 3.6. AASHTO standard loads.
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RATING VEHICLES (Showing axle loads in kips.)

12.5% 145 14% 14K
L 4 | 4
v __ Yy v v
19"
TYPE 4
weight = 54.5 kips
12k 13k 13k 14k 14k 14K
1 e oo La]a
v v v v v ¥
| | 43" :
TYPE 3S3

weight = 80 kips

14.5% 12k 12k 13.5% 14% 14k
15' 100 | 100 | 4

|4 ]

43"

TYPE 3-3
weight = 80 kips

Fig. 3.7. lowa légot loads.

R
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Lanes" distribution is 10 be ﬁsed for bridges with roadways greater than 18 ft. County bridges with toadway
widths requiring analysis for more than two lanes (36 ft) are rare and will not be considered here.

Live load distribution for timber decks is addressed inl Articles -3.25 and 3.30 of AASHTO (2) and will
be demonstrated in example calculations which follow.

* Impact

Impact is included in the total load determination as a fraction of the calculated live load. As noted in
Article 3.8.1 of AASHTO (2), impact is not to be considered for timber structures.

The impact fraction is determined by the formula:

50
I - 5 0.30
L+125
where: I = impact fraction (rmaximum 0.30)
L = span length, center to center of bearings for simple span bridges in ft.
334. Condition

Dimensions of stress-carrying members can change over time due to corrosion, decay, wear (decks),
damage from external forces (ice and drift flows), etc. This naturally causes a reduction in member cross-
section resuiting in a smaller section modulus, S, Thé bending stress,. fy, in a member is equal to the bending
moment M divided by the section modulus, thus: ' |

f = "Asi

Therefore, the bending stress, £, is inversely proportional to ihe section modulus 8, It is not uncommon
to find bolt holes in the webs and flanges of steel beams, usually whexi a member has been re-erected from
stockpiled material. The section modulus should be caiculated to reflect the presence of these holes. It is
important during the gathering of dimensional data that the location of any localized reduction in section be
identified along the beam span relative to the centerline of bearing so that the reduced bending moment at
that Jocation can be computed. |

A uniform loss of section due to light overall rusting of a steel member can be estimated by the
inspector. The section modulus may be reduced 1 to 5 perccnt.- When heavy rust and pitting are present, the
beam should be spot-cleaned with a wire brush and measurements taken with a caliper and metal ape.

Loss of section in timber stringers is also based on judgement and measurements taken by probing a
member with an ice pick ora similar instrument. A reduction in allowable stress as well as in section should
be considered by the engineer. The expression for the section modulus of a timber stringer is:
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bd
s =2
6

where, ‘
b = effective width of member.
d = effective depth of member. _
County simple span steel beam bridges, with very rare exceptions in Iowa, can be placed in Case III of
Table 103.2A of AASHTO (2). In other words, the bridge being considered will not likely be located on

"Freeways, Expressways, Major Highways, and Streets” having high average daily truck traffic (ADT)..

Therefore, the reduction in allowable stresses due to fatigue caused by large stress ranges and high cyclic
Ioading will not govern and will not be discussed here, other than to say that poor quality and poorly designed

welds indiscriminately located can be a source of member failure. Therefore, ali welding employed in

performing repairs and strengthening procedures should be approved by the engineer and performed by a
certified welder in strict adherence to current and applicable codes of the American Welding Society including
such considerations as weldability of base metal, selection of proper welding rod and power setting, welder’s
position (i.e. overhead, vertical, down-hand, horizontal}, weather conditions, etc.

33.5. Rating
The foliowing ten numerical examples assemble the above data and information into operating and
inventory ratings and load posting by means of the following steps: '
1. Caiculate.allowable bending stress (F,) in beam or stringer based oa information
described in Materials (Allowable Stresses) (Sec. 3.3.2).
2. Calculate actual dead foad bending stress (fy) in beam or stringer using a
uniform load per foot of span {w) as described in "Loads" (Sec. 3.3.3) and applying
the foliowing formulas;
M (Dead Load Moment) = w x L¥8
where, .
L = span
fo = M/S
where, S is the section modulus as desctibed in Condition (Sec. 3.3.4).

3. Record the gross weight of the applied truck in tons for which rating or posting

is being calculated: ,
HS20 = 36Tons
Type3 - = 25 Tons (Governs for Deck Analysis)
Type4 = 2725 Tons
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Type 383 = 40 Tons

Type 33 = 40 Tons
4. Calculate actual Jive load bending stress in beam or stringer (including impact except for timber
members) using moments from tables in Appendix B which are based on truck dimensions and axle
loads shown in Figs. 3.6 and 3.7. These tabular moments, given in fi-kips, shouk! be converted 40
in.-Ibs by multiplying by 12,000 (12 in./ft x 1,000 ibfkip). This moment should then be multiplied
by a factor for lateral distribution. The resulting stress when this moment is divided by the section

modulus will be designated as (f).
The rating of the member can now be calculated by the expression:
F,-f)T
Rating (Tons) = .S_.‘!_..‘.f.;‘)_....
A
where,
T = rating vehicle in tons
F, = allowable bending stress
f; = dead load bending stress
f; = live load bending stress

The followixig examples are included to ilustrate the above method. For clarity, larger type size has
been used for the exampies.



54

3.3.6., Examples

3.3.6.1. Example 1: Timber stringers (1 ft-6 in. on center);
Timber deck with rock fill
GIVEN:

4 in. x 16 in. Timber Stringers € 1 ft-6 in. c¢ to ¢
Span = 24 ft

One Lane Bridge (W g 18 ft)

3 in. % 12 in. Transverse Plank Deck

Full Lateral Support '

4 in. Rock Fill (120 1lb/cf)

Fy = 1600 psi )

F, opx™ 1600 Psi(1.33) = 2128 psi

DEAD TOADS:

Deck: ( 3 in .)(%0 ) (1L.50 £t)
12 in/ft ft

Stringer: 124 1/8in) (16 1/2in)!/ 50 1b 20.86 1b/ft
) 144 in°/ft £t3

18.75 1b/ft

il

i

{nominal dimensions
—
Rock: 4 i 120 1b )} (1.50 ft) = 60.00 1b/ft
12 in/ft ft3
Misc: = 2.39 1b/ft

Wy, 1062.00 1b/ft

M, = ¥l? = 102 1b/ft (24 ft)? = 7344 ft-1b
8 8 ’

Section Modulus, S, = 1/6(4 1/8in) (16 1/2in)?
S, = 155.16 in’

fi = My = 2344 £t-1b (12 in/ft)
Sy 155.16 in

567.8 psi

H

LIVE IOADS:

Impact: I = 0 | (For Timber Structures)

Wheel Factor: (AASHTQO TABLE 3.23.1; Timber Plank Floor:
Timber Longitudinal Beams; Bridge Designed
For One Traffic Lane) -

S = Stringer Spacing

fo

W.F. =

L
-
(=]

ot
S

W.F. = = 0.375

F -9
.
(=
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Live Loads, continued:

M,, = (Moment Due To Live Load Truck) x (l+Impact)
_ X (Wheel Factor)

Maximum moment due to truck loads on
a simple span can be determined by
T use of a general rule. The maximum
B c B bending moment occurs under one of
! O} FIOD 2| the wheel loads when that wheel load
is as far from one support as the
R2 center of gravity of all the wheel

A

Y

- loads is from the other support.
x L/2 The relationship is shown to the
et left. '

The relationship was used to
determine the maximum 1live load
Mmax moments for different truck types on
‘different lengths of spans (see
y , ‘ Appendix B.) ‘

M w20y = (96.00 ft-kips) (1.0) (0.375) (1000 1b/Kk) = 36,000 ft-1b
M crvee 4y = (98.00 ft-kips) (1.0)(0.375) (1000 1b/k) = 36,750 ft-1b
M, crvee 3s3,= (98.00 ft~kips) (1.0) (0.375) (1000 1b/k) = = 36,750 ft-1b

M, e 33, (77.53 ft-kips) (1.0) (0.375) (1000 1b/K) ='29,074 ft-lb

fo = M,
S'b".

fu. w0y = 36.000 fE-1b (12 in/ft 2784.22 psi
, 155.16 1n ‘
155.16 1in”
Lol cryee 3s3y = 36,750 ft=1b (12 in/ft = 2842.23 psi
155,16 1in

fol cvee 33y = 22,074 ft=1b (12 in/ft) = 2248.57 psi
. 155.16 in
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HS20 RATING: N
(Allowable) ( Dead Load! o ‘ i}
HS Rating = Stress - Stres (36T) ~
Live Load sStress
Inventory = 1600 psi ~ 567.98 psi|(36T) = 13.3 tons
Rating 2748.22 psi
Operating = 2128 psi - 567.98 psi)(36T) = 20.2 tons
Rating _ 2784.22 psi

LOAD POSTINGS:

Operating) (Dead Loadg
Rating/ _Stress - Stress (W)

Posting Live Load Stess

W = weight of truck causing the live load.

Type 4 = 2128 psi - 567.98 psi\ (27.25T)
2842.23 psi

Type 4 = 14.96 T - Post for 15 Tons

Type 3§83 = (2123 psi - 567.98 psi\(d.o T)
=
< o

Type 383 = 21.96 T - Post for 22 Tons

Type 3-3 = 2128 psi - 567,98 psi) (40 T)

27.75 T - Post for 28 Tons

i

Type 3-3
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3.56.2. Example 2: Timber Stringer (1 ft-& in. on center); Timber Deck
GIVEN |

L1

Same as Example 1, without rock fill.

- DEAD I.OADS:

Deck: 3 in 50 1b ) (1.50 ft)
' 12 in/ft ft

stringer: r4 1/8in) (16 1/2in (50 1b = 20.86 1lb/ft

18.75 1lb/ft

(nominal dimensa,ons) 144 in¢/ft

2.39 1b/ft
42.00 1b/ft

Misc:

I in

Wpy,

M, = wl? = _42 1b/ft (24 ft}2 = 3024 ft-1b
8 B

=M, = 23024 ft-1b (12 in/ft) = 233.88 psi
LiVE IOADS:

Live. Load Moments (¥,) and Live load Stresses (f, ) are the
same as those calculated for Example 1.

#3520 RATING:

(Ailowable) (Dead Load
Stress - Stress {36T)

HS Rating =
' Live Load Stress
Inventory = 1600  psi - 233.88 psi)(36T) = 17.7 tons
Rating 2784.22 psi ' '
Operating = 2128 psi - 233.88 psi)(36T) = 24.5 tons
Rating 2784.22 psi '
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LOAD POSTINGS:

Operating (Dead Load)
Rating/ = ( Stress - ..\ Stress (W)
Posting Live Load Stess

W = weight of truck causing the live load.

Type 4 = 2128 psi - 233.88 psi | (27.25T)
: 2842.23 psi

Type 4 = 18.16 T - PpPost for 18 Tons

Type 383 = 2128 psi - 233.88 psi)\ (40 T)
2842.23 psi

Type 383 = 26.66 T - Post for 27 Tons

Type 3-3 = 2128 psi - 233.88 psi | (40 T)
2248.57 psi

Type 3=3 = 33.70 T - Post for 34 Tons
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3.3.6.3. Example 3: Trmber Stringers (1 ft-2 in. on center); Timber deck
with rock 1]l

GIVEN:

Same as Example 1 with 1 ft-2 in. stringer spacing.

DEAD LOADS:
" peck: 3 in__\(50 1b }(1.167 ft) = 14.58 lb/ft
7 12 in/ft Tt
Stringer: | (3 7/8 in)(15 1/2 in 50 1b = 20.86 lb/ft
(nominai dimensi.or_s) 144 in /ft
Rock: a_in _\f120 (1.157 £t) =~ 46.67 lb/ft
12 in/ft £t - o \
Misc: | | | = _2.89 1b/ft
w, = 85.00 lb/ft
M, = wl? = _85 1b/ft (24 f£)2 = 6120 £t-1b
8 8 : |
oo = My = 6120 ft-1b (12 in/ft) = 473.32 psi
L k. L= X2
Sp - 155.16 in

LIVE LOADS:
Impact: I = 0 {(For Timber Structures)
Wheel Factor: (AASHTO TABLE 3.23.1; Timber Plank Floor;
Timber Longltudlnal Beams; Bridge D351gned
For One Traffic Lane).

W.F. = _S _ 8 = Stfinger Spacing

[
.

W.F., = 1.16 = 0.292
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M, = (Moment Due To Live Load T:uck) x (l+Impact) x (Wheel Factow)

MLL (HS20)

M, owesy =

MI.L CTYPE 353)

My orvee 3.3

Lot ¢HS20)
Tore crvee &)
£ouL crvee 353)

beL (TYPE 3-3)

HS20 RATING:

HS Rating

Inventory
Rating

operating
Rating

(96.00 ft-kips) (1.0)(0.292) (1000 1b/k) = 28,032 ft-lb

(98.00 ft~kips) (1.0)(0.292) (1000 1lb/k) = 28,616 ft-1b
(98.00 ft-kips) (1.0)(0.292) (1000 lb/k) = 28,616 ft-lb -
(77.53 ft-kips) (1.0)(0.292) (1000 1b/k) = 22,639 ft-lb
£, =M
bii s;L

= 28,032 ft-lb (12 in/ft) .= = 2167.98 psi
165.16 in® _

= 28,616 ft-1b (12 in/ft) 2213.15 psi
| 155.16 in

= 28,616 ft-1b (12 in/ft)

. T 155.16 in

= 22,639 ft-1b (12 in/ft)
_ 155.16 in

2213.15 psi

1750.89 psi

(Allowahle) ( Dead Loadil ‘
Stress - Stress (36T)
Live Load Stress |
11600 psi ~ 473.32 psi {36T) = 18.7 tons
2167.98 psi ‘
= 27.5 tons

2128 psi -~ 473.32 psi)(36T)
2167.98 psi

i
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LOAD POSTINGS:

(Operatinq) : I(Dead Load
Rating/ - Stress - Stress {W)

Posting - Live Load Stess

W = weight of truck causing the live load.
Type 4 = 2128 psi - 473.32 psi } (27.25T)
2213.15 psi
Type 4 =  20.37 T - Post for 20 Tons
Type 383 = 2128 psi = 473.32 psi | (40 T)
| T 2213.15 psi

Type 383, =  29.91 T - Post for 30 Tons
Type 3~3 =

2128 psi_= 473.32 psi | (40 T)
1750.89 psi a

Type 3-3 37.80 T - Post for 38 Tons
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3.3.6.4. Example 4: Steel stringers with full lateral support of compression
flange :

" GIVEN: :
18 x 54.7 American Standard I-Beam @ 3 ft - 4 in. spacing ¢ to c
Span = 40 ft

Two Lane Bridge (Wz18 ft)

4 in. x 12 in. Transverse Plank Deck

Full Lateral Support of Compression Flange

2 in. Rock ¥Fill {120 lb/cf)

F, = 33,000 psi (1936 to 1963)

DEAD ILOADS:

 Deck: (m_i_ig__)(se 1;5)(3.33 £t)
12 in/ft ft

i

55.56 1b/ft

Stringer: 54.70 1lb/ft

Rock: 2 in 120 1b ) (3.33 ft) 66.67 1lb/ft
12 in/ft £t3

5.07 1b/ft

182.00 lb/ft

Misc:

Wor

M, = wl? = 182 1b/ft (40 ft)? = 36,400 ft-lb
t g 8 .

S, = 89.4 in® (AISC Design Manual)

fr = M, = 36400 ft-1b (12 in/ft) = 4885.91 psi
S, 89.4 in

LIVE IOADS:
Impact: I = __ 50 < .30 (AASHTO 3.8.3.1)
L + 125
I=__50 _ =0.303 > 0.3
40 + 125
I = 0.3

N4
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Wheel Factori (AASHTO TABLE 3.23.1; Timber Plank Floor;
Bridge Designed For Two Traffic Lanes)

W.F. = _8 5 = Stringer Spacing
.- 3.75

W.F. = 3 £t -4 in = 0.889
3.75

M, = (Moment Due To Live Load Truck) x (l+Impact) x (Wheel Factor)

M, usoy = (224.80 ft-kips)(1.3)(0.889) (1000 1lb/k) = 259,801 ft-1b
My crvee 4y = (199.59 ft-kips) (1.3) (0.889) (1000 lb/k) = 230,666 ft-lb
M, {,,,;E ss3,= (182.00 ft'-kips) (1.3)(0.889) (1000 1bs/k) = 210,337 ft-1b
M| e 3.3 (171.50 ft-kips) (1.3) (0.889) (1000 1b/k) = 198,203 fﬁ-;h
far = M
Four cnse0 = 259,801 ft-1b (12 in/ft) = 34,873 psi
| - 89.4 in
_ 89.4 in .
foL crvee 3s3y = 210,337 ft=1b (12 in/ft = 28,233 psi
89.4 in ,
fth CTYPE 3-3) = 198 03 ft-lb 12 in ft -

26,604 psi
89.4 in ' .
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HS20 RATING:

Inventory = 18,000 psi - 4885.91 psi\(36T) = 13.5 tons
Rating 34,873 psi '

Operating = 24,500 psi - 4885.91 psi\(36T) = 20.2 tons
Rating ‘ 34,873 psi

DAD POSTINGS:
Type 4 = 24,500 psi - 4885.91 psi ) (27.25T)
30,962 psi

Type 4 = 17.3 T - Post for 17 Tons

Type 383 = 24,500 psi - 4885.91 psi) (40 T)

Type 383 = 27.8 T - DPost for 28 Tons

Type 3-3 = 24,500 psi - 4885.91 psi ) (40 T)

: _ 26,604 psi

Type 3-~3 = 29.5 T - Post for 30 Tons
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3.3.6.5. Example 5: Stee] stringer with lateral support of compression
flange at 10 ft intervals.

GIVEN:

Same as Example 4, except for lateral supports of compression
flange at 10 ft intervals instead of full support.

DEAD_IOADS;:
Same as Exanmple 4..

£, = 4885.91 psi

LIVE 1O0ADS:

Same as Exanple 4.

four (s20) = 34,873 psi
ot crvee 4 = 30,962 psi
for e 3ssy = 28,233 psi
fui awe3s = 26,604 psi

ALLOWABLE STRESS:

F,,, = 18000 psi - 6.3(1/b)? [Table 5.4.2A AASHTO 1983,
Manual for Maintenance
[(1/b)< 38] Inspection of Bridges]

10 £t % 12 in/ft = 120 in.
Flange Width = 6 in.

L

120 in = 20 < 38 OK
6 in

D= O
i

Fy = 18,000 psi - 6.3(20)2
Fi. = 15,480 psi
F,

wer = L+37F,, = 1.37(15,480 psi)

oy
i

wen = 21,207.6 psi




HS20 RATING:

LOAD

POSTINGS :

Inventory

Rating

Operating

Rating

Type

Type

Type

Type

Type

Type

383

183

66

15,480 psi - 4885.91 psi \(36T) = 10.9 tons
34,873 psi
= 16.8 tons

21,207.6 psi - 4885.91 psi) (36T)
34,873 psi

21,207.6 psi = 4885.91 psi \ (27.25T)
30,962 psi

14.4 T - Post for 14 Tons

21,207.6 psi ~ 4885.91 psi | (40 T)
28,233 psi

23.1 T - Post for 23 Tons

21,207.6 psi - 4885.91 psi) (40 T)
26,604 psi

24.5 7T -~ Post for 25 Tons

e
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3.3.6.6. Example 6: Steel stringers with full lateral support of compression
flange and holes in bottom flange
GIVEN:
Same as Example 4, with 2 1/2 in. diameter holes in the
bottom flange at the third points of the span.
STEPS:

1. Calculate the ratings at the third point, using the
section modulus of the cross-section with holes.

2. Compare the ratings calculated at the third point with the
ratings calculated in Example 4, to determine which
location/cross~section combination will control the rating.

DEAD IOAD € THIRD POINT:

wy = 182.0 th/ft

R K S 2K 2 R = 182 1b/ft(40 ft) (1/2)
iA‘ a0 A R = 3640 1b
R . R

182.0 \B/ET EHA = 0

Y

Y A4 M= 3640 1b(13.33 ft)
\ - 182 1lb/ft(13.33 ft)2(1/2)
M, = 32,351.51 ft-1b

)
3640 b 13.33 ft

SECTION MODUIUS OF MEMBER AT THIRD POINT:

S 18 x H4.7
7 _
A= 16.1 1in
;f d = 18.00 in
800 b, = 6.00 in
18. in a— +
t, = 0.681 1in
é | I, = 804 in
s 1/2" DIA HOLE
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T, = 2(1/12(1/2 in)(0.691 in)®] = 0,027 in*
tee = 2(1/2 in)(0.691 in) = 0.691 in?
A y Ay Ay?
I-BEAM 16.100 in? 9.000 in 144.900 in® 1304.100 in*

HOLES

804,000 in*

-0.691_in? 0.346 in _~0.239 in° -0.083 in®
15.409 in | 144.661 in ~0.027 in‘
' 2107.990 in*

-1358.065 in®
749.925 in

Y, = 144.661 in® = 9.388 in
15.409 in

ay2 = (15.409 in?) (9.388 in)2 = 1358.065 in*

Sy, = I, = 749.925 in® = 79.881 in’

Y, $.388 in

DEAD 1OAD STRESS AT THIRD POINT:

fio = Mp = 32351.51 ft-1b (12 in/ft R
] 79.881 1in
fip, = 4859.96 psi

LIVE T.OAD THIRD POINT

Maximum moment due to 2 moving live load at a specific point
is most easily calculated by use of an influence line. An
influence 1line is developed below to represent the moment
produced at the thrid point as a 1 unit force is moved across

the bean.
I
=0

M
. *s IC T ﬂ o u,-u 1(13.33 ££)-1(13.33 £t)

-
Vyaasn M

[ .
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L 4 L 4
hvewr %
R, = 0.67 Re = 0,33
EHL -0
0 = 11b(13.33 £ft)-R,(40 ft)
Ry = 0.33
F, =0
O =R, +0.331b-11b
RI. b 0.67
¢1
L 2 L ]
becoss © %
Ry = 0.33 Rr = Q.67
0 = 11b(26.67 £r)-R,(40 fr)
RR fed 0.67
F,= 0
Om=R, + 0.67 1b ~11b
R, = 0.33
- Ma
INFLUENCE 8.934
LINE  (1t)

1]

_____i v M A
i M
Va
0.67
2M, -0
0 =M —-0.67(13.33 £ft)
M, = 8.931 ft

“““'—‘“"““"K‘ )MA ‘

T Va
0.33

IZ_MA -0
0 =M, - 0.331b(13.33 ft)
M, = 4,399 ft

4.339

13331

2667 #f 40 #
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Ma
-4 t 14 ft
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14 ft

1&mm:bl

INFLUENCE 931
LINE - (ft)

13.33 t |

26.67 ft J

M, cnsz0

40001b(0)

MLL(“S%)

M Laype 0

INFLUENCE
LINE (ft)

Ma' 7,000 B0

YY)

Place concentrated wheel load values on influence
line to produce maximum moment.

The influence line for a

" simply supported beam is

l16.000 b l44».{')()() el

linear. Values on the
influence 1line at a
specific points can be
determined - by pro-
portioning.

= 16, 0001b(8 931ft)+16 0001b 26.67ft-14ft (8.931ft)+

26.67ft

(1.3) (0.889)

b Laterst BDistribution

Impact

= 243,599.574 ft-lb .
where I = 1.3 and WF = 0.889

7000ib 6,250 Ib

4 ft4

#t

931

11 1t

v‘..

13.33 10 |

26.67 ft |

i

N

—e

~.
e
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M = [(7000 1b) '13.33ft-4ft) (8.931ft) +
LL(Type 4) "'1‘ 3.33 ft R )
(70001b) (8.931Fft) + (70001b)(26,67ft-4fﬁ}(8.931ft)+
- | ‘ 26.67 ft
(62501b) 26.67ft~15ft)(8.931fti] (1.3) (0.889)
‘ 26.67 ft - ' ¥
My rype 4y = 212,463.264 ft-1b

LIVE IOAD STRESSES AT THIRD POINT

fu¢wﬂm = 243,599.574 ftu%b 12 i t = 36,594.370 psi
: 79.881 1in

£ = 212.463.264 ft-1b (12 in/ft) = 31.916.966 psi
bLL(Type & “““*““*““‘"“”“_T_THL—‘“““L_“L
H ! ‘ 79.881 1in

HS RATING AT THIRD POINT

INVENTORY = 18000 psi - 4859.96 psi ) (36T) =°12.9 tons
RATING 36,594.370 psi

OPERATING = 24500 psi - 4859.96 psi | (36T) = 19.3 tons
RATING 36,594.370 psi :

IOAD POSTING AT THIRD POINT

TYPE 4 = (248500 psi - 4859.96 psi) (27.25T) = 16.8 tons
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Compare ratings at third point with ratings at midspan:

Type 4

—
' RATING
' Third Point Mid-span Controlling
HS20 Inventory 12.9 T 13.5 T ¢ 12.9 7T
HS20 Operating 19.3 T 20.2 T 19.3 T
16.8 T 17.3 T 16.8 T'

* post for'17 tons

Third point with reduced cross-section controls rating.

s
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3.3.6.7. Example 7: Rating of timber deck (4 in. x 12 in.)

GIVEN

Same as Example 6 (since Example 6 controls over Example 4)

; _ _
Check rating for Transverse Timber Deck (4 in. x 12 in.)
Allowable Bending Stress: INVENTORY = 1450 psi

OPERATING = 1450 x 1.33 = 1929 psi

DEAD IOADS

Span lLength = Clear distance between stringers +
1/2 width of stringers

(but shall not exceed clear span + floor thickness)
: AASHTO 3.25.1.2

Span Length = (3ft-4in) - 6in + 1/2(6in) = 3 ft-1 in. controls
< (3ft-4in) -~ 6in + 4in = 3 ft-2 in. '
Span Length = 3 ft-1 in. = 3.083 ft
- ._m(un(lz:g,n})(s_o 1b/£t3) = 16.67 1lb/ft
\. 144 in
Weoox =[2in(12in)} (120 1b/ft3) = 20.00 lb/ft
144 in

]

W, 36.67 1b/ft

M, ¢ If flooring is continous over more than two spans, the
maximum bending moment shall be assumed as being 80
percent of that obtained for a simple span.

(AASHTO 3.25.3)

M, = 1/8(36.67 1lb/ft) (3.083£t)%(0.8)
M, = 34.86 ft-1b

S, = 1/6(12in) (4in)?

§, = 32 in®

£ = M, = (34.86 ft‘-l‘b) (12 in/ft)
Sb 32 in’

wo = 13.07 psi

F
H
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LIVE 1.OADS

In design of timber floors for HS20 loading, one axle load of
24,000 1b (= two wheel loads of 12,000 1b) may be used instead of
the 32,000 1lb axle load (16,000 lb wheel loads) generally used.

(See Fig. 3.6) -
|
Live Load,,, = 12,000 1lb

Live Load;,; 3 = 8,500 1b

BS20
Distribution of wheel load:
Surface plan area .- — ~;
over which wheel [
load is applied.. _ TRAFFIC

To find a:. In direction of bridge span, the wheel load shall
: be distributed over the width of the tire as given
by the ratio shown below. (AASHTO 3.25.1.1)

" 2.5 ,t P = wheel load in pounds
' ‘ A = 0,01P
(AASHTO 3.30) TRAFFIC A= 0,01(12,000 1b)
A= 0.0 . A= 120 in®
2,5x% = A ,
K o /l-gﬂ- Lni' = 6.93 in.
2.5
a = 2.5x
a=2,5(6.93 in.)
a -

17.33 in.
width of plank (AASHTO 3.25.1.1)

(- -
L]

12 in.
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vy = 120001b(12in/ft) = 8309.29 1b/ft of plank
17.33 in.

‘ rum 8309.29 Ib/ft
: [

e | . [ —

e e ey ]
Span = 3.083 ft

Impact = 0% (Timber)

8309.29 b/H

SF, =0

Ry ' +RR 0 = 2R - 8309.291b/ft(17.33in)(1£ft/12in)
R =~ 6000 1b

B4 iri17.33 in| 9.84 in

o Josdft

M. = 60001b(3.083ft/2)~
B 8309.291b/ft(17. 33in/121n/ft}(1/2)(17 333‘.:1/12)(1/4)
M. ~ 7083.75 fr-1b

My paze = 7083.75 Ft-1b(0.8) = $5667.00 ft—1b

forr cnszoy= 5667.00Ft-1b(12in/Fe) = 2125.13 psi. .

32 in® -
Type 3
A = 0.01P
A - 0.01(8,500 1b)
A= 85 in?
2.5%% = A
X = /85 in® = 5.83 in.
2f5
a=2.5%
a= 2.5(5.83in)
a=14.58 in

b= 12 in.
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Wy, = 85001b(12in/ft) = 6995.89 1b/ft of plank
14.58 in

6 b/t 2F, =0
4 ; i 4 o = 2R -6995.891b/ft(14.58in) (1ft/12in)

RL’ ’RR - 4250 1b

M, = 42501b(3.083ft/2)~
6995.891b/ft(14. 58in/121n/ft)(1/2)(1& 58in/12)(1/4)

M, = 5261.15 ft-1b

Miz zype 3 = 5261.15 £t-1b(0.8) = 4203.92 ft-1b

£urz (rypa 3= 4208,92Ft-1b(12in/ft) = 1578.35 psi
32 in?

HS20 RATING

INVENTORY = (%450 psi = 13.07 Dsi) (36T) = 24.3 tons

RATING 2125.13 psi
OPERATING = {1929 psi - 13.07 psil (36T) = 32.5 tons
RATING 2125.13 psi :

Values do not control rating;
rating controlled by stringer
(See Example 6)

LOAD POSTING

TYPE 3 = 1929 psi - 13.07 psi (25T)
| " 1578.35 psi

30.3 tons

Values do not control rating;
rating controlled by strlnger
(See Example 6)

ry
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3.3.6.8. Example 8: Rating of timber deck (3 in. x 12 in.)

GIVEN

Same as Example 6 (since Example 6 controls over Example 4)
with 3 in. x 12 in. transverse plank deck.

Check Rating for deck.

DEAD TOADS

Span Length '3 ft-1 in. controls

3 ft-1 in.

= (3ft-4in) - 6in + 1/2(6in)
< (3ft-4in) - 6in + 3in

Span Length = 3 ft-1 in. = 3.083ft

VoA “(li.n_f.ﬁiﬂ,‘).)(so 1b/£t3) = 12.50 1lb/ft

144 in
Weoox  =(2in(12im)) (120 1b/ft3) = 20.00 1lb/ft
144 in .
‘W, = 32.50 lb/ft

M, = (1/8)(32.50 lb/ft) (3.083ft)%(0.8)
M, = 30.90 ft-1b
3 8, = 1/6(1zin2(3in)2
S, = 18.00 in
fror =

%n = (30,90 ft-1bl(12 in/ft
b i8 in

fo, = 20.60 psi

LIVE LOADS
fuicuszoy = 5667.00 £t=1b(12 in/ft
| 1800 In’
£ . = 4208.92 ft-1b(12 in/ft)
bl PE
(TYPE 3 ~18.00 in :

3778.00 psi

2805.95 psi
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HS20 RATING

INVENTORY = {1450 psi ~ 20.60 psi\ (36T)
RATING 3778.00 psi

13.6 tons

13.6 tons rating for deck > 12.9 tons rating for stringer (Example 6)

HS20 INVENTORY RATING = 12.9 tons

Stringer Controls

18.2 tons

It

OPERATING = {1929 psi - 20.60 psi ) (36T)
RATING 3778.00 psi

18.2 tons rating for deck < 19.3 ton rating for stringer (Example §)

HS20 OPERATING RATING = 18.2 tons

Deck Controls

D_PO G

TYPE 3 = (1929 psi - 20.60 psi\ (25T) =  17.0 tons
2805.95 psi

17.0 ton rating for deck « 17.0 ton rating for stringer (Example 6)

POST FOR 17 tons

Stringers and Deck control equally,
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3.3.6.9. Example 9: Rating of laminated timber deck (2 in. x 4 in.)

GIVEN

Same as Example 6 (since Example 6 controls over Example 4)
with 2 in. ¥ 4 in. continous nail laminated deck.

Check Rating for deck.

DEAD LOADS

Determine member size as described in AASHTO 3.25.1.1

15in + floor thickness = 15 in. + 4 in. = 19 in.

b 19 in |
1

4 in S,=(1/6) (19in) (4in)? = 50.67 in®

Span Length = 3.083ft = (see Example 7)

Voe = [-19in(4in) \(50 1b/£t?)
144 in’/ft

 Weoe =(_12in(2in) (120 1b/ft?)

144 in’/ft |

VoL

26.39 1lb/ft

it

31.67 1lb/ft

58.06 1b/ft

Mo
M

(1/8) (58.06 1b/ft) (3.083££)2(0.8)
55.19 ft-1b '

£ = My = (55.19 ft-1b) (12 in/ft)
Sy . 50.67 1in

f,,, = 13.07 psi
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LIVE TLOADS

f = 5667.00 ft-1b"(12 in/ft
bl 20 -
HeHs20) 50.67 ind

1342.10 psi

- ' ) _ Y
Forave sy = 4208.92 sfot”“sl_-?b irJ{z in/ft) - = 996.78 psi

“(See Example 7)

HS20 RATING

INVENTORY = {1450 psi - 13.07 psi | (36T) = 38.5 tons
RATING 1342.10 psi : .
OPERATING = {1929 psi = 13.07 psi | (36T) = 51.4 tons
RATING 1342.10 psi ‘

values do not contreol rating; rating controlled by stringer -
(See Example 4)

ILOAD POSTING

TYPE 3 = 1929 psi - 13.07 psil (25T) = 48.)1 tons
_ 996.78 psi

Value does not control ratlng, rat:.ng controlled by stringer -

(See Example 6)
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3.3.6.10. Example 10: Rating of layered timber deck

GIVEN

Same as Example 6 with layered deck,
3 in. x 6 in. @ 15 in. transverse planks and
3 in. ¥ 12 in. adjacent longitudinal planks.

Check rating for deck planks.

LONGITUDINAL PLANKS

P (In direction of span, wheel lcad considered
l point toad AASHTO 3.23.2.1)

3 x 12 LONGIUDINAL- 3

3x6 3x6.

_ Normal to direction of span.
,._9_.'1‘..' Wheel load distributed through width
. of plank = 12 in. (AASHIO 3.25.2.2)

Span = Clear Distance < Clear Span :
+ 1/2 beam width + floor thickness.

Span = 9in + 1/2(6in) = 12in < 9in + 3in = 12in = 1 ft

Longitudinal Dead Toad

Vo = | -3in(12in) ) (50 1b/ft?) = 12.50 1lb/ft
144 in%/ft? ] |

Weoox = (-2in(12in) (120 1b/ft?) = 20.00 1lb/ft
144 in’/ft

i

Voo 32.50 1b/ft

M, (80%) (1/8) (32.50 1b/ft) (1 ft)?

Mo

3.25 ft-1b
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Section Modulus; Longitudinal plank

(1/6)(12§n)(3in)2

12 in Sy,
18.00 in

Sp

I

3in

£, = 3.25 ft-1b (12 in/fty - = 2.17 psi
18.00 in _

Longitudinal TLive Ioad _
= 80%(PL/4) = 0.8(1200)(1 ft) = -2400 lb~ft

M\ cus2o
L(HS20) : 1
M, crvee 3y = 0-8(8500) (1 £t) = 1700 £t-1b
4

foicusoy = 2400 1b=ft (12 in/ft) = 1600.00 psi
18.00 in |
furcrvee 3y = 1700 £t-1b (12 in/ft) = 1133.33 psi
18.00 in :
Longitudinal gatingéPosting
HS20: : |
INVENTORY = (1450 psi - 2.17 p_si) (36T)

32.6 tons

RATING 1600 psi

o |

: 1 _ 43.4 tons
RATING 1600 psi o

OPERATING = (1229 psi - 2.17 psi) (36T)

TYPE 3 = (}929 psi = 2.17 ps%) (25T) = 42.5 tons

1133.3 psi
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TRANSVERSE PLANKS

Span Length = 3.083 ft (See Example 7)

Cross Section 3Ix6
SN

: |
3x12|3x12| 3x12 | - iﬁ :{m

X6 @ 15in ¢ to ¢

=

-

AAT—

S, = 1/6(6in)(3in)2
S, = 9 ind

Transverse Dead Ioad

W, = { 3 in 15 in 0 1lb
P B (12 in/ft)(lz in/ft% f?)

15.625 1b/ft

v, =(_3in(ein 50° 1b/£t3 = 6.250 1b/ft
PLetrgatl (m) (50715750 /
Vo (ot m(i;'f(ilnsi/z%t} )(120 1b/£t}) = 25.00 lb/ft

, | Vo, = 46.875 1b/ft
M, = 0.8(1/8) (46.875 1b/ft) (3.083 in)2
M, = 44.55 ft-1b
L
fior =

M, = (44.55 ft-1b) (12 in/ft)
S, 9.00 in

fio, = 59.40 psi
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Transverse Live Load

Distribution of wheel load

Surface plan area .12 in

of wheel load on . - l fiC
' 12}

transverse plank

Wroeszoy = 120001b(12 in/ft) = 12000 lb/ft

HS20:
12,000 b 12 in
l LI A Vis(type 33 83001b(12 in/ft) = 8500 lb/ft
R A . Ra 12 in
1.042 ft 1.0 ft 1.042 f§
F, = 0
R = 6000 1b

M. = 60001b(3.083£t/2)-12000(1ft/2) (1£L/4)
M. = 7749 £t-1b -

Mizusz0y = 0.8(7749ft~1b) = 6199.20 fr-1b

fbm(gszo) - §L29;20f§—lb§12 ingﬁt} = 8265.60 pSi

g in®
TYPE 3:
8,500
1.1 Lw
Rtt < fRa
YF, =0
R = 4250 1b

Mo = 462501b(3. 083ft/2)-8500(1ft/2)(lft/h)
M. - 5488.88 ft-1b

Mz ms20y = 0.8(5488.88ft-1b) = 4391.10 ft-1b

forrens2oy = £391.10ft-1b ¥3 in/fr) = 5854.80 psi
, 9 in

o
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Trangverse Rating/Posting

HS20: o
INVENTORY = [ 1450 psi - 59.40 psi) (36T) = 6.1 tons
RATING 8265.60 psi
OPERATING = /1929 psi ~ 59.40 psi\ (36T) = 8.1 tons
RATING 8265.60 psi
TYPE 3 = 1929 psi ~ 59.40 psi) (25T) = 8.0 tons
5854.80 psi
‘ RATING
Longitudinal | Transverse ‘ - dk
Stringer Plank ' - Plank Controlling
HS20 -
Inventory 12.9 T 32.6 T 6.1 7T 6.1 7T
H520 -
Operating 19.3 7 43.4 T 8.1 T 8.1 7T
TYPE 3 16.8 T 42.5 T 8.07 8.07T

Post for 8 Tons,

** This indicates that the deck analyzed in this example should
be modified to at least the capacity of the stringers or
replaced with one of the decks described in the previous
examples. o
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3.4. Economic Analysis
The bridge engineer must compare three alternatives when evaluating a deficient bridge: 1) replace the
existing bﬁdge, 2) rehabilitate or strengthen the existing Bridge, or 3) leave the bridge in present condition.
To make a rational decision among these three alternatives, the engineer must take several factors into account.
These factors include: 1) budgetary constraints, 2) potential benefits to the community, and 3) elimination of
a safety hazard. Although many of these factors require qualitative analysis, a rational decision based on
economic factors, can be made by quantifying the dollar value of each alternative and selecting the one which

is the most cost-cffective over the life of the structure.

3.4.1. Background

Review of existing literature indicated that several economic evaluation methods have been used in the
past. The NBI program established a numerical sufficiency rating for each bridge in the United States to
determine its eligibility for federal funding for rehabilitation or replacement. The tremendous amount of
information resulting from the inspection of the nation’s bridges for the NBI program has necessitated a
system for prioritizing bridge rehabilitation and replacement on a national basis. A program has been
developed by the North Carolina DOT which ranks bridge replacement and rehabilitation projects on the basis
of deficiency points accumulated in the NBI inspection and rating process (33). While this prioritizing is useful,
it does not determine the most cost-effective solution to the pmblems of a particular bridge. |

The B/C ratio method has been used in numerous engineering economicanalyses to evaluate alternatives.
This method was especially useful because it not only determines ;vhich alternative is the most cost-effective,
it also prioritizes the remaining alternatives. After serious cotisideration, the B/C ratio method was rejected
for this study because of the difficulty in quantifying the potential benefits of bridge rehabilitation or
replacement. ‘ ' . |

A life-cycle cost method has been used in numerousstudies to develop cost-effectiveness decision-making
tools for bridge engineers (91). In these methods, a series of cash flows is converted to a common reference
by the use of the time-value of money equations. According to Winfrey (93), there are four types of life-cycle
analysis methods: 1) the equivalent uniform annual cost method, 2) present worth of costs method, 3)
equivalent uniform and annual net return method, and 4) net present value method. |

One problem with a life-cycle cost analysis is the difficulty in determining the future costs associated with
a particular alternative. For example, some bridge strengthening methods may require more and different types
of maintenance than other methods performed at the same time. The development of comprehensive bridge
management systems by state DOTSs shoukd help to alleviate this problem in the future. Bridge management
systems are presently being developed and these results will become available in the near future (61).

A significant amount of research haS been applied to the use of value engineering in the design and
construction of low volume road bridges. Value engineering is defined as "the systematic application of
recognized techniques which identify the function of a product or service, establish 8 monetary value for that

. =
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function, and provide the necessary function reliably at the lowest overall cost” (90). One product of this value
engineering process is a value graph, which is a plot of a bridge component’s importance vs. cost.

For this study, a life-cycle test analysis procedure has been used (ie. Equivalent Uniform Annual Cost
method). For additional information on these and other procedures for the comparison of alternatives, the
reader is directed to Refs. 10,34,45,59,87.

3.4.2. Description of Analytical Model |

The analytical models developed for bridge replacement and/or strengthening alternatives are shown in
Figs. 3.8 and 3.9, respectively. The use of a cash-flow diagram is the standard method for describing a series
of economic transactions. The horizontal line is a time; scale, with the progression of time frdm Teft to right.
The arrows signify cash flows - downward arrows represent disbursements and upward arrows represent receipts
(75). Mathematical expressions can be developed from the cash-flow diagrams based on the time value of
money method found in any engineering economy text (53). ‘

The economic model which is presented here was originally developed in a study related to primary
system bridges (95). Although general principals of economic analysis will continue to provide the background
of the discussion, many of the considerations used in the original model have been modified to adapt the model
specifically for low volume road bridges. For the replacement model (Fig. 3.8), the equivalent uniform annual
cost, EUAC, is given by Eqn. (1). '

C AR - NG AING »C A TE (P 1
EUAC, = (AN = ¢ P»m;m NS +C, P.zmjg AR B

where,

R = replacement structure first cost

B = net salvage value of existing structure

L O = annual maintenance cost of replacement structure
s = net salvage value of replacement structure

N = service life of replacement structure

i = interest rate

Fx = single future disbursement

B = year of future expenditure (present = year Q)

(A/PiN) = capital recovery facior = M
(1+i)¥ - 1

i
(1+)¥ -1

(A/FiN) sinking fund factor =
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Fig. 3.8. Economic model for replacement alternctives.
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Fig. 3.9. Economic model for strengthening alternatives.
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1.
(1+)"

(P/Fin) = present worth of 2 future sum =

Salvage values can be either positive or negative. In most cases, little salvage value remains in an existing
bridge, and the bridge owner must pay for the removal of the bridge. This removal cost must be represented
as a negative salvage value in the EUAC equations. If N is assumed to be very large (e.g. > 50 years) and B
to be relatively smali compared to R, Eqn. (1) can be simplified to Eqn. (2).

EUAC, = (%.i.N)(R-.S) + Cyt (S-B)i + (%.m;; [F, -(-E.f.n,)l @

There are two significant advantages to using Eqn. {2) rather than Eqn. (1). In most cases, the removal.

cost of the existing structure, B, will be approximately that of the replacement structure, S. Therefore, the (S-
B)i term becomes insignificant and can be ignored. In addition, the bid price of the replacement structure
normally includes the removal cost of the existing structure. If this is the q;se, the (R-S) term in Eqn. (2) will
be the total bid price of the replacement structure (95).

To develop an economic model to represent the bridge strengthening procedure, two significant
assumptions must be made. First, money spent to strengthen an existing bridge only benefits the existing
. structure, Thérefore, disbursements made to stzengthexi the existing bridge must be evaiuated only over the
remaining life of the existing bridge. Secondly, after the existing bridge is eventually reéiaoed, all costs are
considered to be common {0 both the replacement and strengthening model.

The mathematical model to represent bridge strengthening or rehabilitation (Fig. 3.9) is shown in Eqn.

@)-
‘ 4 Ay P |
EUAC, = (SAN)D) + C + (SANIZ IF, - ()] &)
P. P = ' F
where ‘
D L= initial cost of strengthening existing bridge
C. = annual maintenance cost of existing structure after strengthening
N’ = remaining service life of existi:ig briﬁge
Fix = single future disbursement
o Com year of future disbursement
. 2 N
(A/PLN"D = capital recovery factor = 0"

(1+9%9
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1
(149"

(P/Fin) = present worth of a future sum =

A brief description of the variables included in the economic models for bridge strengthening and
replacement follows. A database of estimated prices is presented in Sec. 3.7 of this report for various
repiacement methods. '

34.2.1. Replacement Structure First Cost (R) _

. The first cost of a bridge replacement structure has the greatest effect on the EUAC of any of the
factors. Fortunately, the first cost of a bridge is the easiest factor to quantify accurately. There are at least
four considerations which can significantly effect the first cost of a replacement bridge:

. Span length: In general, the cost per ft* of a new bridge tends to increase with longer span lengths,
Low volume bridges tend to have much shorter spans, making this variable less Signiﬁmm., '
e Roadway realignment: Alignment changes in low volume roads, and thus bridges, are less frequent
than in a more highly traveled roadway. _ '
¢ Environmental studies and potential consequences: The effect of a low volume bridge replacement
project on the environment tends to be of a localized nature, which Jimits the relevance of this
variable,
® Construction of temporary detours: The construction of temporary detours would be infrequenton
low volume roads. Usually there are a small number of users being inconvenienced, thus most likely
the existing road would sixnply be closed during construction of a new bridge. '
3422, Structure Service Life (N.N%) .
it is common practice 10 assign a service life of 50 years to new bridges in an ebonomic analysis. This
common "rule-of-thumb” may be influenced by the geographical and climatological location of the proposed
bridge, however. Factors which affect the service life of a new bridge are 1) the quality of the initial design,
2) the quality of materials used ir construction, 3) the quality of workmanship used in construction, 4) the level
of routirie maintenance ﬁerformed on the structure during the life cycle, and 5) the severity of the climate.
The remaining service life of an existing structure is most often estimated by an engineer after completing
an inspéction and thus is very difficult to quantify accurately. There are very few detailed guidelines available
for this purpose, and it may be difficult to avoid ‘personal bias in the estimate.
34.2.3. Interest Rate (i) _

_ Historically, long term economic analyses of public works projects have ignored the effect of inflation on
the interest rate used in computing equivalent costs. Cady has determined that, due 10 the present national
emnbmy, inflation must be considered in any life-cycle cost analysis (14).

A relationship which accoﬁms for the difference between the rate of inflation and the nominal interest
rate is presented in Eqn. (4):
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1+

A 2 ' @
o T1+y ‘
where _
ip = real or effective interest rate
i = nominai interest rate (usually based on high-grade municipal bonds)
y = rate of inflation (usually based on changes in the consumer price index)

In general, a higher nominal interest rate tends 10 favor future expenditures (e.g. present strengmeniﬁg
with possible future replacement), while a lower nominal interest rate favors the larger immediate‘capital
investment (e.g. immediate bridge replacement) (93). ‘
3.4.24. Bridge Maintenance Costs (Cur, Cur)

The most difficult factor to predict in any econumic model is the annual maintenance costs of the bridge,
both as it exists today, and after any strengthening or rehabilitation work,

Large, one-time, maintenance expenditures, such as a bridge deck overlay, should not be included in the
C,c and C,, terms. These types of expenses are represented by the single future disbursement terms, F, and

'Fy, in Figs. 3.8 and 3.9 and should be converted to a present worth by the present worth.of a future sum
equatiozi and then to an EUAC by the mpital recovery factor. | '
34.2.5. Bridge Removal Costs (B,S)

Several factors which can significantly affect the cost of bridge removal are: superstructure type, span
length, number and type of abutments, depth of removal below ground line, and any environmental precautions
which must be taken.

Klaiber, et. al. have shown that bridge width is not a significant factor in estimating removal costs (36).
As mentioned earlier, one advantage of using Eqn. 2 rather than Eqn. 1 to modei the replacement of a bridge
is that both B and S can be ignored. ‘ '

3426 Level of Service Factor (LS)

~ 'The Level of Service Factor, LS, was introduced by Wipf, et. al. (95) as a means of quantifying the
economic benefits a road user would realize with the construction of 2 new bridge. A new bridge can be

expected to provide reduced accident rates, reduced traffic delays, a reduction in detour mileage for trucks

which exceed the posted load limit and other intangible savings over an existing bridge. These reductions are

an addidonal cost of keeping an existing bridge in service and are represented as an additional cost in the
strengthening alternative.

In previous studies by McFarland (45), the traffic accident rate at the bridge site is refated to the roadway
approach width and the bridge width. A reduction in accident rate which could be expected with an increase
in bridge width has been calculated.
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The present study on low volume road bridges required a modification of the level of service factor
previously defined. The three considerationsin the level of service factor, reduced accident rate, reduced traffic
delay, and reduced detour length do not apply in a low ADT environment. Since there is very little traffic, it
is unlikely that 2 traffic delay will occur due to existing bridge conditions. Similarly, since t.hére is so litde
traffic, there can be very few accidents which occur on the existing bridge. The reduction of already smalt
accident rates is statistically insigxﬁﬁcant: Finally, the concept of a detour length due 10 an understrength bridge
is difficult to define. There are so few users of a particular bridge that, at least in most cases, it would not be
a sigmﬁcant inconvenience to require a detour to the next county road (usuauy located one mile away).
34.27. Other Considerations

In addition 10 the variables in the economic model, the practicing engineering must take oﬁ:cr
considerations into account when making decisions regarding bridge rehabilitation or replacement. These
considerations are usually very difficult to quantify. The engineer should not allow personal desires to
completely override the decision making process. The most cost-effective solution, as determined by the EUAC
method, should not be discarded due to the dislike of the particular procedure. The quantifiable 'best®

alternative shouid, however, be reviewed with sound engineering judgement.

3.43. Normal Distribution and EUAC Simulation .

The economic model presented represents a simulation of possible outcomes. The service life of a
particular alternative and the nominal interest rate used for calculations are not certain. To determine the
range of possible outcomes, probability theory can be used for these variables. ‘ _ .

The normal probability distribution of variables is well known and simple to apply. For this discussion
it is assumed that the service life arid nominal interest rate are normally distributed. There are several tests
available which allow the user to determine whether a particular data set is normally distributed (18).
3.4.3.1. Normal Frobability Distribution

The normal probahiliiy distribution, alsc known as the Gaussian distribution, is the most frequently
encountered probability distribution. The normal distributionis recngnizable as the familiar "bell-shaped curve”
(see Fig. 3.10). Two parameters completely describe a particular normal curve; the mean, y, which locates
the center of the curve, and the standard deviation, g, which prowdes a measure of the degree of dispersion.
The height of a normal curve above any point ajong the horizontal axis is the refative frequency. This height
can be described by:

Every normal frequency curve is centered on the mean. The tails of the curve taper off rapidly for values of
X very far from the mean: The area under the normal curve between  and any point depends only on the
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distance separating that point and the mean, as expressed in units of o. This distance from the mean js known

as the normal deviate, designated as z.

255—:-2.

o
Since a normally distribnted variable is continuous, probabilities for an event X can be found by using:

Fix) = Pr{X sx]= }-——L—e-%"%ﬁ
; ’.‘[2—50

This integral is rather complicated to compute. Fortunately, any statistics manual contains of table of

'~ cumulative probability values for the normal distribution (39).

For purposes of this economic model, we shall consider only those events which occur within 3 standard
deviations of the mean, that is: -3.00 s z s +3.00. This region of the normal distribution includes 99.73 N
percent of all possible events. '

3432 Simulation of EUAC Results

To simuiate the uncertainty in possible results of an EUAC calculation, the region betwcen z = *3 has
been divided into 25 intervals. Each inteival represents 4 pércent of the total area under the normal
probability curve. These intervals are éssenﬁally the Oth, 4th, 8th, etc. percentile of possible outcomes, The

z value for the endpoint of each interval is computed, and converted into a value of service life and interest

| rate. For example, the Oth percentile is equivalent to a z value of -3.00, the 4th percentile is equivalent toa

z value of -1.76, etc. These possible values of service life and interest rate are arranged in an atray of possible
outcomes. There are 625 possible outcomes (25 x 25 = 625), each of which has a unique value of service life
and interest rate. The EUAC for each possible outcome is computed, and various statistics (mean, standard
deviation, high, and low) are computed based on these outcomes.

The user must be aware that there is no one correct answer to the EUAC comparison of alternatives.

Tt is expected that the actual EUAC of a particular alternative will range between the high and low values as
determined by the computer simulation. This range of possible outcomes must be considered in the
comparison of possible alternatives.

3.44. Computer Spreadsheet for EUAC Comparison _

A computer spreadsheet has been developed to simplify the calculations of EUAC for various bridge
alternatives. In addition, this spreadsheet has been designed to atiow the user to simulate the effect of various
service lives and nominal interest rates on the EUAC of these alternatives. The EUAC spreadsheet (developed
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in Lotus 123 Release 2.3 (42)) is presented in Fig. 3.11. A brief genéral explanation of the use of a
microcomputer spreadsheet is provided in Sec. 3.1.34. '
If the user does not wish to utilize the simulation feature of the computer spreadsheet, simply enter a

standard deviation of 0.00 for the service life (N or N”) and interest rate (1 or I'). In this case, the spreadsheet -

will only perform one iteration using the mean values of the service life and nominal interest rate. The output
for the mean, standard deviation, high and low values of the EUAC will be equal to the EUAC of the

particular alternative.
34.5. EUAC Example

'To assist the reader in understanding the comparison of EUAC alternatives, a detailed example will be
solved. This example will utilize hand solution techniques, but the use of the computer spreadsheet will be

discussed where applicable. In the case of a computer simulation for EUAC, only one possible outcome will

be analyzed by hand; the analysis pfocedure for other possible outcomes is similar,

The data required for the economic comparison of the alternatives can be acquired from several sources, -

such as: contractor estimates, historical price records, and the database of cost information presented in Sec.
3.7. It should be noted that, although this example problem is written for a rehabilitation project, the analysis
j)rocedure works equally well for'bn'dge strengthening projects. The spreadsheet input and output for this
example is shown in Fig. 3.11. For the repiaocmént alternative, the following assumptions are made:
¢ Replacement structure first cost, R = $60,000 (Input A) .
Net salvage vglué of existing structure, B = -$5000 (Iﬁput B)
Net salvage value of replacement structure, S = $3000 (Input C)
Annual maint. cost of replacement option, C,. = $4000 (Input D)
Service life of replacement structure, N = 40 years (Input E and F)
Single future expenditure, F; = $20,000 (Input G)
Year of future disbursement, n; = 20 (Input H)
® Nominal interest rate, I = 6.009% (InputI and J)

Assumptions for the rehabilitation alternative are as follows:

® Initial cost of rehabilitation, D = $30,000 (Input K) -

® Annual maintenance cost of rehabilitation alternative, C,, = $5000 (InpntL)

® Remaining life of existing structure, N’ = 25 years (Input M and N)

¢ Single future expenditure, F; = $20,000 (Input O)

@ Year of future disbursement, h, = 15 (Input P)

e Nominal interest rate, I = 6.00% (Input Q and R)

To compute the EUAC of the replacement alternatives, Eqn. 1 should be used. For this example,

[%123‘ = 0.0665 %122,‘ = 0.00646 [-;];;‘ = 0.3118
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Cost-Effective Comparison of Alternatives

Press <ALT> A atany time to update the iterative module!

Replacement Alternative Input:

Replacement Structure First Cost, R = - A
Net Salva'ge.Value of EXISTING Structure, B = ‘ B
Net Salvage Value of REPLACEMENT Structure, § = c
Annual Maintenance Cost of New Structure, Car = per year D
Service Life of Replacement Structure: .

Mean value = years E

| Standard deviation = [ Q) years F

Single Future Expenditure, Fj = - ' G
Year of Future Expense (current year = 0), Nj= | H
Interest Rate; It _

Mean value = }

Standard deviation = J

EUAC of Replacement Alternative:

Mean value of EUAC = $8,715

Std. Dev. of EUAC = $0

High value of EUAC = $8,715

Low vaiue of EUAC = ” $8,715

Note: Numerical value in parenthesis for input B indicates negative number.

Fig. 3.11. Economic analysis spreadsheet, input porometers, and
example problem. '
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Rehabilitation/Strengthening Alternative Input:

Initial Rehabilitation/Strengthening Cost, D =
Annual Maintenance Cost After Rehah/Stren, Cas =

Remaining Service Life of Existing Structure, N':

Meanvalue = [ 2™

Standard deviation = (" 0] N
Singte Future Expenditure, F'j =
Year of Future Expenditure (current = 0), N'j =

Interest Rate, {;

Mean value = Q

Standard deviation = R
EUAC of Rehab/Strengthening Alternative:

Mean value of EUAC = $8,000

Std. Dev. of EUAC = $0

High value of EUAC = $8,000

Low vaiue of EUAC = $8,000

Fig. 3.11. Continued.

K
[__$5.000]peryear L

[$20,000] o
5] p
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When these factors are included in Eqn. 1, the EUAC of the replacement alternative can be computed

EUAC, = 0.0665[60,000-(-5000)] - 0.00846(3000}+ 4000 + 0.0665[20,000(0.3118)] = $8717
The EUAC for the rehabilitation/strengthening model can be computed from Eqn. 3. In this em.mple,

[%}2‘ = 0.0782 [%]f;‘ =0.4173

When these factors are inserted into the Eqn. 3, the EUAC, can be computed as:
EUAC, = 0.0782(30,000) + 5000+ 0.0782{20,000(0.04173)] = $7999

For the above example, the EUAC of the replacement alternative was slightly more than the EUAC of
the strengthening alternative. Thus, mmideﬁng only EUAC’, one would seiect the
rehabilitation/strengthening alternative.

The user must be aware that the actual difference between the two alternatives may be less than the
error in estimation of one or more of the terms in the equations. Sound engineering judgement must be used
in the interpretation of the resuls.

35. Strengthening Techniques for Steel Stringer Bridges (FHWA 302)
35.1. Replacement of Damaged Stringers
A bridge's load carrying capacity can be increased by replacing damaged or deteriorating stringers. It
may not be necessary 10 remove the deck even if the deck and stringers are partially or fully composite. A
procedure for such a replacement is described in the NCHRP 222 report (84). Traffic should be detoured to
allow jacking of the bridge to provide clearance between the beam and the end suppbﬂs. The web of the
_damaged beam should then be cut at the junction of the top flange and web (see Fig. 3.12). The exposed face
of the flange, which remains in the concrete, needs to be ground flat. The widih of the top flange of the
replacement beam should be slightly less than that of the oﬁginal beam to facilitate field weiding. Using
continuous fillet welds, the new steel beam is connected to the top flange of the original beam. If required,
cover plates can be welded (preferably, shop welded rather than field welded) to the bottom flange of the new
stringer prior 10 ficld installations to lower the neutral axis thus reducing lower‘ﬂange stresses. In situations
where it is necessary 10 replace a non-composite stringer with a compeosite stringer, the previously described
procedure is not applicable. In these situations, a steel stiinger can be added and made to act compositely with
the concrete deck without removing a portion of the deck by coring through the existing deck and adding shear
‘connectors. Pressure grouting through either the cored holes in the deék or from below can be used to fill the
voids beiween the deck and stringers.
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The Iowa DOT V9, V11 and V13 standards for steel stringer bridges specified smaller, lower capacity
exterior stringers than those used for the interior stringers. Replacement of these external stringers with
stringers the same size as the internal stringers (or slightly larger) can provide additional strength for the
existing bridge. However, more cost effective procedures for strengthening these bridges will be presented in
the following sections. '

35.2. Respacing Bxisting Stringers and Adding New Stringers
3521 Background

‘Generally, the respacing of existing stringers and adding new stringers (henceforth referred to as respace
and add) is implcmeméd- to incfease the flexural strength of the bridge by reducing the si:écing between the
stringers. For most applications, removal of the existing deck is required. In these cases, the live load capacity
of the bridge can be further increased by replacing the original deck with a lightweight deck. In some cases,
the additional smngers can be added to allow for widening of the original bridge, assuming the original
abutments/piers are of sufficient width, In the respace and add procedure, it is important to consider the two
items: 1) to minimize differentiai deflection between the new suingem and the existing stringers, and 10 ensure
all stringers carry similar loads, the new stringers should have stiffnesses (L.e. moment of inertias) similar to the

“existing stringers, 2) analysis of bridges with nonuniformstringer spacing most likely will require more involved
- analysis, such as finite element analysis, thus stringer spacing should be kept uniform if at all possible.

The evaluation procedure required for strehgthening steel stringer bridges using the respace and add
method is described in the following paragraphs. The procedure has been simplified by using a computer
spreadsheet. The following example problem (Sec. 3.5.2.5) has been solved by using hand calculations and by

- using the computer spreadsheet dcveloped
3522 Des:gn Criteria

Towa agenczes must currendy oonform 1o the AASHTO Standard Specifications for Highway Bridges (2).

'I’he procedure presented in this section, as well as following sections, is based on these specifications.

3,12,3. Design Limitations

The bridge strengthening evaluation only investigates the bridge superstructure. Although not included
"in this manual, the substructure should also be investigated before any rehabilitation is undertaken. The

substructure should be inspected for signs of scour, decay and damage. If the load carrying capacity of the
superstructure is increased, the capacity of the substructure should be reviewed to determine if it is
adequate for the increased loading; in some situations, the substructure may also require rehabilitation. As
2 minimum, the following items associated with the substructure should be reviewed:

e Pile axial Joad capacity,

. Bent/pier capacity for overturning forces, and

. Capacity of abutments, bents and piers.
The following limitations apply o steel stringer bridges evaiuated by the procedure which follows:
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All stringers are assumed to have similar material and section properties.
The superstructure has no or minimal skew. '

The deck section and material properties are homogéneous.

Bridge stringers are assumed to be simply supported.

3.5.2.4. Design Procedure

L

Determine the allowable and operating steel stress levels, (G and H in the spreadsheet)
Fretiucnt}y, bridge plans documenting the type of steel in the stringers can not be found. In these
cases, the Jowa DOT recommends allowable and operating steel stress levels based on the year
the bridge was constructed (see Table 3.3).

Table 3.3. Iowa DOT steel stresses based on the year the bridge was constructed.

2,

Year .. Allowable Stress (G) Epemﬁng Stress. (H)
Constructed (ksi) ] (isi)
Before 1905 | 14.30 N 19.50
1906 to 1936 o 16.50 | 22.50
1937 to 1962 18.15 2475 |
1963 10 1999 - 20,00 | 27.00 |

Determine the moment capacity of the interior stringers. (I) This evaluation determines the
moment capacity of the interior stringers based on the allowable stresses in Table 3.3 and the

section modulus of the interior stringers.

Stringer Moment Capacity = Section Modulus x Allowable Stress

M oty = Sodutur * Yat

Determine the dead Joad moment capacity of the superstructure. (J) Dead load includes all
permanent loads associated with the superstructare and roadwa)}, including stringers, diaphragms,
deck, wearing surface, fill on gravel roads, raitings, sidewalks, barriers, lighting, utility lines carried
by the superstructure, etc. The dead load bending moment a typical interior stringér must
support based on beam theory is: .

Applied Dead Load Moment = (Uniform Dead Load x Bridge Length?)/8

My, = {0y x .L?)[a

Determine the iive load moment capacity of the superstructare. (K) The live load the bridge must
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withstand is based on Iowa legal truck Joads. The live load moment capacity of the bridge is the
difference between the stringer moment capacity and the applied dead Joad moment.
Live Load Moment Capacity = |
Stringer Moment Capacity - Applied Dead Load Moment

My capacity = Meapacy = Mpr

5.  Determine the AASHTO live boad distribution factor, (L & M) As previously noted, bridge loads
must be appropriately distributed to a single longitudinal stringer for analysis. AASHTO wheel
load distribution factors for stringers are based on the number of traffic lanes, deck materiat and
stringer spacing, (See Table 3,23.1 in AASHTO.) Since timber plank and concrete decks are the
‘prevalent types of decks on the deficient bridges identified in the Iowa SI&A survey, they were
both considered in the evaluation spreadsheet. AASHTO wheel load distribution factors for steel
stringers are given in Table 3.4. |

Table 3.4. AASHTO wheel! load distribution factors - steel stringers.

Deck Type _ One Lane (M) Two Lane (L) l

‘Timber Plank  S/4.5 for 4 in, deck (1)  S/4.0for 4 in. deck (2)
§/5.25 for 6 in. deck ,
Ooncrete | S0 0) . sss@) I

§ = average stringer spacing in ft.

(1) If the spacmg, S, exceeds 3.5 ft, use the reaction of the wheel loads.
(2) If the spacing, S, exceeds 7.0 ft, use the reaction of the wheet loads.
(3) If the spacing, S, exceeds 10.0 ft, use the reaction of the wheel loads.
(4) If the spacing, S, exceeds 14.0 ft, use the reaction of the wheel loads.

6  Determine the AASHTO impact factor. (N) Impact factors account for the fact that loads are not
" applied statically. AASHTO impact is a fraction of the live load stress. (See Section 3.8.2 of
‘AASHTO). :
Impact = 50/(Bridge Length (ft) + 125)
I=50/(L + 125)
This calculated value shall not exceed 30 percent.

7.  Determine the maximum truck Joad moment by hand cakulations or from applicable tables. (O)
The truck live loads moments including impact are determined by:
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MM‘.:‘ ‘:MMxIxszist-u

where: :

® Mo, = live load moments with impact factor (in units of foot-kips per wheel line). See
Appendix B for Iowa truck live load moments. '

¢ 2 is for 2 wheel lines

e Disty; = live load distribution factor.

8. Determine Jowa DOT legal truck Joad posting values from the operating rating. (P) The live load
demand (based on the opérating stress) is compared with the live load moment capacity to
determine if the bridge requires posting. (See Appendik A for truck weights.)

Operating Rating = (Miz apusy/Mis semuna) X Truck Weight
The maximum operating rating loads for which a bridge can be posted are presented in Table 3.5.

Table 3.5. Maximum operating rating loads,

Truck Maximum Load
| (Tons)
Type 3 R 250 |
§| Type 352(a) - 36.5 '
Type 352(b) 400
Type 4 ' 275 f
Type 353 w00 |
| B_'I‘ypc'3-3 40.0 “

9. Determine the HS inventotytaﬁng(ﬁ:rminahulaﬂngtheﬂ&AmMncymﬁng)- (Q) The
inventory rating used in the appraisal sheet can ako be calculated to determine the effect of the
proposed strengthening method on the SI&A. suﬁcxency rating. The inventory rating differs from
the operating rating only by the stress used. The NBI coding guide (25) provides the factors
included in the SI&A sufficiency rating. Briefly stated, the sufficiency rating = S1 + S2 + S3 +
S4. The 51 factor refers to the structural adequacy and safety; S2 to serviceability and functional
obsolescence; $3 to essentially for the public use; and S4 to special reductions which include
detour length, traffic safety features and structure type. Each of these four factors is a function
of coded jtems included on the appraisal sheet. |



105

. 3.5.2.5. Evaluation of Existing Stringers Example
The following steel stringer evaluation is performed for a 20 fi wide and 20 ft long non-composite steel

stringer bridge. The bndge has five strmgers spaced at 3.8 ft. This exampie follows the procedure outlined

in the previous section. Input, as weil as the majority of the caiculated intermediate values Ih'ave been identified
by letters shown next to the spreadsheet cells (vear built (A); length (B); etc.). The spreadsheet input and
~ output (highlighted on the spreadsheet) for this example is shown in Fig, 3.13.

N

Determine the allowable and operating steel stress Jevels. The example bridge (20 ft long (B))
was built in 1955 (A). Therefore, as presented in Table 3.3, the allowable steel inventory stress
is 18,150 psi (G} and the opcraunglposung stress 1s 24, 750 psi (E).

Determine the moment capacity of the interlor stringers. The stringers in this cxample are steel
$15x50 sections with a section modulus of 64.8 in® (D). .
Stringer Inventory Moment Capacity =

(ﬁ;am'j;) x (1815 ki) = 9801 -k ()

Stringer Operating Moment Capacity =

(%3 m"-[';: ]1 (24.75 ksi) = 133.65 ﬁ—k 0

Determine the dead load moment capacity of the snpemrnctme.‘ The weight of the stringers,
deck, wearing surface and barrier is assumed 10 be 0.4 kIf. The applied bendmg moment on a

typical mternai smnger is:

My = (05 x L3)f8

_ Applied Dead Load Moment =

WL N TSPy 0

Determine the live Joad moment capacity of the superstructure.

Mys copactry = Moapaciey = My

Inventoty Live Load Moment Capacity = 9801 - 200 = 7801 fik  (K)
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INPUT

YEAR BUILT

ISECTION MODULUS (INCH ~3)

DEAD LOAD (KLF)

FLOOR TYPE FROM BELOW
1 = 4 THICK TIMBER
2 = ¢' OR MORE THICK TIMBER

TMOoOOo>

ISTEEL STRINGER EVALUATION SPREADSHEET

INTERMEDIATE VALUES

= 1618] &
OPERATING STRESS (KS|) 24.75] H
OMENT CAPACITY (KIP-ET) INVENTORY| OPERATING
OTAL STRUCTURE 96.01 133.65! |
DEAD LOAD 20,00 20,00] J
VE LOAD 78.01 "113.65] K
hve LOAD DISTRIBUTION FACTORS
: 0O LANES OR MORE 0.6908| L
ELANE 0.5429| M
EETPACT FACTOR I 13| N
LIVE LOAD + IMPACT MOMENT O
[T2LANES | JLANE
830 143.71 112,91
TYPE 3 123.67 9717
TYPE.352(a) 112.77 88,61}
TYPE 352(h) 123.67 97.17
TYPE 4 138.32 108.68
TYPE 383 128,32 108.68
TYPE 3-3 102.28 80.36
BHRIDGE LOAD IN TONS P
TRUCK T 2TANES 1LANE _[MAXLOAD|
jHsz0 15.82] 2013 20.60
TYPE 3 B 22.97 29.24] 25.00
TYPE 352(a) 36,78 32.07 36.50
TYPE 352(b) 86,76 29.24 40.00
TYPE & 22.39 26.14 27.25
TYPE 3S3 32.87 26.14 40,00
TYPE 3-3 44,45 35,35 40.00
MAX S, & A. FATING Q ]
TRUCK 2LANES 1LANE |
526 10.86 13,62 ;
BEST 8.1 & A. SUFFICENCY RATING 64,98 70,98

Fig. 3.13. Spreadsheet for steel beam replacement example.

R

e
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Operating Live Load Moment Capacity = 133.65 - 200 = 113.65 ik (K)

5  Determine the AASHTO live Joad distribution factor. ‘The deck in this example is reinforced

concrete with two lanes of traffic.

L.L. Distribution Factor = -3-%'3 = 06909 ()

6.  Determine the AASHTO impact factor. The bridge length is 20 ft.

I = 50/(L + 125)

1= 50/(20 + 125) = 34% >30% (N

This calculated impact is greater than the 30 percent limit; therefore, 30 percent impact controls.

7. Determine the maximnmtmcklnhdmomcntbyhandmk:uhﬁona or from applknblb. tables. See
Appendix B for the truck live load moments. '

M, =M xIx2xDist, (0 -

HS20: 104.0 fi-k x 2 x 06909 = 143.71 fi-k

Type 3: 89.5 fik x 2x 06909 = 123.67 f-k

Type 352(A): 8L6 fi-k x 2 x 0.6909 = 112.77 f-k
Type 352(B): 89.5 f-k x 2 x 0.6909 = 123.67 ft-k
Type 4: 100.1 fi-k x 2 x 0.6909 = 13832 fi-k
Type 353: 1001 fi-k x 2 x 0.6%09 = 138.32 fi-k
Type 3-3: 74.0 ft-k x 2 x 0.6909 = 102.28 fi-k

e & & & & & &

8.  Determine the Iowa DOT kegal truck load posting valucs from the operating rating. The five load
demand (based on the operating stress) is compared with the live load capacity to determine the
load values for posting. (See Table 3.5 for the maximum truck weights and Appendix A for truck
configurations.) '

Operating Rating = {M,; WMH_ demand X Truck Weight fy]

. Type 3: (113.65 f1-k/123.67 ft-k) x 25 ton = 22.97 ton < 25 lon
o Type3S2(A): (113.65 ft-k/112.77 fi-k) x 36.5 ton = 36.77 ton > 36.5 ton
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Type 352(B): (113.65 f-k/123.67 ft-k) x 40 ton = 36.76 ton < 40 ton

Type 4: (113.6 ft-k/138.3 fi-k) x 27.25 ton = 22.39 ton < 27.5 ton

Type 383 (113.6 fi-k/138.3 ft-k) x 40 ton = 32.85 ton < 40 ton

Type 3-3: (113.6 ft-k/102.3 ft-k) x 40 ton = 44.43 ton > 40 ton

‘.

Required posting for this bridge would be a combination of the following Iowa legal truck types: Type
3 at 23 tons, Type 352(B) at 36 tons, Type 4 at 22 tons and Type 383 at 32 tons, as is shown in the
output section of Fig. 3.13. The Iowa DOT guidelines for posting non-interstate highways state the
postéd load limit for a straight truck (see Appendix A for truck configurations) may be based on the
Type 4 vehicle. The poste& load limit for the semi-trailer combination and the truck plus full trailer
may be based upon, respectively, the Type 353 and Type 3-3 vehicles. Other suitable posting schemes,
including those utilizing a triple axle limit sign, may be used in licu of the described method when
appropriate. The posted load limit for the triple axle, if such posting is used, shall be based upon the
load rating for the Type 4 and Type 383 vehicles. The maximum posting weight for the triple axle is
21 tons.

Determine the HS foventory rating (for use in cakulating the SA&I sufficiency rating).
HS20 Invenrory Rating (tons) = :

Inventory live load moment capacity
( Truck live load + impact moment )x(Wezght of truck)

_(78.01 :
(-—-ﬁ-—‘ 801 ﬁ_k) x(20ton) = 1086 ton  (Q)

[R—

e -

‘The NBI coding guide outlines in detail the factors included in the SI&A sufficiency rating. For
comparison purposes, a sufficiency rating could be obtained for this bridge if all factors exoep: the HS truck
loadings are assumed to be "perfect”s

* Ad;uswd inventory tonnage (AIT) for this HS20 truck =

1.00 x 10.86 = 1086 | '
® I=(36-AIT)S x 02778 = (36 - 1086)”1:.2778 3501
¢ SI=55-(A+B+C+D+E+F+G+H+]
(Assume no reductions for A through I-L)
SI = 55 -35.02 = 19.98
& Sufficiency rating = S1 + $2 + $3 + $4
(Assume 52, 53, and 54 are "perfect”)
Sufficiency rating = 19.98 + 30 + 15 = 64.98.

[ —
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Note that it is highly unlikely that "perfect” factors actually exist. Therefore, this is a hypothetical SI&A
sufficiency rating for this bridge.
35.2.6. Respace and Add Stringer Example

To demonstrate how respacing and adding stringers increases a given bridge’s capacity, the same bridge
is re-evaluated with several different stringer spacings (and number of stringers). Shown in Fig. 3.14 is the
original stringer spacing (Fig. 3.14a) and three additional cases that were investigated (Fig. 3.14b, ¢ and d).
Note in this example, two assumptions were made: '

e Added stringers are the same size as the stringers in the original bridge.

e Exterior stringers are kept in their originallocation (i.e., the distance between exterior stringers is 15.2
ft). If the supports are of adequate width, in some instances, it may be desireable to reposition the
exterior stringers also. '

By adding one stringer and rcducmg the spacing between stringers from 3. 8 ft (Case I) to 3.04 ft (Case II) the
given bridge no longer requires posting. By changing the spacing and using seven stringers (Case III} or nine
stringers (Case IV) the given bridge also would not require posﬁng. One advantage to Case IV (nine stringers)
is that the original five stringers would not have to be moved and the #dded four stringers could be placed .
midway between the originat stringers. Also there would be a significant improvement in the SI & A sufficiency
rating. |

As was previously noted, the bridge with the original stringer spacing (Case I) had an SI&A sufficiency

rating of 64.98. ' By adding stringers.and thus reducing stringer spacings, the SI&A sufficiency rating improves
by 85 percent, 16.5 percent and 30.8 percent for Cases II, IlI and IV respectively.

3.5.3. Increase Section Modulus
35.3.1. Background

Stringer section modulius may be increased by the attachment of coverplates, angles, or tee sections thus
increasing the load carrying capacity of the bridge. The added material must be bolted (preferred) or welded
to the existing stringers so that it acts compositely with the original stringém. Appropriate manuals should be
referenced for welding criteria. The main advantage of this strengthening technique is that it is easily
implemenied when compared to several of the other strengthéning methods. Often county méintenance crews -
and equipment can be used to attach the additional steel.

To optimize the benefits of this procedure, the original member should be jacked up pridr to attaching
the new steel; appropriate traffic coxit_rol needs 0 be established during this procedure. The ojective of jacking
the member is to relieve dead load stresses. Once the additionalsteel is connected and the member is released
from the jacked position, the strengthened member will carry a portion of the dead load stresses. as well as the
live load stresses. If it is not practical to relieve dead load from the member (that is, it is not possible to jack
the member) live load stresses will still be reduced by this method.

The lowa DOT has implementied this procedure by attaching angles to the web of existing steel sections

(36). One concern with this procedure is that maintenance becomes increasingly difficult as the distance
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“TITITITII

2.4 8 SPA @ 1.9' = 15.2¢' _{

— -
d. Modification Ill (Case V: 9 stringers)

Fig. 3.14. Example bridge: reduction of stringer spacing.
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between the angle and the lower flange of the stringers decreases. Possible corrosion from improper
‘maintenance of this region could cause considerable damage. If clearance under the bridge is not a limiting
factor, T-sections can be attached to the bottom of the existing stringer (see Fig. 3.15). This solution has the
advantage that diaphragms between stringers need not be modified as would be necessary when attaching
angles directly to the web, ‘
3.5.3.2. Increased Section Modulus Example

The inadequate steel stringer bridge used in the first exampie is reanalyzed considering an increased
section modulus. The original bridge contained $15x50 stringers (section modulus equal to 64.8 in*) If2
L2x2%0.25 are used to attach a WT5x6 to the original stringers, a section modulus of 138.83 in? is achieved @®).
The spreadsheet in Fig. 3.16 shows the evaluation of this strengthened bridge. This solution also increased the
strength of the bridge so that posting is not required. Note also by adding the additional steel to each stringer,
the SI&A sufficiency rating increased slightly more than 41 percent (from 64.98 to 91.78) (Q).

35.4. Develop Composite Action

Developing composite action between the stringers and deck is another way to strengthen a
noncomposite bridge. By having the deck act compositely with the stringer, an increased moment of inertia
(or section modulus) is obtained. The increased section modulus, as previously discussed, increases the
bridge’s flexural strength and reduces live load stresses.

This procedure may be useful for those bridges which currently are considered only partially composite
and are inadequate for today’s increased aliowable live loads. The current AASHTO maﬁual gives ultimate
streagth equations for welded studs and channeis, Strength of older shear connectors can be found in older
AASHTO specifications and Refs. 15 and 36. Klaiber et. aL. (37), Dallam (19,20) and Dedic et. al. (21) have
shown that the strength and stiffness of high-strength bolts is comparable to that of welded shear studs.
Therefore, the existing AASHTO ultimate strength formulas for welded stud connectors can be used
conservatively to estimate the ultimate capacity of high-strength bolts.

According to the current AASHTO manual, shear conﬂecmrs in new bridges should be designed for
fatigue and checked for ultimate strength. In older bridges, hoévever, the remaining fatigue life of the bridge
will be considerably less than that of the new shear connectors; thus it is only necessary to design the new shear
connectors for ultimate strength, If an existing composite bridge requires additional shear connectors, new

. shear connectors can be added even though they are not the same as the original connectors. Variation in the
stiffness of the new shear connectors and original shear connectors will have essentially no effect on the
bridge's elastic behavior and minimal effect on the ultimate strength, ‘

Although concrete decks are most commonly considered for this method, composite action can be
developed for various types of decks including precast concrete, cast in place concrete, laminated timber and
steel grid decks filled with concrete.
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STEEL STRINGER EVALUATION SPREADSHEET
INPUT

YEAR BUILT
BRIDGE LENGTH (FEET)
- §BEAM SPACING {FEET) ‘
ECTION MODULLIS INCH~3)
DEAD LOAD (KLF)
FLOOR TYPE FROM BELOW
_ 1= 4 THICKTIMBER
2 = 6 OR MORE THICK TIMBER
3 = CONCRETE

o P ey e —
INTERMEDIATE VALUES
I "36.15
OPERATING STRESS (KS) 24.75
OMENT GAPACITY {KIP-FT) INVENTORY | OPERATING
OTAL STRUGTURE 200.94 286.28
DEAD LOAD 20.00 20.00
ELOAD 188,94 266,28
E LOAD DISTRIBUTION FACTORS
OLANES OR MORE 0.6909
NELANE 0.5459
WMPACT FACTOR I 13
LIVE LOAD + IMPACT MOMENT
' 2 LANES TLANE
820 143.71 112.91
E3 123,67 9747
E 352(a) 112.77 88.61
PE 3S2(b) 123.67 9717
£4 138,32 106.68
PE 353 138.32 108.68
DYpPE3.3 102.28 80,36
- BRIDGE LOAD IN TONS
TRUCK 2 LANES 1 LANE TMAX LOAD
520 , 37.06 47.16 20.00
ITYPE 3 , £3.83 68,51 25,00
TYPE 352(a) . : 86,18 75.13 36.50
TYPE 352(b) 86,12 68,51 40.00
ITYPE 4 ' 52.46 61,25 27.25
TYPE 353 77.00 61.25| - 40.00
TYPE 3.3 104,13 82 83 4Q.00
MAX S.1. & A RATING Q
TRUCK ' . ? LANES 1LANE |
$20 » 26.43 3364
REST S.4. & A. SUFFICENCY RATING 91,78 98.99

Fig. 3.16. Spreadsheet for increased section modulus example.
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355. Deck Replacement ,

One simple procedure for increasing a bridge’s live load capacity is to decrease its dead load. This
method is especially efficient for bridges with poor decks which need feplacing. Dead load can further be
reduced by replacing the existing guardrail system with a lighter weight guardrail. This technique is also useful
when used in combination with other strengthening methods such as increaéing stringer section modulus and
respacing. Lightweight deck types and weights are shown in Table 3.6. ‘

Table 3.6. Lightweight deck types.

[ Lightweight Deck Type

ig
Open Grid Steel D;ck
Concrete Filled Steel Grid Deck © 46-81
I Exodermic Deck ' 40-60 - H
Laminated Timber Deck | 10 |
Aluminum Orthotropic Plate Deck 20-25 - "
Orthotropic Steel Deck ' 45-130 l!

. ‘00‘20_____]]

Design criteria (such as distribution factors, corrosion protection, etc.) varies with the various lightweight decks
and thus must be appropriately taken into account. Costs can vary from $9 per square ft to $35 per square
ft. A design procedure and design aids which compare various lightweight deck alternatives, span Icngths and
increases in live load capacity are provided in the NCHRP 293 report (36).

3.5.6. Post-Tensioning
3.5.6.1. Background
Longitudinal post-tensioning of steel s:rmgers is another procedure for increasing the load mnymg

capacity of steel stringer bridges. Post-tensioning can easily modify the elastic stresses within a given bridge
and, therefore, satisfy rating criteria for service loads. A large number of Iowa'steel-stringer composite
concrete deck bridges designed and constructed prior to 1957 are understrength because of excessive flexural
stresses in the exterior stringers. ﬁﬁdge design standards used during that time period permitted éxtetior
stringers to be designed for a wheel-load fraction considerably smaller than the fraction for interior stringers.
Current design standards have increased the wheel-oad-distribution fraction for exterior stringers for this
bridge type by as much as 40 percent in some situations. This ir addition to significantly increased in state legal

g Lightweight Concrete

loads have caused the overstress problems.
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Thmugh' research sponsored by the Iowa DOT Highway Division (22,23,35,38), ISU.has. developed a
design manual for use in designing post-tensioning systems . for the bridges in question. For the design
procedure developing a post-tensioning strengthening system for a given bridge, the reader is referred to p 24,
Sec. 3.4 of Ref. 24. Iii reviewing the post-tensioning strengthening scheme one quickly realizes the most time
consuming part of the process is determining the moment fractions (MF) and force fractions (FF). As the
strengthening scheme presented in Ref. 24 only requires the post-tensioning of the exterior stringers, one needs
10 know the magnitude of the post-tensioning moment and post-tensioning force that remains on the exterior
stringers and which is distributed to the interior stringers.
3.5.6.2. Post-tensioning example

Shownin Fig. 3.17is a spreadsheet which may be used for determining the FF and MF fora four-stringer
bridge. As the actual procedure has been detailed in Ref. 24, only the required input will be presented in the
following paragraphs:

Input A:  Length of bridge between centerlines of bearing, ft

InputB:  Distance betwéen stringers, fi '

"Input C:  Distance from edge of bridge to centerline of exterjor stringer, ft

Input D: © Dead load on exterior stringer, kif A '
Input E: Dead load on interior stringer, kIf
InputF:  Long-term dead load on exterior stringer, KIf
Input G:  Long-term dead load on interior stringer, kif
InputH:  Distance from centerline of bearing to coverplate cutoff for exterior stringer, ft
InputL: Distance from centerline of bearing to coverplate cutoff for interior stringer, ft
Input J. Distance from centerline of bearing to anchorage-Assumption 1, ft
Input K:  Distance from centerline of bearing to anchorage-Assumption Z, ft
InputL: Bridge deck thickness, in.
Input M:  Area of exterior stringer, in2
InpmtN:  Distance from thé bottom of the exterior stringer to the centroid of the exterior stringer,

in. :
Input O:  Moment of inertia of exterior stringer, in.*
Inpui P:  Width of coverplate on exterior stringer, in.
Input Q:  Thickness of covérp;ate on exterior strihger, in.
InputR:  Width of Part 1 of the curb, in.
“InputS:  Height of Part 1 of the curb, in.

Input T:  Width of Part 2 of the curb, in.
InputU:  Height of Part 2 of the curb, in.
Input V:  Area of interior stringer, in?

Input W:  Distance from bottom of the exterior stringer to the centroid of the interior stringer, in.
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Spreadsheet for determining force fractions
moment fractions.
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44

45

IMPACT FACTOR

46

COMPUTED EXT BEAM LOAD FRACTION

47

AASHTO EXT BEAM LOAD FRACTION

81

LIVE + IMPACT LOAD MOMENT

S Fig. 3

.17. Continued.

48 [EXTERIOR LOAD FRACTION USED
49 [INTERIOR LOAD FRACTION
50
51[MIDSPAN - EXTERIOR BEAM  y =
52| DEAD LOAD MOMENT
53] LONG TERM D.L. MOMENT
54) HS20 TRUCK LOAD MOMENT GG
55] LIVE + IMPACT LOAD MOMENT
56 [MIDSPAN - INTERIOR BEAM y =
57} DEAD LOAD MOMENT

58] 1.ONG TERM D.L. MOMENT
59| HS20 TRUCK LOAD MOMENT
60| LIVE + IMPACT LOAD MOMENT
61 |COVERPLATE CUTOFF - EXT BEAM y =
62] DEAD LOAD MOMENT
63] LONG TERM D.L. MOMENT
64| HS20 TRUCK LOAD MOMENT
85/ LIVE + IMPACT LOAD MOMENT
66 [COVERPLATE CUTOFF - INTBEAM y =
67| DEAD LOAD MOMENT
68 LONG TERM D.L. MOMENT
69} HS20 TRUCK LOAD MOMENT
70} LIVE + IMPACT LOAD MOMENT
71 [ANCHORAGE - EXT BEAM y=
72| DEAD LOAD MOMENT
73| LONG TERM D.L. MOMENT
74| HS20 TRUCK LOAD MOMENT
75 LIVE + IMPACT LOAD MOMENT
76 IANCHORAGE - EXT BEAM y =
77| DEAD LOAD MOMENT
78] LONG TERM D.L. MOMENT
79 HS20 TRUCK LOAD MOMENT
80
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SECTION PROPERTIES

82 .
83 EXTERIOR BM FLANGE WIDTH
84| - .
85!l BASIC QUANTITIES
86 ITEM AREA
87 :
88 BEAM
89 COVERPLATE
a0 DECK n=
91 DECK n=
92 CURB 1 n=
93 CURB 1 n=
94 CURB 2 n=
95 CURB 2 n=
96 :
97! CENTROID ELEVATIONS AND MOMENT OF INERTIA
98 DESCRIPTION
99
100 STEEL BEAM
101 STEEL BEAM WITH COVERPLATE
102 COMPOS BM, DECK AND CURB n=
103 COMPOS BM, DECK, CURB & COVRPLn=
104 COMPOS BM, DECK AND CURB n=
105 COMPOS BM, DECK, CURB & COVRPLn=
106 :
107
108 INTERIOR BM FLANGE WIDTH
109 :
110 BASIC QUANTITIES
111 ITEM - AREA
112 :
113 BEAM
114 COVERPLATE _
115 DECK n =
116 DECK n=
117 _ ‘
118] CENTROID ELEVATIONS AND MOMENT OF INERTIA
119 DESCRIPTION E
120
121 STEEL BEAM L »
122 STEEL BEAM WITH COVERPLATE
123 COMPOS BM AND DECK n=
124 COMPOS BM, DECK & COVRPL n=
125 COMPOS BM AND DECK n=
126 COMPOS BM, DECK & COVRPL n=
127
128 ‘
129 |COMPOSITE ELEVATION AND MOMENT OF INERTIA W/R/
130 n= z
131
132 |COVERPLATES ON ALL BEAMS

133

COVERPL ON INT BEAM ONLY

134

NC COVERPL

135

136

Fig. 3.17. Continued.
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138 |[POST TENSIONING DESIGN

139 |[EXTERIOR BEAM, MIDSPAN, COVERPLATE TENSION STR
140 LOAD BENDING §
i41

1421 DEAD

143]| LONG TERM DEAD

144] LIVE PLUS IMPACT

145 [l-m-.

1486 TOTAL

147

148 |/ALLOWABLE INVENTORY STRESS, ksi
149 |STRESS RELIEVED BY POST-TENSION
150

159 ‘ -

152 |JANCHORAGE LOCATION @ 0.07 L, in
153

154 IDISTRIBUTION FACTORS

155 i,in~3

156 j,in~3

157 THETA

158 AR

159 DECKT/S

160 IET

161

162 FF

163 MF

164

165} TOTAL FORCE REQUIRED, kips

166 FORCE PER EXTERIOR BEAM, kips

Fig. 3.17. Continued.
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Input X: Moment of inertia of interior stringer, in.*

Input Y:  Width of coverplate on interior stringer, in

Input Z:  Thickness of coverplate on interior stringer, in.

Input AA: Width of flange that may be taken as acting compositely with exterior stringer, in.

Input BB: Width of flange that may be taken as acting compositely with interior stringer, in.

Input CC: Bridge deck thickness, in. [Same as input L]

Input DD: Modular ratio of elasticity

Input EE:  Year in which bridge was constructed

Input FF:  Eccentricity of post-tension force measured from ncutral axis of bridge, in.
As previously noted, the spreadsheet was primarily developed to assist the designer in determining the
- MF's and FF's for a given post-tensioning strengthening system. However, review of Fig, 3.17 shows that

the total required post-tensioning force per exterior stringer is also provided. Note that this force is based on -

HS20-44 loading. No other Iowa legal loadings have been included in this spreadsheet. If the designer
determines that another loading is more critical than HS20-44, this moment may be included as Input GG and
the required post-tensioning force per exterior beam will be obtained. When loading other than HS20-44 is
critical, moments at other locations noted in the output must also be appropriatéiy modified.

The example probicm, worked in Ref. 24, has been solved (see Fig. 3.18) utilizing the spreadsheet
previously described. Note, the same MF and FF (except for the number of significant figures) were obtained

by the two procedures (spreadsheet in Fig. 3,17 and hand calculations used in Ref. 24). The required post- |

tensioning forces calculated are different as the force in Ref. 24 is based on the critical Iowa loading -whereas

the forces in the spreadsheet are based on HS20-44 Joading.

3.6. Strengthening Techniques for Timber Stringer Bridges (FHWA 702)

36.1. Respace Existing Stringers and Add New Timber Stringers
3611 Background
This method is analogous to the steel stringef method where a bridge's strength can be increased by
distributing load to additionalstringers. Unlike the situation with steel stringers, in some timber stringer cases
it may not be necessary 10 remove the deck for respacmg
An evaluation procedure for determining the effectiveness of the respace and add prooedure in timber
stringer bridges is developed in this section. In the following section, an example problem is presented to
fllustrate the spreadsheet developed for this method.
3.6.1.2. Design Criteria
The procedure outlined is based on the AASHTO Standard Specifications for Highway Bridges (2).
3.6.13. Design Limitations
This procedure evaluates the superstructure only. However, as is the case with all strengtheningschemes,
the increased strength in the superstructure should not exceed the capacity of the substructure. Not only must

Ot
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0.284
MPUTED EXT BEAM LOAD FRACTION 1.069
HTO EXT BEAM LOAD FRACTION 1.509
RICR LOAD FRACTION USED 1.509
INTERIOR LOAD FRACTION 1.761
[MIDSPAN - EXTEMWOR BEAM Yy = 25.625]
DEAD LOAD MOMENT 283.997
LONG TERM D.L. MOMENT 49.576
HS20 TRUCK LOAD MOMENT 325.106
LIVE + IMPACT LOAD MOMENT- 629.556
IMIDSPAN - INTERIORBEAM vy = 25625
DEAD LOAD MOMENT 376.583
LONG TERM D.L. MOMENT 49.576
HS20 TRUCK LOAD MOMENT 325.106
LIVE + IMPACT LOAD MOMENT 735.079
[COVERPLATE CUTOFF - EXT BEAM y = 13.625
DEAD LOAD MOMENT 221.7117
LONG TERM D.L. MOMENT 38.704
HS20 TRUCK LOAD MOMENT 270.530
LIVE + IMPACT LOAD MOMENT 523.871
[COVERPLATE CUTOFF - INTBEAM y = 9.125
DEAD LOAD MOMENT 220.448
- LONG TERM D.L. MOMENT 29.021
HS20 TRUCK LOAD MOMENT 210.067
LIVE + IMPACT LOAD MOMENT 474971
ANCHORAGE - EXT BEAM y = 2
DEAD LOAD MOMENT 42.601
LONG TERM D.L. MOMENT 7437}
H520 TRUCK LOAD MOMENT " 56,074
LIVE + IMPACT LOAD MOMENT 108.585
ANCHORAGE - EXT BEAM y= 6
DEAD LOAD MOMENT 117.424
-~ LONG TERM D.L. MOMENT 20.488
HS20 TRUCK LOAD MOMENT 151.354
LIVE + IMPACT LOAD MOMENT - 342217

Fig. 3.18. continued.

152.31

50 31395
51.25 8254062 -
52 331.8
13 14
258.96 268.8

267 271785
9 10
. 205.2 2208
20077 226.15
2 3
55.68 81.36
56.31 82.38
. 6 7
14976  169.68
17285

R —



- |sECTION PROPERTIES

9075

O COVERPL 26.885 10553.99

g. 3.18. Continued.

EXTERIOR BM FLANGE WIDTH 58,875 72 58875
BASIC QUANTITIES T— . -
ITEM AREA y4 AREA*Z AREA*Z~2 o
BEAM | 27.65 1346 372169 5009.394 32667
COVERPLATE 3.938 021875 086132 0.188415 0.062805
DECK n= 9 49.067 29.66 1455317 4318471 230
DECK n= 27 16.356 2966 4851057 1438823 76.66666
CURB 1 n= 9 4 . 3586 14264 5086542 6.75
CURB 1 ‘ n= 7 1333 3566 4754666 1695514 225
CURB 2 n= g 6.917 4091 2829608 11575.92 20,75
CURB2 n= 7 2.306 4091 9432027 3858642 6.916666
CENTROID ELEVATIONS AND MOMENT OF INERTIA
DESCRIFTION z Iz
STEEL BEAM 13.46 32667
STEEL BEAM WITH COVERPLATE 1175480 3911.664
COMPOS BM, DECK AND CURB n= -9 2571038  10433.02
COMPOS BM, DECK, CURB & COVRPLN= 9 2450544 1296652
COMPOS BM, DECK AND CURB n= ‘ 27 2097079 7351.520
COMPOS BM, DECK, CURB & COVRPLn= 27 19.35329 8984.562
INTERIOR BM FLANGE WIDTH 90 153.75 116.25 90
BASIC QUANTITIES | .
ITEM AREA | yA AREA*Z  AREA*Z~2 o
BEAM T 34.13 . _ 1563 5334519 ©337.853  4919.1
COVERPLATE _ 11.25 0 0 0 1.464843
DECK ‘ n= 9 75 3338 25035 83566.83 351.5625
DECK n= 27 _ 25 33.38 8345 2785561 117.1875
CENTROID ELEVATIONS AND MOMENT OF INERTIA
DESCRIPTION Z Iz
STEEL BEAM 1563  4919.1
STEEL BEAM WITH COVERPLATE 1175522 6987.573
COMPOS BM AND DECK = 9 2782875 12660.75
COMPOS BM, DECK & COVRPLn= 9 2520804 20560.45
COMPOS BM AND DECK n= 27 2313465 9582661
COMPOS BM, DECK & COVRPLn= 27 19, 14642.80
" kCOMPOSITE ELEVATION AND MOMENT OF INERTIA W/R/T COMPOSITE BRIDGE
n= 9 rd EXT BEAM INT BEAM
OVERPLATES ON ALL BEAMS ' 24.955 12978.34 20569.44
OVERPL ON INT BEAM ONLY 25,431 10439.85 20565.42
N 12757.89




1 L%

EOST TENSIONING DESIGN

RIOR BEAM, MIDSPAN COVERPLATE TENSION STRESSES

LOAD BENDING STRESS, ksi

DEAD 10.622

LONG TERM DEAD 1.310

LIVE PLUS IMPACT 14,585

TOTAL 26518

[ALLOWABLE INVENTORY STRESS, ksi 18.15

STRESS RELIEVED BY POST-TENSION 8.368

ANCHORAGE LOCATION @ 0.07 L, in 43.05
[DISTRIBUTION FACTORS

j,in~3 178.209

j,in~3 6.100

THETA 0.712

AR 0.712

DECK T/S 0.065

IET 0.387

FF 0.386

MF 0.295

TOTAL FORCE REQUIRED, kips 512.753

FORCE PER EXTERIOR BEAM, kips 256,376

Fig. 3.18. Continued.
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‘the structural elements of the substructure be evaluated, but the geotechnical aspects of the load carrying
capacity must also be investigated to complete the design. '
The following limitations apply to the timber stringer bridge being evaluated by this procedure:
® Stringers are assumed to have similar material and section properties.
® The superstructure is not skewed. '
e The deck section and material properties are homogcﬁeoué.

‘The engineer should also be aware that the structural properties of imber are widely variable and that decay
in existing timbers in the field may also vary greatly from stringer to sﬁinger. The bridge should be carefully
inspected to detect locations of inadequate structural strength. |
3.6.1.4. Design Procedure
1. Determine the section modulus of the stringers. (D) This analysis approach is based on the load
distributed to individual stringers. Initially, the section modulus of the stringer must be calculated.
Note, nominal dimenséons of the stringers may be based on surfaced green or dry lumber. .
Howevcr, minimum dry dressed dxmens:ons should be used in design calculations, Dry dressed
dimensions for beams and stringers are usuvally assumed to be 1/2 in. less than the nominal
dimensions. The section modulus for a rectangular stringer is:
Section Modulus (Segus) = [Width x (Beam Heightp J/12

2. Determine the allowable timber stress. (A) See AASHTO (2) Table 13.2.1(A) for the appropriate
allowable unit siresses. In the questionnaires, county engineers indicated that the majority of their
existing bridges are Douglas Fir. The extreme bending fiber stress, Fy, for Douglas Fir stringers
varies from 1200 psi to 1900 psi, depending on the grade of timber.

3. Determine the moment capacity of the interior stringers. (I) In this step, the moment capacity of
a typical internal stringer is determined,
Stringer Moment Capacity = Section Modulus x Allowable Stress

M pocty = Snoduica * Ot
4. Determine the dead load moment on the superstructure. (J) Dead load includes all permanent
load associated with the superstructure and roadway, including stringers, deck, wearing surface,

ralhngs, lighting, etc.
Appﬂed Dead Load Moment = [Uniform Dead Load x (Bndge Length )8

My, = (op, x L8
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S. Determine the lve load moment capacity of the superstructure. (K) The stringer live load
moment capacity is the moment capacity of the internal stringer minus the applied dead load

moment capacity. .
Live Load Moment Capacity = Total Moment Capacity - Applied Dead Load Moment
My capocity * Mespaciy = Mpr

6. Determine the AASHTO live load distribution factor. (L & M) See AASHTO Table 3.23.1 for
the appmpriatc distribution factors. Timber bridgcx; with timber plank decks and concrete decks
represent the greatest percentage of deficient bridges in the SI&A survey for Iowa secondary
bndgcs AASHTO distribution factors for timber stringers supporting timber or concrete decks
are shown in Table 3.7.

Table 3.7. AASHTO wheel load distribution factors - timber stringers. :
[ Kind of Flcor One Lane Bridge ‘Two Lane Bridge “

(M) (53
Timber Plank

S/4.0 (1) - SB.75 (2)
’I Concretcm

SI60(3) : S/5.0 (4)
S = average stringer spacing - | '

(1) If the spacing, S, exceeds 5.0 ft use the reaction of the wheel loads.
(2) If the spacing, S, exceeds 6.5 ft use the reaction of the wheel loads.
(3) If the spacing, S, exceeds 6.0 ft use the reaction of the wheel loads.
(4) If the spacing, S, exceeds 10.0 ft use the reaction of the wheel loads.

7. Determine the maximum truck load moment demand by hand calculations or from applicable
tables. (N) As with the steel stringer calculations, the truck live load moments are determined:

My demond ® Moppi X 2 x Distyy

live load moments (foot-kips per wheel line). See Appendix B for lowa live load

Mo =
. fruck moments.
Disy;, = distribution factor.

2 represents 2 wheel lines
As noted in the AASHTO specifications, impact allowances need not be applied to timber

structures.

S

T
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8. Determine Jowa DOT legal truck load posting values from operating rating.
(O) The live load demand (based on the operating stress) is compared with
the live load capacity to determine the loadings which requi'ré posting. (See
Appendix A for truck weights.) ‘
| Operating Rating = (MiLeypuc/Miaemang) X Truck Weight
9. Detcrmine the HS inventory rating (for vse in calculating the SA&I sufficiency
rating). (P) The HS20 inventory rating is determined by:
Inventory Rating = (Myrcapciy/Mirdemans) X Truck Weight
3615 Respace and add timber stringers example: Spacing =2 ft - Case I
The following example evaluation is for a 20 ft wide and 20 ft long bridge with 2 ft spacing between the
stringers. In Case II, the stringer spacing has been reduced to 1 ft spacing between the stringers. As will be
seen, reducing the stringer spacing increases the maximum SI&A sufficiency rating. The given calculations
follow the spreadsheet developed for timber evaluations shown in Fig, 3.19.

1. Determine the section modulus of the stringers. (D) The nominai dimension of the timber
stringers in this example are 4 in. x 14 in. Therefore, the minimum dry dressed dimensions are
312in.x13 12 in.

Section Modulus = [Beam Width x (Beam Heighty}/12

S st = (3 12 in. x 13 12 ind12 = 7176 int

2 Determine the allowable timber stress. (A) See AASHTO (2) Table 13.2.1A for the appropriate
allowable unit stresses. The timber used in this example is Douglas Fir. Conservatively, in this
example, assume the extreme bending fiber stress, F,, for the stringers to be 1200 psi.

O‘aﬂ12mp&'i

3.  Determine the moment capacity of the interior stringers. (I) ,
Stringer Moment Capacity = Section Modulus x Allowable Stress -

M ocity = Smoditus ¥ Oan

Mo = (T17.6 in* x 1200 psi)/12,000 = 71.76 p-k

4. Determine the dead load moment on the superstructure, (J) The uniform dead load in this
example includes the stringers, deck and compacted gravel load and is assumed to be 200 1b/ft.
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INPUT
ALLOWABLE STRESS, (PS)
|BRIDGE LENGTH (FEET) -
EAM SPACING (FEET)
ECTION MODULLIS (INCH ™ 3)
EAD LOAD (KLF)
LOOR TYPE FROM BELOW
1 = TIMBER
2 = CONCRETE

TIMBER STRINGER EVALUATION SPREADSHEET

TMO O o>

o)
INTERMEDIATE VALUES
T
OPERATING STRESS (KS1) 12
JOMENT CAPACTTY (KIP-ET) INVENTORY | OPERATING
OTAL STRUCTURE 71.76 ANCIE
EAD LOAD 10.00 1000 J
LOAD ' 61.76 61.76] K
JLIVE LOAD DISTRIBUTION FACTORS
TWO LANES OR MORE 05333 L
ONELANE . 0.5000f M
LIVE LOAD + IMPACT MOMENT
TRUCK' 2LANES | 1LANE
HS20 85.33 80.00{ N
TYPE 3 73.44 68.85
TTYPE 382(a) 65.96 62.78
TYPE 382(b) : 7344 68.85
TYPE 4 82.13 77.00
TYPE 353 s 1. s213 77.00
TYPE 33 : 60.73 56.94] .
BRIDGE LOAD IN TONS
TRUCK ; ZLANES | TLANE  [MAXTOAD]
1448 1544) - 2000
TYPE 3 ' 21.03 2.43 25.00
TYPE 352(a) 3366 24.60 36.50
TYPE 352(b) 33.64 2243 4000
TYPE4 . 20.49 20.05 27.25
TYPE 383 30.08 20,05 40.00
TYPE 3-3 40.68 2792 40.00
MAX 5.1. & A. RATING
TRUCK 2LANES | 1LANE
jHS20 - ‘ 14.48 1544] P
[BEST S.1. & A SUFFICENCY RATING 72.26 74.10

Fig. 3.19. OSpreadsheet for timber stringer example.
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The length of the bridge is 20 ft (B). _ ‘
‘Applied Dead Load Moment = [Uniform Dead Load x (Bridge Leagth P /8

My, = (0g x LAI8

My, = [0.200 Kift x (20 £)Y8 = 10.0 fi-k

Determine the live load moment capacity of the superstructure. (K)

The moment capacity of the interior stringer is:
- Live Load Moment Capacity = Total Moment Capacity - Applied Dead Load Moment

Mz copacity = Megpaciy ~ Mps

My cpacy = 7176 -k = 10.0 fi-k = 61.76 fi-k .

Determine the AASHTO live load distribution factor. (L. & M) See Table 3.7 for the appropriate
AASHTO dism‘bu;ion factors. A timber plank deck with two lanes of traffic and stringer spacing

of 2 ft is used in this example.

20 f

LL Disiribution Factor =
" Facor = 375

Determine the maximum trock load moment demand by hand cakeulations or from applicable
tables. (N} ‘

Mum‘aMszxDiSt-u

HS20: 800 fi-k x 2 x 0.533 = 85.28 fi-k

Type 3: 68.9 fi-k x 2 x 0533 = 7345 ft-k

Type 3S2(A): 62.8 fi-k x 2 x 0.533 = 66.95 fi-k

Type 3S2(B): 68.9 fik x2 x 0.533 = 73.45 f-k

Type 4: 77.0'fik x 2 x 0.533 = 82.08 fi-k

Type 353: 77.0 fi-k x 2 x 0.533 = 82.08 fk

Type 3-3: 56.94 ft-k x 2 x 0533 = 60.73 fi-k

Note, these values are slightly different than those shown in Fig. 3.19 due to the significant

figures used in the (533} term in the spreadsheet.
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8  Determine lowa DOT legal truck load posting values from the operating rating. (O) The live
' load demand (based on the operating stress) is compared with the live load capacity to
determine the loadings which require posting. (See Appendix A for truck weighis.)
Operating Rating = (M1 cpay/Mis demans) X Truck Weight
"~ Type 3 (61.76 £1-k/73.45 fi-k) x 25 ton = 21.02 ton < 25 ton
Type 352(A): (61.76 f-k/66.95 fi-k) x 36.5 ton = 33.67 ton < 36.5 ton
Type 352(B): (61.76 [--k/73.45 ft-k) x 40 ton = 33.64 1on < 40 ton
Type 4: (6176 ft-k/32.08 ft-k) x 27.25 ton = 20.50 ton < 27.5 ton
Type 383: (61.76 fi-k/82.08 fi-k) x 40 ton = 30.10 ton < 40 ton
Type 3-3: (61.76 fi-k/82.08 fi-k) x 40 ton = 40.68 ton > 40 ton
9.  Determine the HS inventory rating (for use in cakulating the SA&I sufficiency rating). (P)
The maximim SI&A sufficiency rating for this configuration is 72.26. |

* & * o o o

3.6.1.6. Respace and Add Timber Stringer Example: Spacing = 1 ft - Case Il

Decrease the stringer spacing to 1 ft by adding stringers. Conservatively, the dead load has been
assumed not to change from the previous example (Case I with 2 ft stringer spacing). The maximum SI&A
sufficiency rating for this configuration is determined to be 94.80 (increased by 31 percent), and the bridge no
longer requires posting. See spreadsheet calculations for this configuration in Fig. 3.20.

3.6.2 Replace Limited Number of Timber Stringers with Steel Stringers

Frequently counties have access to surplus steel beams. Rather than adding and réspacing timber
stringers as was presented in Sec. 3.6.1, another strengthening alternative is to replace a limited number of the
timber stringers with surplus steel beams. As the resulting bridge is one with stringers of different strengths
and stiffnesses, it is necessary to axia!yze the bridge utilizing the finite-element method (FEM). Timber bridges
of various lengths (12 fi through 30 ft), widths (16 fi-one lane and 24 ft-two lanes), sin'ngcr sizes (4 in. x 12 in.
and 6 in. x 12 in.), and stringer spacings (8 in., 12 in., and 16 in.) were analyzed using the FEM to determine
flexural stresses resuiting from Jowa legal loads (see Appendix A). Based on a thorough preliminary analysis .
- the required number, position, and size of steel stringers were determined, '

Depths of steel stringers used in the analysis was limited to either 12 in. or 16 in. since timber siringers
used in the field are usually one of these depths. Obviously, other sizes of steel stringers could be used,
however, using greater depths would be more involved in that the greater depths would require modification
of the support 50 that the elevations of the top surfaces of the steel stringers and timber stringers were
essentially the same 10 facilitate replacement of the timber deck. Shown in Fig. 3.21 are the positions of the
steel stringers which have replaced existing timber stringers. As illustrated, four steel stringers are required
in a two lane bridge (Fig. 3.21a) and three steel stringers are required in a one lane bridge (Fig. 3.21b) to -
increase the capacity of the bridge for Towa legal loads. Figure 3.22 illustrates the effect of the steel stringers

on the stress in the timber stringers.
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INPUT

IALLOWABLE STRESS, (P8

BRIDGE LENGTH (FEET)

IBEAM SPACING (FEET)

[SECTION MODULUS (INCH ~3}

IDEAD LOAD (KLF)

|FLOOR TYPE FROM BELOW
1 = TIMBER
2 = CONCRETE

TIMBER STRINGER EVALUATION SPREADSHEET

TLOWABLE STAESS (K9] T.2
OPERATING STRESS (KSI) . 1.2
MOMENT GAPACHY (KIP-FT) INVENTORY| OPERATING

OTAL STRUCTURE 71.76| 71.76] -
DEAD LOAD : 10.00 10.00
UVE LOAD ' . 61.76 61.76}
|LIVE LOAD DISTRIBUTION FACTORS

WO LANES OR MORE 0.2667

NE LANE 0.2500

LiVE LOAD + IMPACT MOME!}_{T
TRUGK B LANES T LANE |
{H820 42.67 40.00
TYPE 3 36.72 34,42
TYPE 352(a) 33.48 31.39
TYPE 352{b) 36.72 34.42
TYPE 4 41.07 38.50
TYPE 353 31.07 38.50
TYPE 3-3 ) 30.37 28.47
. e e
BRIDGE LOAD IN TONS
TRUGK 2 LANES 7 LANE _ [MAX LOAD
|Rs2o 28.95 30.88 20.00
ITYPE 3 _ 42.05 44.85 25.00
TYPE 352(a) : 67.33 49.19 36.50
TYPE 352(b) 67.28 44.85 40.00
TYPE 4 40.98 30.10 27.25
TYPE 383 60.16 40.10 40.00
TYPE 3.3 81.35 54.23 40.00
MAX S.I. & A. RATING

TRUCK 2 LANES 1 LANE
HS20 28.95 30.88
REST 8.1, & A. SUFFICENCY RATING 94.80 96.78

Fig. 3.20. Spreadsheet for timber stringer respace and add

example.
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a. Two Lane Bridge
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b. One Lane Bridge

Fig. 3.21. Position of steel stringers in two lane and single lane bridge.
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TIMBER

3.5

2.5 |-

LONGITUDINAL STRESS, ksi

0.5 -

o L I L | |
10 15 20 25 30 35
BRIDGE SPAN, feet ‘ ‘

Fig. 3.22. Maximum longitudinal stress in timber stringers:
Bridge width = 24 ft; Stringer size = 4 in. x 12 in;
Stringer spacing = 12 in. '
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Stringer stresses (timber and steel) are calculated assuming that adequate support to the compression
portion of the stringer has been provided. As the span length increases, different legal loads govern—thus, the
change in slope in the curves shown in Fig. 3.22. Several steel stringers in addition to those illustrated were
investigated, however curves for the other stringers anaiyied lie between the two steel curves shown. Thus,
one can conclude within limits the reduction in timber stresses are essentially independent of steel stringer size.

. Stresses in the added steel stringers are obviouslya function of steel stringer size. This is illustrated in Fig. 3.23
where the reduction in steel stresses with increased, steel stringer size is shown. This same effect is illustrated
in Fip. 3.24, where steel stringer stresses vs. steel stringer moment of inertias are presented. Additional
oomputer evaluations verified that stresses in the steel stringers and timber stringers were essentially
independent of stringer spacings. ‘

The effect of the addition of steel stringers on midspan bridge displacements for one particular situation
is shown in Fig. 3.25. As may be seen, the addition of steel stringers significantly reduces the displacements;
the larger the steel stringers the greater the reduction in displacements.

Figures 3.22 and 3.23 may be used to determine if a given bridge can be strengthened the desired
amount by adding steel stringers. Although these two figures are for one timber stringer size (4 in. x 12 in.)
and one stringer spacing (12 in.), it has been shown that this strengthening procedure is essentially independent
of these two variables, and thus these two figures may be used for essentially any practical stringer spacing or
size. Using Fig. 3.22 for a given length of span, one may determine the stress reduction in the timber stringers
resulting from the addition of steel stringers. Entering Fig. 3.23 with the given length of span and limiting
stress, one can determine the size of stringer required. Obviously, stringer sizes other than those shown in Fig.r
323 may be uvsed if the moment of inertias are essentially the same. Figures 3.22 and 3.23 were developed for
wo lane bridges - however, conservatively they may be used for one lane bridges wiitre three steel stringers
are required rather than four. o

With the additional steel stringers, load carried by the remaining timber stringers is reduced, since the
added steel stringer carries a larger percentage of the loading, The load carried by the steel stringer is directly
proportional to the stiffness of the stringer (Le. the stiffer the stringer the more load it carries). Abutments
which were originally designed. for -essentially uniform loading now need 1o be reanalyzed and possibly
strengthened to support the reactions from the added steel s‘uingezs,.

, 3.7. Replacement Bridges

This section provides a range of replacement bridges with short span appﬂcaﬁon. While some of the
alternatives are technically not bridge structures‘ (e.'g. low water stream crossing and corrugated metal pipe

. culverts), they serve as means for vehicles to traverse roadway obstacles. Some of the briges presented are
proprietary and information is provided so preliminary decisions can be made regarding potential use of a
particular bridge type. Detailed design procedures and microcomputer design spreadsheets are provided for
three different timber bridge types. The following sections describe each bridge replacement type
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3.7.1. Precast Culvert/Bridge ,
The Con-Span precast cutvert system is a proprietary system licensed by the Con-Span culvert company

of Dayton, OH.

3711 Background

The Con-Span precast culvert system was specifically developed to provide a large hydraulic cross-section .

with a limited vertical clearance. These precast culvert sections are available in 4 span lengths: 16 ft, 20 ft, 24
ft and 36 ft and in rises from 5 ft to 10 ft. If these span lengths are insufficient 10 meet the needs of a
particular location, multiple opening arrangements may be used.
Figure 3.26 illustrates the Con-Span culvert system, The arch-boxshape allows the culvert to carry more
Joad than an ordinary reinforced concrete box culvert. When the culvert deflects, thrust is developed by the
passive earth pressure of the backfili, thus resisting deflection of the arch top. The culvert cannot collapse
- without displacing the block of soil behind the sidewalls a sufficient amount to allow the arch to collapse.
In load tests; the culvert supported a load nearly twice the specified design load of 35 kips (HS-20 loading).
"The results of the load test demonstrated the amount of reserve load-carrying capacity present in the Con-Span
systemt. |
Although each installation has site specific details, the procedure for installing 2 Con-Span culvert is:
® Pour strip footings to support precast units.
e Set precast Con-Span units in place on footings in a bed of cement grout.
e Install engineering fabric over joints to prevent the intrusion of any backfill
¢ Bolt units together with simple joint connectors on vertical sides.
¢ Install precast wingwall (if desired).
One .adv'antage of the Con-Span system is the availability of precast headwalls and wingwalls. These

eliminate the use of time-consuming caSt—in«pIaoe operations. The headwalls are monolithic with the archbox

end units, while the wingwalls are bolted on after the units are set in place.
3.7.1.2. Design criteria

All Con-Span culvert units are designed to meet AASHTO HS-20 loading criteria. It is possible,
however, 10 design the cilverts to carry essentially any loading. The actual structural design work is performed
by Con-Span engineers in Dayton, Ohio. Engineers desiring 10 use the Con-Span system simply supply the
desired span length, height of rise, and depth of cover at the particular site location, a!ong with the desired
designload. Con-Spanhas established a telephone facsimile stauon to provide rapid prehnunaty designs, Con-
Span engincers provide a preliminary design within 1 hr. after reoemng the necessary information.
3.7.13. Design requircments

To compute the required hydraulic mpamy for a parucular culvert location, Con-Span, Inc. has
developed a series of graphs which assist the engineer in determining the required culvert size. Plots of
headwater depth (ft) vs. discharge (ft*/sec) along with tables of waterway areas for the various span/rise

combinations are available for preliminary calculations.
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w

5'- 10' rise

| 16'-36'span length |

Fig. 3.26. Con-Span precast bridge segment.
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For those engineers who have a mierocompiuer available, a series of input files for the FHWA HY-8
culvert analysis microcomputer program have been developed. This program, available from the University
of Florida, automates the FHWA: cuivert design procedure. The Consban input files, along with the HY-8
program, assist the engineer in determining the optimum culvert section for a pamcular site. To use the
program, basic hydraulic information needs to be provided, such as: culvert inlet conditions, slope of culvert
invert, desired culvert capacity, etc. The HY-8 program also provides a limited amount of hydrograph
generation and other hydrologic computations if no other methods are available. '
3.7.1.4. General cost data

Specific cost information is available for the Con-Spansystem. In Jowa, the Con-Spansystem is available
from Jowa Concrete Products (West Des Moines, Iowa).

The cost of the Con-Span system can be divided into several parts: substructure costs, cost of precast
unirs, transportation charges, backfilling, paving, etc.

The cost of substructure work is the most difficult to quantify accurately. As with any other bridge
replacement option, the required substructure is extremely site-specific. The detailed case studies described

later provides a general estimate of the substructure cost
The cost of the precast units alone (F.O.B. plant) provided by Iowa Concrete Products is presented in

Table 3.8. In addition to the unit prices shown, a royalty fee of $500 per structure must be paid to Con-Span,

Inc.
Transportation charges from the Hampton plant can be wmpute& from the following:
Loads > 45,000 I $2.60/mi (loaded) '
< 45,000 1b $2.50/mi (loaded)
In addition, trucks detained at a project site will be billed at 2 rate of $40.00/hr. after the first hour.

Table 3.8. Prices for Con-Span culvert units.

Joint connectors:  $40.00/oint
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3215, Cost Information: (Case Studies

Two detailed case studies from Bremer County and Winnebago County, Iowa are presented as examples

‘ of Con-Span projects.

The Bremer County project, constructed during the winter of 198&89 consisted of replacing a quad 4
ft x 6.5 ft x 44 ft laminated wood box culvert with & 20 ftx 9 ftx 64 ft Con-Span culvert. County costs for the
project are presented in Table 3.9, _

The road was closed for less than 2 weeks for the entire installation project. In addition, by extending
the culvert to a length of 64 ft, the need for guardrails was eliminated. This resulted in a savings of an
additional $10,273 on the project. '

The Winnebago County project involved the replacement of an emsnng timber bndge witha 16 ftx 5
ft x 136 ft Con-Span culvert. This particular site was situated on a 45 degree skew, which necessitated a
considerably longer culvert. The labor on this project, with ihe exception of substructure work, which was
completed by a private contractor, was performed by county forces. Costs for the project are presented in
Table 3.10.

As with the Brémer County example, this installation eliminated the guardrails at the site, further
reducing project costs. |

3.72. Air Formed Arch Culvert
3.7.2.1. Background ‘ ‘

A new method of culvert construction has recently been developed. The Air-O-Form process, designed
by Concepts in Concrete, of Norman, OK, uses an. inflatable rubber membrane as the inside form for the -

construction of a reinforced concrete arch culvert. The inflatable form can be used to construct numerous

- cross-section shapes and can be Maied quickly with a minimum of labor.

The following steps are involved in the installation of an Air-O-Form culvert:
® Place a reinforced concrete slab or footing. .
®  Place flexible metal straps in the desired shape of the culvert. Inflate the balloon form inside
shé'sttaps. |
Place longitudinal and vertical reinforcing steel.
Adjust air pressure inside the "alloon" to the required pressure.
Apply 6 in. of shotcrete (in one lift). |

e & o o

Deflate and remove the membrane after the shotcrete has attained the required strength,

A demonstration project has recently been completed by the Iowa DOT to demonstrate the
constructionof an Air-O-Fofm c_utver:.' The conclusions of the lowa DOT suggest that the Air-O-Form systemn
is better suited for longer and larger diameter culvert applications, where the economics are more favorable
©2). |



142

Table 3.9. Bremer County Con-Span culvert installation costs.

Item and Description

® Labor (all county employees)

Remove existing pavement
Excavation

Remove existing wood box culvert

“ Set and connect Con-span units

Backfill with flowable mortar

-

ro——

“ o Materials

$22,352

Il

u 20 ftx 9 fix 64 ft Con-span units

“ ® Equipment

§ 3282

l TOTAL COST WITHOUT WINGWALLS ' $31.215 I

* Labor to place optional wingwalls 3 2666
Form and pour wingwalls ‘
o Materials s 160 |
Reinforcing steel, ties and concrete “!l
¢ Equipment § 410 —u
Air compressor for drilling holes
Generator
| TOTAL COST FOR CONCRETE WINGWALLS § 474
$ 35961

ﬁ TOTAL COST OF PROJECT

3722 Cost Information - Case Study

The Crawford County instaliation of an Air-O-Form culvert was comp!eted in the summer of 1991.
This arch culvert was designed for a 950 acre drainage area; preliminary calculations indicated a required
drainage area of 110 fi. The culvert was designed for as2ft length, with a 9 ft semicircular arch section. The

costs on this project are presented in Table 3.11.

3.73. Weided Steel Truss Bridge
3.7.3.1. Background

A fow volume btidge replacement option which has been used extensively in the eastern U.S. is the
welded steel Warren truss bridge designed by the U.S./Ohio Bndgc Corporation of Cambndge, Ohio (32,54)

shown in Fig. 3.27.
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Welded steel plate gussets
Top compression chord

Bottom tension chord —~

Number of panels varies with length

Fig. 3.27. U.S. bridge welded steel truss bridge.
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Table 3.10. Winnebago County Con-Span culvert installation costs.

Item and Description Item Cost Total Cost
¢ Labor {county employees) $ 6,217
® Substructure Iabor - contractor e $ 4419
e Materials | | $ 64,866
Con-span precast units $ 33,764 n
| 3/ in. aggregate (4576 cy.) $ 19,449 I
Concrete {101 c.y.) {18 4924
Backfill aggregate (814 cy.) $ 3461
2Y% in. aggregate (263 c.y.) $ L1117
" Plastic pipe $ 970
Eyebolts to connect units $ 640
I! Lumber for forms § 261 1
Roofing tar (1o seal joints) § 11 : I
" Engineering fabric S 9
" Flowable mortar (2 cy.) s 70
¢ Equipment ) , ‘ $ 5,765
Rent CAT D4 bulldozer $ 2,900
Rent crane to set uniis 3 2865
® Miscellaneous Expenses $ 4,790 i
AC.C. patching $ 4,565 R
Dust control for detour $ 225
TOTAL COST FOR PROJECT

The U.S. Bridge is available in span lengths of 40 to 145 ft and is generally designed to carry an HS-20

loading, although it can be fabricated to carry heavier design loadings. The bridge can be shop painted any

color, or is available in A588 weathering steel. The U.S, Bridge can be designed to accomodate cast-in-place
concrete flooring or a wood piank deck supported by steel floor beaxﬁs. The company, however, recommends
the use of a corrugated metal deck with an asphalt riding surface.

The wood plank flooring is usually supplied in either 3 in. x 4 in. or 3 in. x 6 in. nominal sizes. These
planks are placed transversely, with the smaller dimension horizﬁmal and parallel with the roadway centerline.
If the deck in a particular bridge is too wide for a plank to span the entire width, splices are permitted. A
sj)ecial expansion angle has been developed to allow for the thermal expansion of the wood plank flooring.

S
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Table 3.11. Air-O-Form culvert installation costs.

Ttem ‘ Quantity - Cost H

Concrete, Footing & Headwall 658 cy. s |

Concrete, Arch 36.2 cy. $24,254 |
Excavation, Class 10 Channél . 300 cy. ‘ $900
Excavation, Class 20 . 480 cy. $3,360
Granular Material, place only ' ' 7t wons %213
Mobilization Lump Sum $2,000

Piling, Steel Sheet 435 s.f. $4,350 ||
H Steel, Reinforcing, Footing & Headwall 5,870 bb. $2,348
Steel, Reinforcing, Arch 6,235 Ib. . $2,494
' TOTAL COST FOR PROJECT $51,763

3.7.3.2. Cost Information - Case Study ‘
Albany County, NY currently has three U.S. Bridge welded steel truss bridges in service. The rapid
installation of the bridge system was a primary reason for using the system. A small crew (5-8 people) were
“able 1o install two welded steel truss bridges in approximately three weeks. Recently, a 47 ft long, 24 ft wide
welded steel truss bridge was installed to replace an existing structure. This installation was designed for HS—ZO
loading and utilized a wood plank floor system. A summary of the cost of this particular installation is provided
in Table 3.12. ' '

3.74. Prestressed Concrete Beam Bridge
3.74.1. Background A o

There are numerousexamples of precast, prestressed concrete sections which are suitable for low-volume
bridge replacements. The standard bridge sections which have been developed by the Prestressed Concrete
Institute (PCI) (60) and AASHTO are well-known and have been used extensively throughout the United
States (see Fig, 3.28). The majority of these sections were designed for long-span bﬂdgés and so are usually
over-designed for a Jow volume bridge application. The AASHTO shapes are particularly inefficient, since they
were developed several years ago when full prestressing (no tensile stresses at service load) was considered
essential (55). ' _

In addition, many prestress plants have designed their own non-standard sections. The majority of these
non-standard sections are not patented, so that in most instances another prestress plant can obtain the

necessary dimensions and enter bids on a proposed project. One significant benefit of many of these non-
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Of all the shapes being used, the bulb tee is the most efficient. On the other hand, the double and muiti-
stemmed tees and the channel sections have the advantage of being more stable during handling and pfacing,

and therefore are generally preferred by contractors (82). Sections which have nearly vertical flush sides, such

as the box beam, can be connected transversly by bolting through lhe Iegs, which eliminates the need for
-intermediate diaphragms.
One section which takes advantage of this configuration is the "OK" bridge system, which was developed
at Oklahoma State University. This system is discussed in greater detail later in this report (see Sec. 3.7.6).
3.7.4.2. Design Criteria
The actualdesignofa prestressed concrete girder bridge is relatively straight-forward. Several references
are available to assist the practicing engineer with the design procedure (62,63). Brief guidelines for the design
of a prestressed concrete double-tee follow. All dimensions and section properties are general values, Because
each presiressed concrete manufacturer provides slightly different products, the exact values may differ slightly.
A design aid has been developed by the PCI to simplify the selection of a prestressed double-tee section.
Table 3.14 pfovides the section properties for a number of standard size prestressed double-tee girders (see

Figure 3.29).

Table 3.14. Section properties - prestressed double-tee girdets.

ﬁ Dimensions (in)* Wi Area ) SR l!
| w b |T]| a c e lom| @] = | @

60 27 5 450 8.00 36 599 575 33,740 wn |
i" 72 23 5 4.50 6.50 36 582 558 21,366 3345
g 72 27 5 450 't 800 36 662 635 | 35758 4560
T 1 g 27 5 375 5.5 48 78 689 32,888 5171

9% 35 5 375 6.50 48 g0 | 7 72421 8230 |

60 36 6 6.00 8.00 30 812 780 90,286 7334 ﬂ

1 Lls s {en| o1 | 6| st | s | oaee | 7o Il
84 35 | 5 6.00 975 8 | o9 900 95,028 8569

gL 9 | 3| s | 6w | 93 48 98 | 90 | 9929 | sa2
i 72 27 s 7.00 9.75 48 761 731 45,084 5060
\2R B 27 5 7.00 975 48 824 791 47,486 5640
Y 9% 27 5 7.00 9.75 48 886 851 49,566 619
72 21 5 7.75 9.75 48 671 644 22,720 3298

84 | 22 | s | 135 9.75 48 733 704 28903 | 3666 ﬂ

| 9% 21 5 7.75 975 48 796 764 24,920 4019- ﬂ

*See Fig. 3.29.
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Fig. 3.29. Stondord prestressed concrete double—tee bridge girder.
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3.74.3. Cost Information;: Case Study P
A 124 ft long by 24 ft wide two-span continuous prestressed concrete double-tee bridpe was instaied _,’ ‘
in Washington County, Iowa in 1988. Costs incurred by the county arc presented in Table 3.15. ) ;

3.7.5. Inverset Bridge System
3.7.5.1. Background | ' |
A unique method of utilizing the best features of both steel and concrete has been developed by

Grossman and Keith Engineering of Norman, OK. The Inverset bridge (see Fig. 3.30) is a proprietary system (
which is cast upside down to utilize the compressive strength of concrete and the tensile strength of structural

steel, ‘ ;

Table 3.15. Prestressed double-tee beam instaliation costs.

" _ ' Item Description Amount Cost |
| Concrete, Structural ‘ 1432 cy. $14,833 |
Reinforcing steel 27,133 Ibs. $6,783 f
Prestressed Concrete Double Tee 6 only $27,000 |
56 ft - 4% in. . : |
Prestressed Concrete Double Tee - 6 only $31,500 ey
67 ft - 4% in. |
. || Steel piling HP10x42 - furnish 1305 L£. $15,660 |
Steel piling HP10x42 - drive 1305 Lf. 33,263 Z
Steel piling HP10x42 - encase 1594 Lf. 34,782
n Excavation, Class 20 85 cy. 5680 }
Excavation, Class 21 16 cy. $320
E Excavation, Class 10, channel 951 cy. $1,902 lf
H Rail, concrete barrier 284 1L 34260 |
ﬂ Removal of existing structures lump sum $5.000 t
Mobilization ‘ lump sum $3,000
TOTAL COST FOR PROJECT $118,983 *! |
COST PER SQUARE FOOT _ _ SSg.QSIQ |

‘In precasting, the forms are suspended from steel beams. In this configuration, the weight of the forms,
steel W sections, and wet concrete places compressive stress in what would be the botiom flange when the unit ' {

is inverted. When the concrete cures, the units are turned "rightside-up”. The casting procedure results in the o
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Fig. 3.30. Inverset bridge section during fabrication.
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bottom flange having essentially zero stress. This stress condition, combined with the increased moment of
inertia of a composite section, allows the Inverset system to carry additional load without overstress.

When the unit in turned over, longitudinal compressive stress is applied to the slab, which makes the
deck extremely crack resistant and impervious to water intrusion (because air bubbles formed on what will
eventually be the bottom of the slab). ' ‘

3.7.5.2. Example
A sample Inverset design and fabrication is described in the following paragraphs. Particular attention

should be paid 1o the stresses in the steel and concrete during the various steps of fabrication. In the example,
stresses will be computed at the following locations in the cross-section:
. ‘Concrete - extreme compression fiber of the deck,
&  Steel - top flange of steel girder (which contains shear connectors) when the unit is placed into
service, and
e  Steel - bottom flange .of steel gii'der once unit is erected. This flange is in compression

during fabrication and is in tension when in service.

A summary of the stresses at various stages of the life of an Inverset bridge section are presented in
Table 3.17.
1.  Design criteria.
Simply supported span = 34 ft
 'Width of one unit, W = 11.833 ft
Design live load: AASHTO HS-25
Steel girder: W24x35  ASTM AS72 prade 50
Yield strength = 50 ksi
Section modulus = 1145 in3
Form weight = 100 Ibs/ft
Concrete strength, £ == 5 ksi
The allowable stresses in steef and concrete are: _
Temporary stresses (See art. 9.15.1, AASHTO (2)):
Steel: |
tension: 0.80 F, = (0.8)(50) = 40 ksi
" compression: 0.70 F, = (0.7)(50) = 35 ksi
~ Final stresses: '
Steel (See 10.32.1A, AASHTO):
tension: 0.55 F, = (0.55)(50) = 27 ksi
compression: 0.55 F, = (0.55)(50) = 27 ksi

AT
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Concrete (See art. 8.15.2.1, AASHTO}:
f. = 0.40 f, = (0.40)(5) = 2 ksi

2. Stresses due 1o beam weight.

_wi? _ (2)(55 Bl)BAM° _ -
M= oo 15.90 fi-k

o S ey
3. Stresses due to form weight.
o A )

- 4 Sneeseaduemweightofmnmtc. _

w = Z:50n)(11.833 IS0 ) _ 4409 15
12 inft

_ w2 _ (1109 IiR)(34A7 _ _
M Y = 16026 -k

(1 60.26 fik)(12inff) _ 840 ksi T top
(2 beams)(114.5in°) C bott.

M
=5
At this stage, the stress in the top and bottom flange can be expressed by:

fiop = 0.83 + 0.76 + 840 =999 ksi T
fox = 0.83 + 076 + 840 =99 ksi C-

3. Computation of composite section properties. When the concrete has attained a strength of
2.00 ksi, the forms can be stripped, At this point, a composite member has been developed.
The section modulus of the cmhposite member is calculated by the transformed area method.
The modular ratio, n, is taken as 7 for strength calculations and as (3 x 7) = 21 for creep
effects. .

(See Section 10,38.1, AASHTO (2)).

Forn= 7
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1 = 9,508.48 in', N.A. located @ 24.23 in.

(Note: NA. is locéted 0.66 in. above top flange)

Forn = 21: I =7516.02 in*, N.A. located @ 21.06 in.
Note: N.A. is located within the steel girder.

A summary of section moduli for composite Inverset sections is presented in Table 3.16,

Table 3.16. Section moduli for composite Inverset sections.

[

Section Moduli for Composite Members (in.*)

“ I.owiion " - n=T " n=21
" Concrete (top.of deck) “ 1,389.84 " 750.83
Steel girder (top flange) - . ﬂ 14,137 u 2994.1

" Steel girder (bottom flange) o "_ 39245 " 356.89

6.

Removal of forms. When the forms are removed, the load acting on the composite section is
reduced. This reduced load reduces the stresses in the steel girders, and the concrete deck
becomes prestressed. - The bending moment caused by the weight of the forms is the same as
computed earlier, M = 14,45 fik. '

The stress in the concrete, f ..

S =M - (14-45ﬂk)(12_f"lf‘) -0011ksi C
S (21)(750.83in%)

The stress in the top flange, f:

M _ (14450012m8) _goeri  ©
) 2994.1in°

Jop =

The stress in the bottom flange, fooe

Cp LM _(144SE20) oaeky T
Jr =5 356.89 in®

Units tarned to upright position. When the units are turned over to their upright position, the
forces acting on the units are essentially reversed. The process of inverting the unit cavses a
change in stresses equal to twice the weight of the structure. The moment due 10 overturning
of units can be computed as: |

M = 2(15.89 ft-k + 160.25 ft-k) = 352.29 ft-k.

The stress in the concrete, .
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fm=

M @52290(02inlf) _ goepis
S (21)(750.83in%) ,

The stress in the top flange,

_ M _ (35229 AO(12inA) _ 4 44 1
for = 2994.1 in® 1Mk €

The stress in the bottom flange, £,

UM (@S220M(12inM) 415k 7
fou =g 356.89 in® )

Application of superimposed dead Joads. Superimposed dead loads are assumed to act
uniformly over the bridge deck surface. Superimposed dead loads include such things as: curbs,
utility lines, guardrails, and parapets or other additional weights. For purposes of design, the
dead load of any future wearing course should be included in the superimposed dead load. For
this example, assume a DLy = 65 Ib/f%

50, Waper = (65 Ib/ft2)(11.83 fit wide) = 769.0 1b/ft

The moment due to this I.)me« is:

_ Wit _ (769.0 BHf)(34R)° _ -
M==g (8)(100011/k) 1Ak

The styess in the concrete, fo.o

o = 2 - MLRNA0A) _gog555 ¢
S (21)(750.83in%)

The stress in the top flange, £,
- M (1111 gk(12iniR) - 0.45 ksi c

S 29941 ind

&

The stress in the bottom flange, fi.¢

M_NAMRO20 _aas T
s 356.89 in® .

fm*

. Application of AASHTO design live Joad. For this example, an HS-25 loading will be used.
The maximum live load moment for a 34 ft span is 429.4 ft-k (see Appendix A, AASHTO
Standard Specifications (2)). This design live loading must be adjusted for the wheel load
distribution width and impact to determine the actual design moment.
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The wheel load fraction can be calculated from 3.23.1, AASHTO, with the beam spacing taken
as one-half of the width of the Inverset unit (See design criteria).

.S _ Wdhofunit _ 1183 _ 4 ooe
55 @65 (S

The impact factor (See Article 3.8, AASHTO) can be computed as:

50 50 ___4315

=175 " 5.1

I=1315 > 1.300(max.) .. I = 1.300

The design live Ioad moment, My, is computed by:

M, = M x WLFx I =(429.4 fi-K)(1.076)(1.300) = 600.51 ft-k

The stresses due to the live load moment must be computed with the modular ratio = 7. This
increases the effective section modulus of each element of the composite member.
‘The stress in the concrete, fone

fon = 2 = CREA-BO2A) _ 7414 ¢
S (7)(1369.84in%

The stress in the top -ﬂange, fiopt
f = ﬁ - (6005ﬂ‘k)(12‘"”_?) = 0.E1 Eoi T
¥ S 14,137 in?

The stress in the bottom flange, fi:

M _ (6005 f-R(12inlfY) _ 40 ag g T
b 39245 in®

Joo =

This example problem illustrates that at no time during fabrication, installation, or service load conditions
does the Inverset cross section exceed the allowable stress And that at final service load conditions, a
compressive stress of 1.105 ksi exists in the concrete. This final compreséive stress serves to reduce deck

cracking and the intrusion of water.

Load transfer between adjacent units is provided by steel diaphragms which are bolted in place

afier the units are set in place. The longitudinal joints are sealed with a non-shrink grout in conjunction

with an elastomeric concrete sealer (see Fig. 3.31).

The technique of casting Inverset bridge decks upside down allows the manufacturer to incorporate

a number of deck finishes at minimal additional cost. If the desired finish is smooth {as when a waterproof
membrane and asphalt overiay are used), the concrete bed is constructed with smooth finished plywood. If
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Asphalt overlay

‘ Non-shrink grout
~Vaterproof membrane “ﬁwm“\\\‘ / E|

Backer rod ?_mm_/!

a. with overlay |

Flastomeric concrete

Backer rod ‘——/l

b. without overlay

Fig. 3.31. Longitudinal joint details for Inverset bridge.
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a textured wearing surface is desired, a urethane form liner is included before the concrete is placed. A

natural finish may be achieved by using the standard coarse sandblast form liner and sawing transverse

grooves after deck erection at an estimated cost of $0.50/f%. For additional information on the Inverset

system, the reader is directed to Ref, 31.

Table 3.17. Inverset bridge section stresses over life of bridge.

- Stresses in various elements of composite section
due to fabrication and service loads

3.7.5.3. Cost Information: Case Study

Bottom Flange Top Flange Concrete
Load Stress Total Stress Total Stress Total
(ksi). (ksi) (ksi) (ksi) (ksi) (ksD)
Beam 083 C 083T :
Weight
Form 159 C 1.59T
Weight
Concrete - 999 C 999 T
Remove 950 C 993 T 0011 C
forms
‘f Invert 235T 852T 0219 C
Super. 6.09T 807T 0.364 C
DL .
Live 1836 T 2445T 051T 858T 0741 C 1105 C
Load

I

A series of case studies are pfovided for the Inverset bridgé syStem. Several of the Inverset bridges
have been installed in the state of Texas as complete design-build, or turnkey, projects, Cost information
_ for these projects have been provided by Steele Construction Company. ‘The costs for these projects

includes the following items:

® Royalty fee paid to the designer

Pile caps
Deck
Guardrail

e & & & & &

Engineering with stamped plans
Demolition of existing bridge

Pile driving (using 16 in. square precast concrete piles)

———



& Embankment at ends of bridge (no deck overlay)

¢ Bonding
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In addition, similar components have been utilized for ail bridges:

3 pile bents

Pile caps: 2 ft-3 in. x2 ft x 28 ft

Abutments: 2 ft-3 in. x 2 ft x 28 ft (with backwall)

Type T-6 guardrail with safety end treatments

summary of the project costs is presented in Table 3.18.

.
e
L
e 7 in. concrete deck
.
A

Table 3.18. Inverset bridge installation costs.

- Span Bridge Pile Project | Cost "
{  Project Name Lengths Width Length Cost (8/H%)
_ W 3)
Whipporwiil Road 3x30°0" 26'-1" 40 79,730 33.96 “
Stidham Road 30°40-30° 261" 40 88,589 33.96
i Nichol Road 4x42°-10" " | - 261" 45 150,961 33.78
[ Walnut Creek Road |. 4 x 37°-10" 261" 45 148,715 37.69
" Uncle Gler Road 4.x 453" 18'-1" 50 147,000 4491
“ Humble Pie Rd. "2x 458 281" 35 85,900 31.43
&azos River 10 x 40°-0" 16'-0" 25 201,253 31.44

3.7.6. Precast Multipic Tee Beam Bridge

3.7.6.1. Background

A non-prestressed double tee beam girders has been developed by the Oklahoma State University

Center for Local Technology which can be fabricated by local crews during the slack time of the year. The

"OK™" girders can be fabricated with reuseable steel forms that county crews can construct from standard

structural shapes. This system offers a significant reduction in material costs and construction time over

comparable alternatives. Oklahoma State University believes that the design can provide savings of "at

least 15 percent” over conventional designs.

The "OK” bridge girder is & modified double tee reinforced concrete beam 17 in. deep by 4134 in.

wide (see Fig. 3.32) which can carry an HS-20 loading over spans of 20-25 ft. The beams are bolted

‘together at third points with 1 in. diameter threaded rods to form various widths; seven of the units bolted

together will provide a width of 24 ft - 2% in. The shear key at the top corners of each girder provides for
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Adjacent precast sections

41 1/2"

<>
_ 6" |
Typical section view

Fig. 3.32.

"OK" precast multiple tee beam section.
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shear transfer, and when filled with a non-shrink grout, prevents independent movement of adjacent
girders. The two exterior girders are designed with connections for guardrail.

Each "OK" bridge girder weighs 5.67 tons and contains 2.6 cu. yd. of 3500 psi concrete. The top face
of the girder is rough-finished providing ready-made wearing surface, although the design provides for a 20
psf wearing surface. |

Several counties in Indiana have been using the "OK" bs‘idge'system for the past two years and report
great success. The Daviess County, Indiana Highway Supervisor estimates the design will save the county a
half-million dollars in the next 10 years (17). For additional information on the "OK" bridge girder system, -
see Refs. (46,65). o ‘ |
3.7.6.2 Cost Information: Case Study

The cost information for the "OK” girder has been well documented by Daviess County officials. The
cost of the project, including one-time expenses such as the concrete pads, rebar jigs and forming are
shown in Table 3,19, - |

hY

3.7.7. Low Water Stream Crossing
3.7.7.1. Background

One relatively low-cost bridge replacement option available to the county engineer is the Low Water
Stream Crossing (LWSC). A LWSC is defined as a stream crossing structure that is designed and
constructed so that it is overtopped by floods or high water several times a yea;: (49).

Since 2 LWSC is a low structure with a simple substructure, it is refatively inexpensive to construct.
Unfortunately, since it is overtopped by high water several times pér year, a LWSC creates regular traffic
detours and inconveniences. In addition, the damage caused by high water erosion necessitates frequent
inspection and inexpensive repair. These features may make 2 LWSC an economical replacement structure
for low volume rural roads especially in areas with broad floodplains or where the normal streamflow is
quite shaliow. '

Listed below in decreasing order of complexity and expense are three types of low water stream
crossings: ‘ '

¢ Low water bridge,

e Vented ford (a dip with vent or drain pipés),

& Simple ford or dip.

A low water bridge can be constructed by lowering the vertical alignment of the approaching
roadway and constructing the bridge deck so normal stream flow can pass beneath. A low water bridge is
especially suitable in areas where the potential excessive debris exists or where environmental conditions do
not allow alterations of the existing streambed.

A vented ford is a dip in the existing roadway grade with pipes installed under the roadway to allow
for day-to-day streamflow. A vented ford is the generally preferred aliernative when the normal depth of

the stream exceeds 4 t0 6 in.
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Table 3.19. "OK" multiple-te¢ beam bridge girder project costs.

I . ~ Item or Description _ I Cost i

Pour 40’ x 14’ x 6" concrete pad:

Concrete (13.25 c.y., 3500 psi) $ 56313
“ Trowel machine rental $ 3000
Anchor bolts, assorted hardware $ 3858
i Reinforcing steel $ 14600
Labor (4 men, 1 day) $ 30000
TOTAL COST FOR PAD $ 107171
Build steel form and rebar :
Materials $ 1,795.67
Machine shop (cut, drill, weld steel) 3 99.00
Il Labor (80 hours - form, 40 hours - place steel) $ 1,125.00
| TOTAL COST FOR FORM AND REBAR S 3,019.67
| TOTAL ONE-TIME COSTS FOR "OK’ SYSTEM S 409138
Pour interior bridge beam (5 per bridge):
Reinforcing steel $ 24336
Concrete (2.75 cy., 4000 psi) § 12925
Miscellaneous materials § 679
Contract labor to form rebar $  49.00
Labor to build rebar cage (2 men, 2 hours) $  40.00
" Labor to pour (4“ix‘1en, 1 hour) $ 4000
H TOTAL COST FOR INTERIOR BEAM $ 50840
“ Pour exterior girder (2 per bridge): i
ﬂ Same materiaisflabor as for exterior beam s 50840 ¢ H
Exterior bearing plates (4 per beam) 3 1656 ‘l
1 Reinforcing steel $ 200 il
TOTAL COST FOR EXTERIOR BEAM {s 52696 |
H Materials to bolt beams together $ 185.00 H
TOTAL COST FOR ONE BRIDGE DECK $ 3,780.92 ||

[

e
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A simple ford is constucted by lowering the approach grades to the steambed level and providing

* some sort of unsurfaced crossing. Numerous improvements can be made to this arrangement by providing

an ACC or PCC paved crossing or building some type of end walls. It is recommended thar the user place
reflective markers to delineate the edges of the improved crossing.
3.7.7.2. Design Criteria . .

A risk-based design approach has been suggested for the selection of LWSC locations.
Unfortunately, a detailed nsk analysis would require a significant amount of case study data which has not
yet been compiled. A simplified selection criteria was developed in Ref 49 and is shown in Table 3.20.
The possibility of loss of human life criteria noted in Table 3.20 is the most difficult to quahtify and is also

the most important criteria for a public works project.

Table 3.20. Low water stream crossing selection criteria.

Most Favorable 1east Favorabile ‘
Criteria for LWSC for LWSC
“ Averagé Daily Traffic < 5Svpd. > 200 v.p.d.
“ Avg, Annual Flooding < twicefyear >10/year
Average duration of traffic _
interruption during high water < 24 hours > 3 days
Extra travel time for detour . < 1 hour > 2 hours
Possibility of danger to human life "< 1: 1 billion > 1: 100,000
Possible amount of property none $1 million
damage
Lo Dl == =S

3.7.73. Cost Information: Cast Sudy
Three low water stream crossings have been installed in Lucas County, Iowa in the past five years A
case study is presemed for each of these structures. Labor on all three of the projects inctudes the removal
of the existing thru-truss bridge at the site and the instaliation of the low water stream crossing.
The first installation was over the Chariton River in 1987. The structure is a sim;iie vented ford, with four
CMP pipes placed under the crossing. A summary of the costs on this project are shown in Table 3.21.
The second installation was pléced over the South Otter Creek in 1987. This structure was another
vented ford with nine CMP culverts to allow stream flow beneath the structure. Costs on the project are
shown in Table 3.22.
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Table 3.21. Low water stream crossing costs - Example 1.

l , Iwmwand Description | Item gost
® Labor (county employees) $ 3,062.41

" e FEquipment ' $ 4,485.96

I o Materiats $ 815092 ﬂ

| Riprap | $ 2,69065

I 28-20f sheet pite o $ 2,618.00 I
Concrete (29.5 cy.) $ 151925 - |
4-18 in. x 28 ft CMP $  944.48 |
Sand (90.13 tons) § 21631
Reinforcing steel $ 10792
Welding supplies $ 3168 ,

" Engineering fabric § 2263 -

" TOTAL COST FOR PROJECT ] §15,69.29 Il

Table 3.22. Low water stream crossing costs - Example 2.

Item and Description Item Cost

¢ Labor {county employees) ' § 423151
® Equipment | _ $ 332850
® Materials : , : $ 14,540.95
Rip rap & road stone (+ haul) $ 564870 ' u
 64-18in.x 10 frsheetpiling. . . . . | s 299200
Concrete (46 ¢y.) $ 2,369.00
- 9-18 in. x 30 ft CMP J ‘ $ 2,250.00
Sand (125.16 T + hauling) | $ 73845
Lumber for formwork | $ 20513 Il
Reinforcing steel (1,030 1b.) $ 18540 H
ﬂ Engineering fabric (128 cy.) s 12264 I
" Welding supplies § 2963 u
L TOTAL COST FOR PROJECT $ 22,100.96 I
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The third installation was over the Wolf Creek in 1989. This installation included a skewed arrangement
of seven CMP under the roadway surface. Costs on this installation are presented in Table 3.23.

Table 3.23. Low water stream crossing costs - Example 3.

- o Item and Description. Htem Cost
e Labor (county employees) $ 413167
® Equipment . - : $ 2,729.00 “
® Materials $ 14,652.10 u
}* Rip rap & hauling 3 386221 “
80 - 18 in. x 10 ft sheet piling | $ 3,700.00 [[
Sand (incl hauling) o $ 281579 |
[ concrete @08cy) | $ 2,079.00
7-18in. x 32 ft CMP. ' S 1,847.16
Reinforcing steel (812 Ib.) | $ 27378
"Engineering fabric (128 cy.) 1's 12264
Lumber for formwork | 3 7416
TOTAL COST FOR PROJECT | - 1 $21,57277

3.7.8. Corrugated Metal Pipe Culvert
3.78.1. Background

A corrugated meta] pipe culvert (CMP) offers many advantages over other bridge replacement
alternatives. A CMP is faster and easier to install than a cast-in-place concrete structure. In addition, there
are no forms to set and remove, and no curing time is required. In most cases, county forces can install a CMP
using ordinary county-owned equipment, which eliminates the need to hire an expensive outside crew or rént
equipment. To simplify design, numerous standard CMP sections have been developed. These standard
sections are mass produced which lowers the material costs.

There are actually several types of CMP culverts évaﬂable. Many of these have been available for years,
and have proven 10 be a cost-effective bridge replacement alternative. This répon will concentrate on one

~ particular type of CMP, the corrugated aluminum box culvert. Although only one type will be discussed in

detail, many of the same considerations can be applied to corrugated steel pipes, and other CMP culverts.
Much of the information printed in this report was developed with the assistance of Contech Construction
Products, Inc. Although the culvert dimensions and available accessories discussed are specific 10 Contech
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there are other CMP manufactures which produce similar CMP. The design and instaliation procedure is
similar for each of the different brands of CMP culverts, thus generalized instructions are presented.

" The CMP culvert which offers the best potential for low volume bridge replacement is the aluminum
structural plate box culvert. Corrugated aluminum box culverts (CABC) combine the low profile shape of rigid
box culverts with the strength and flexibility of flexible structures. Contech Aluminum Box Culverts are
available in standard sizes ranging from 8 ft-9 in. x 2 ft-6 in. to 25 ft-5 in. x 10 fi-2 in. The box culvert consists
of aluminum structural plates and reinforcing ribs which are curved and bolt-hole punched at the plant.

One advantage the CABC has over other culvert types is the corrosion resistance. The aluminum alloys
in the structural plates have an excelient resistanoc.to corrosion, due to 2 thin oxide layer which forms on the
metal surface when exposed to air. Many agencies are predicting a service life of more than 50 years for 16
gauge aluminum culverts when subiected to a normal environment. To minimize corrosion in the system, no
dissimilar metals should be allowed to come in contact with the culvert. 'Although galvanized fasteners are
acceptable, other metals must be insulated with non-conductive coatings. '

_ One of the main advantages of an aluminum culvert system is its lightweight. 'Aluminum structural plate
weights approximately 2 percent of a similar size reinforced concrete pipe. This lower weight reduces assembly
and equipment costs and facilitates easier handling of the larger sections. The aluminum structural plates are
usually light enough to be handled by a single worker, thus reducing labor costs. In addition, it is possible to
assemble the culvert offsite and place it with smaller lifting equipment. This saves the cost of a heavy duty
crane, and reduces the time the site needs to be closed for construction. ‘Al of these advantages make it
possible to re-open the road more quickly, which reduces the inconvenience to the public. '
3.7.82. Design Criteria | - |

All Contech Aluminum Box Culverts are designed to meet or exceed an AASHTO HS-20 live loading.
The actual structural design is performed at the Contech headquarters in Middletown, OH, and utilizes a finite
element procedure to calculate the culvert load-carrying capacity. |

The practicing engineer is required 10 perform the hydraulic design for the proposed culvert location.

In following section, information on the hydraulic design of a CABC is presented. The footings used by 2
CABC require-that the foundation soil be able to support a bearing stress of at least 4000 Ib/sq ft. - Existing
foundation materials which are unable to support 2 load of this magnitude should be repiaded before instailing
a CABC. | S

To retain the culvert’s design load carrying capacity, the proper amount of earth cover must be
maintained above the culvert. Contech recommends that the roadway above the structure be designed with
either a flexible or rigid pavement. The minimum amount of cover must be maintained to prevent high-impact
loads from being applied to the culvert. Particular attention should be paid to the shoulder of the propdsed

roadway, where a combination of substandard cover and an applied wheel loading can damage the culvert.

-

S—
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3.7.8.3. Design information

The actual hydraulic design of a CMP culvert is beyond the scope of this project. There are however,
a number of sources available which discuss the hydraulic design procedure in detail The reader is particularly
encouraged to review the AISI Sieel Drainage Handbook. The engineer should be aware of several optional
design features of CABC, .

Several types of footings are available for corrugated aluminum box culverts. A corrugated aluminum |
invert can be supplied for those installations which do not merit a full paved invert. The engineers at Contech
strongly recommend that steps be taken to avoid water intrusion under the invert. Intrusion may be prevented
by installing a toewall on the upstream end of the culvert. A coﬁcrete toewall may be cast on-site, or an
aluminum flat sheet toewall is available. Note that most short-span culverts are goverened by inlet control.”
In such cases, the roughness coefficient of the invert does not affect the hydraulic capacity of the culvert, and
the corrugated invert is often the most economical footing available.

In those locations where a full corrugated invert is used, it is essential that no backfill material intrude
through the corrugations at the sidewall-invert interface. A scalloped closure plate is available to minimize the
amount of this backfill infiltration. If the backfill material contains a significant amount of fine silts or sands,
a layer of geolextile should be instalied along the joint as well.

A pad footing is available for sites where the stream bed consists of non-ercdible material; these are
generally more economical than a full invert. A pad footing should be buried to a minimum depth of 12 in,
to aliow the inside soil to balance the pressure due to bacmﬂklg. It should be noted that the flow area of a
box culvert includes the area from the crown to the invert or footing pads. If the pads are buried, the
reduction in hydraulic capacity must be considered. .

CABC's arrive at the jobsite ready for assembling. The parts are numbered and lettered for ease of
erection. No unusual tools are required for assembly; drift pins and an impact wrench with a capacity of 150
fi-Ibs. are considered mandatory. The keys to efficient assembly of the culvert are the use of a pair of drift
pins to align the holes and proper bolt sequencing.

Site preparation, excavation, bedding, and backfill operations are essential to develop the maximum
strength of any flexible culvert. The soil around the culvert must be sound granular material, placed and
compacted following accepted procedures. The following remarks are specifically directed toward a CABC
installation, but can be generalized 10 other types of culverts as well.

If a full aluminum invert is used, the trench bottom must be equal to the span of the culvert plus
sufficient room to allow proper compacﬁon. The bedding dirécﬂy beneath the culvert sidewalls is particularly
important. ‘This region must receive proper compaction to develop the maximum load carrying capacity of the
culvert. When toewalls are added, whether concrete or aluminum, a crosstrench must be included across the
full width of the invert.
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Instaliations utilizing aluminum foot pads require the excavation of two trenches. These must be of
sufficient width to install the pads, and mpst be deep enough to avoid possible scour and frost heave of the
pads. .

The preparation of the pipe bedding is critical to both culvert performance and service life, Avoid any
distortions that may create stress concentrations in the culvert. The bedding material must be free of rocks,
frozen material, and organic material that might cause unequal settlement. Contech recommends that the
bedding material be a well graded granular material

The proper placement and compaction of backfill material is essential o developing the maximum
strength of the culvert. 'The same basic restrictions apply to the backfill as to the bedding material. One
should avoid anything which might create uneven compaction. The backfill material must be placed
symmetrically on each side of the structure in 6-8 in. lifts. Each lift should be compacted to a minimum of 90
percent maximum density before applying more backfill material. During the backfilling operation, only small
tracked vehicies should be near the culvert. If larger vehicles must be used, it may be necessary to increase
the minimum cover depth to carry the temporary loading.

3.7.84. General cost information

A double 21 ft-2 in. by 8 fi-10 in. x 64 ft Con-Tech Corrugated Aluminum Box Culvert was installed by
the city of Galesburg, IL in the summer of 1991. The existing timber bridge had to be removed and replaced
after fire caused major damage to the deck and timber pile abutments. '

The labor on the project was performed by a city maintenance crew, with the exception of the the
removal and disposal of the existing creosote-treated bridge deck. Costs for the project are presented in Table
3.24.

3.79. Stress-Laminated Timber Bridge
3.7.9.1. Background

The stress-laminated timber (stresslam) system is a relatively new concept for timber bridge construction.
In this system, sawn Jumber laminations are placed vertically and squeezcd or clamped together on their wide
faces by the use of high strength steel post-tensnonmg rods. A s:ress!am bridge offers several sngmﬁcant
advantages over conventional nail-laminated timber bndgc systems The deck superstructurc can be
‘prefabricated into panels, which can then be transported to the site and kﬁed into place. As fong as the post-
tensioning force is properly maintained, the stresslam timber deck will not delaminate over time. In the
stresslam system, it is not necessary to have individuat laminates span the entire length of the bridge. Since
the load trapsfer between laminates is entirely by friction at' the interface, ali laminations do not need to be
continuous. Butt joints of individual Jaminates are permitted within certain limitations (usually no more than
1 butt joint in 4 lJaminations within any 4 ft segment of deck width). The forces in a discontinuous lamina at

[———
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Table 3.24. Corrugated aluminum box culvert installation costs.

“ : Item and Description | Item OosTm Total Cost
& Labor (city employees) | 3 8410
® Removal of existing . _ 3 8,000
structure (contractor) ' :
e Materials , ' $ 42,294
Aluminum box sections - - $ 24,450
. 3/4" Aggregate (2875 cy.) $ 12219
Concrete (62 c.y.) ' $ 4,650
II Miscellaneous materials ' $ 975
“ ® Heavy Equipment Rental | ' 8§ 4,500
“ ¢ A.C.C. wearing surface ' 3 1,688
H TOTAL COST FOR PROJECT o ' $ 64,892

a butt joint are transferred to the adjacent lamina through friction, which carry the forces past the butt joint
(57). This behavior allows the use of shorter lamber and also allows longer spans to be cambered to offset
dead load deflections. . Lo ) . _

The stress-laminated timber bridge §ystem was develbped by ‘t,h_e Ontario (Canada) Mininstry of
Transportationand Communication (Ontario M.O.T.C.) in the mid-1970s as a method of rehabilitating existing
nail-laminted bridges (80). Traffic loading had caused timber deck members to separate, reducing the load
distribution ability of the bridge deck and causing severe deterioration of the asphait wearing surface. As
shown in Fig. 3.33, the original techniq ueused steel prestressing rods placed above and below the existing deck,
which were then tensioned to compress the deck. The effects of the stress-laminating were dramatic and
substantiaily increased the Ioad-canying‘mpacity of the bridge {(81).

Based on the successful application of this procedure to existing bridges, a method for constructing new
bridges with a stresslam deck was developed. The system for new construction s similar to the original system, -
except that the prestressing rods are placed in transverse holes in the laminates (see Figure 3.34).

A series of studies have been undertaken by Ontario M.O.T.C,, the U.S. Forest Products Laboratory and
several universities to determine potential problems with the system and to develop a design procedure for the
stresslam deck system. Only the most significant results of these in§estigations are briefly presented in this
manual. ' '
3.7.9.2. Design criteria .

It was determined from load testing that stresslam brid ge decks behave essentially like orthotropic plates,

with different stiffnesses perpendicular and parallel to the laminations (9). This orthotropic plate behavior
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Fig.“3.33. Orginal stresslam brfdge deck Cdnhéljl.”.(.].ti().f.h
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Lumber laminations
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Fig. 3.34. Stresslom configuration for new -cdnstruction.
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allows the stresslam deck to distribute wheel loads Iaterally across some finite width of the deck and
longitudinally to the supports. '

Loss of prestress in the post-tensioning rods is the most significant problem with the stresslam system.
Loss of the prestress force is a function of the ratio of the stiffness of the prestressing rod to the compressive
strength of the timber; it is also affected by the sequence of tensioning the rods, the moisture content of the
wood (which causes shrinking and swelling in the wood), the ambient temperature and also by the relative
humidity (8). Loss of prestress in the detk is primarily the result of creep in the wood, as long as the moistare
content of the wood is essentially constant (57). The 1983 Ontario Highway Bridge Design Code (OHBDC)
reccoménds that decks be restressed three times within the first five to eight weeks after assembly. A total loss
of 50 percent of the original prestress force can still be expected over the life of the deck even after following
the prestressmg schedule piven above.

The OHBDC requires that a steel channel bulkhead be placed along the iongnudmal edge of the deck
to distribute the stressing force uniformly along the length of the bridge and to provide a bearing surface for
the post-tensmnmg rods. Oliva and Dimakis (57) determined that a bridge which uses steel beanng plates (16
in. x 16 in. by 1 in.) for each post-tensioning rod is more economical than the one that uses channels for
bearing, is easier to construct, and maintains the desired prestress distribution,

Several studies have been made to determine possible ways to maintain the post-tensioning force in the

rods. A éystem developed at the University of Connecticut (70) replaced several of the anchor plates with disc

springs 10 minimize the loss of prestress force in the rods due 10 wood creep. In addition, this system allows
the cﬁgincer to conveniently monitor the remaiiling force in the rods by measuring the deflection of the
calibrated springs. - '

Numerous variations of the basic stresslam bridge have been recently developed. West Virginia
University has constructed and is monitoring a "Stressed T" timber bridge (30), one in which total compoéite
action is dcﬁ:loped between the deck' and stringgfs. The USDA Forest Service is investigating the use of a
paraliel chord timber truss to increase the longitudinal stiffness of the bridge. -

The design ptooedum described herein is based on the AASHTO Guide Specifications for the Design
of Stress-Laminated Wood Decks (1) ‘The design of a stressiam bridge deck is governed by four design
constraints:
limit material stresses to allowable values.
provide sufficient longitudinal stiffness to limit live load deflections.

maintain a minimum uniform level of compressive prestress to prevent delamination.

~ limit the compressive stress due to the post-tensioning force to acceptable Hmits.
3.7.9.3. General cost data

Very little cost data are available on the stress-laminated timber bridge. Many of the bridges have been
constructed as part of 2 national bridge initiation, thus unit prices remain both relatively unknown and rather

PR
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expensive. This is primarily due to the experimental nature of the construction and the lack of a competitive
bid process.

A 34 ft x 24 ft stresslam bndge was constructed in Shelby County, Towa thmugh the U.S. Forest Service
Timber Bridge Initiative in 1990. Because of the rather unijue design and the lack of AASHTO guidelines,
a consulting firm was hired to provide engineering for the project. .

Wheeler Consolidated contracted with Shelby County to provide the deSign, fabrication and materials
for the bridge. For ease of handling and construction, this project was designed with prefabricated timber deck
panels A iump sum fee of $39,400 was charged whmh included the engineering desngn,plans, specifications,
lumber, fabrication, treatment, hardware and shipping.

- Capital Construction provided all construction services on the project. This included the construction
of 12 ft high timber abutments, the assembly of the stressed timber deck panels and two applications of the
post-tensmnmg force. A breakdown of the construction costs is presented in Table 3.25. _

The placement of a 2V% in. asphalt wearing surface and thc third (and ﬁnai) apphcauon of post—tcnsxonm g
force was performed by Shelby County forces.

3 7 9.4. Des:gn limitations ‘
Several limitations apply to stress-laminated timber decks desxgned by this procedure:
® The deck is constructed of sawn lumber lammanons that are pIaced edgewise between supporns and
stressed transversely with high strength steel rods

¢ Deck width is assumed constant,

Deck thickness is assumed constant and is not less than 8 in. nominal thickness.

The deck is a rectangle in plan, or is skewed less than 20 degrees.

End or intermediate supports are continuous across the entire width of the deck.

. @

Butt joints are permitted in the laminations provided no more than one butt joint occurs in any
four adjacent laminations within a span of 4 ft.

Design loads for this procedure are based on AASHTO Joading requirements and are limited to
AASHTO Load Group I and IB, where design is essentially controlled by a combination of structure dead load
and vehicle live load. | | ‘

This design procedure is valid for sawn lumber laminations of the following species: Douglas Fir-Larch,
Hem-Fir (North), Red Pine, Eastern White Pine, and Southern Pine, Design values for other species are
currently being developed. Al wood components are assumed t0 be pressure treated with an oil-type
preservative prior to fabrication. To account for the load-sharing characteristics of the stresslam
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Table 3.25. Construction costs for stresslam timber bridge.

l Item

Quantity

Unit
Price

Amount

| TOTAL DESIGN COST %MLummum m$39,400 $39.400

{ Stressed Timber Bridge (construct only) W_Lum_p:um 1 s13.500 $13,500
Excavation - class 20 375 cy. $ 700 $ 2,625
Excavation - class 10 155 c.y. $ 3.00 $465.00
Remova} of exist. structure Lump sum $ 5,000 $ 5,000
Mobilization Lump sum $ 2,000 $ 2,000
Guardrail, thrie beam 3751 $ 13.00 $487.00
Guardrail, W beam 75 LE $ 6.00 $450.00
Guardrail anchorages, RE-52 2 only $£500.00 $ 1,000
Guardraii anchorages, RE-27B 2 only $165.00 $330.00

ﬂ Guardrail posts, beam 24 only $ 50.00 $ 1,200

|I Object marker, type 3 4 only $ 60.00 $240.00
Delineator, single white 6 only $ 20.00 $12000 - |
Object marker, triple yelloﬁ 8 only -$60.00 1 $480.00
Markers, guardrail 2 only $ 10.00 $ 20.00
Drive creosoted piling 1200 Lf. $ 3.00 $ 3,600
Creosoted test piling Lump sum $440.00 $440.00 I

‘l EW.O. - Guardrail #1 Lumpsum | $325.00 532500 |

TOTAL CONSTRUCTION COST
|| Install 2V4° Wearing Surface .
Materials Lump sum $384.00 $384.00
ﬂ Labor Lump sum $924.00 $924.00
| Equipment Lump sum $366.00 $366.00
Third stressiitg of rods
Labor Lump sum $292.00 2200 |
Equipment Lump sum $ 28.00 $ 28.00 “

| TOTAL COUNTY FORCE ACCT.
ll TOTAL COST OF PROJECT

_ | $1,994 '
$73,677 ]

| cosT PER SQUARE FoOT

$90.29

1

e
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system, allowable bending stresses have been increased by 30 percent for lumber graded Select Structural, and

by 50 percent for lumber graded No. 1 or No. 2.

Prestressing elements are high strength steel rods which meet ASTM AT722. The rods are placed through
the laminations and are attached to anchorages with high strength nuts.
3.7.9.5. Design procedure '

The design procedure discussed in this section has been automated by the use a spreadsheet. In the |

&

procedure which follows, the appropriate input values are indicated by a capital letter enclosed in parentheses.

The letters shown correspond to the spreadsheet shown in Figure 3.35.

1.

Define the geometric requirements and the desired design Joads. Determine the required bridge

span, L (Input A), and bridge width, W (Input B) which is the ,required roadway width plus curbs
and railing, and the applicable design live loading to be applied (Input C). In many cases, a dcsign

live loading will be equivalent to an AASHTO HS-20 loading, depending on any local loading

conditions which may exist. An asphalt wearing surface can be applied to the proposed bridge.

The decision to use a wearing surface (Input D), and the thickness of this wearing surface (Input

E), must be determined by the user. |

Select the species and grade of material 10 be used for the laminae and compute the allowable
design material properties. As noted earlier, the AASHTO guid.e specifications are applicable for
Douglas Fir-Larch, Hem-Fir (North), Red Pine, Eastern White Pine, and Southern Pine. Althou gh
properties are available for other grades, primarily No. 1 grade is used. Material propérties for the
desired species can be found in Table 13.2.1A of the AASHTO Standards (2), and s_hduld be
modified by the appropriate moisture content factors. Because of the load sharing capability of
the stressiam system, the allowable flexural fiber stress can be inéreased by a factor of 1.30 for
select structural grade and by a factor of 1.50 for No. 1 and No. 2 grade lumber (see Art. 13.2.7
of the Guide Specifications). The user should determine the species, gfade, mois;ufe coriditions,
and surface conditions of the proposedriaminae (Inputs ¥, G, H, and I mpecﬁv.eiy). Based ui)on
the species and grade selected, the spreadsheet computes the allowable stresses. |

Estimate a deck thickness and determine the wheel Joad distribution width. For design purposes, -
a preliminary estimate of the deck thickness, ty, can be made from the following:

span less than 10 ft 10 in.
spanof 101020 ft 12 in.
span of 20 t0 30 ft 14 in.
Span more than 30 ft : 16 in.
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Design of Stress-Laminated
Timber Deck Bridges

Input deck géometxic requirements:

_Input bridge length, L = 25.00] ft
Input bridge width, W = _ 26.00] ft

o>

Select design live loading:

1) HS 20-44
2) HS 1544
3) H 2044
4) H15-44

Please enter number of your choice: C

Select type and thickness of wearing surface:

1) No wearing surface
2) Ashpalt wearing surface

Please enter number of your choice: 2o
~ Thickness of a/c wearing surface (if any): in. E
Select species and grade of material to be used for laminae:

1) Doug!as fir-larch
2) Hem-fir (north)

3) Red pine

4) Eastern white pine
5) Southern pine

Please enter number of your choice: F

Fig. 3.35. Stresslam timber deck spreodsheet input parameters, and

example problem.
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Select species and grade of material for laminae (cont.):

8) Select structural
7) Grade #1
8) Grade #2

Please enter number of your choice: G
9) All thicknesses surfaced dry or green and used at 19% max. M.C.
10} Nominal 4" or less in thickness, used at greater than 19% max. M.C.
11) Nominal 4" or iess thickness, used at 15% or less max. M.C.
12) Nominal 5* or thicker, used where M.C. exceeds 19%
Please enter number of your choice: ) . L__9]H

13) Surfaced wood laminates
14) Rough sawn wood laminates

_ Please enter number of your choice: I
Moisture content factor for Fb = 1.00
Moisture content factor for Fep = 1.00
Moisture content factor forE = . 1.00
Load sharing factor = = - 1.5
Allowable Bending stress, Fb’ = : 2.825 ksl
Modulus of Elasticity = 1,800 k.s.i.
Perp. compression stress, Fep'= 0.385 k.s.i.

Estimated deck thickness and computed wheel load distribution width:

Initial est. of deck thickness, td = _ * in. {based on span ‘iength)

Number of continuous adjacent laminae in 4’ length = ' J
Butt joint adjustment factor, cbj = 0.8

Wheel load distribution width = 41.60 in.

Fig. 3.35. Continued.



Computed design live load and dead load moments:

Dead load of timber deck =
Dead load of curb, railing, etc.=
Dead load of wearing surface =
Total design dead load =

Design dead load moment =
Maximum design live load moment =
Total design moment (DL + LL) =

43,333 lbs
4,626 1bs
22,500 ibs
70,458 ibs

220.18 ft-kips
103.68 ft-Kips
323.86 ft-kips

Computed required deck thickness based on allowable flexural fiber stress:

Effective section modulus, § = 177493 in.~3
Flexural bending stress, Fb = 219 ks
Allowable Bending stress, Fb’ = 2,625 K.s.i.
. Check: Fb < Fb’ ? Deck is sufficient in flexure.

Computed check of live foad defiection:

!..i_ve load defiection, DELTAL =

Allowable live foad deflection = L/500 =
Check DELTAL < allowable deflection ?

Computed dead load deflection and camber:
Dead load applied to deflection:
Long term DL deflection, DELTAD =

Proposed deéign camber =

Fig. 3.35. Continued.

0.6 in.

Deck is sufficient for defiection,

65,833 Ibs
0.91 in.

272 in.



179

Computed required level of prestress forces

Case A - Transverse bending:

Transverse bending moment, Mt = 708.77 in.-bsfin.

Minimum prestress force, p = 16.61. p.s.i. t
Case B - Transverse shear:

Transverse shear force, Vt = . 158.08 Ibsfin.

Caefficient of friction, mu = 0.45

Minimum prestress force, p = 82.93 ps.i.
Case B controls - minimum interlaminar prestress force = 32.93 p.s.i
Check: Minimum prestress force must be >= to: 40.00 p.s.i.

intial presrress force applied at construction = 100,00 p.sid,

Select size and spacing for prestressing elements:

[ 5000] in. K

Input trial value for tendon spacing:

Area of steel must be >= 076 in™2
Area of steel must be <= 128 in~2

1) 5/8* 150 ksi tendon
2) 1°, 150 ksi tendon
3) 1 1/4%, 150 ksi tendon

2t

Please enter number of your choice:

" Area of steel rod, As =

Forcs in prestressing tendon, Fps =

Fig. 3.35. Continued.

0.85 in.~2 Rod size is OK

80,000 ibfin."2



180

Computed size of bearing plates

input yield strenth of steel plates: bfin.~2 M
Required area of plate, Aplr = 2078 in"~2

Input trial dimensions of bearing piate: !
Longitudinal length, Lp = [ 16.00] in. N

Transverse width, Wp = in. 0

Check: 1.0 < LpWp <207 Ratio of Lp/Wp OK

* Area of bearing plate, Apl = 224.00 in.~2

Check: Apl > Aplr 7 Bearing plate has sufficient area

Bearing stress in timber due to plate = 357.14 Ibfin.~2

Typical dimensions for anchorage plate {varies with manufacturer):

Longitudinal length of anchor plate, La = 6.50 in.
Transverse width of anchor plate, Wa = 4.00 in.
Thickness of anchor plate, ta = 1.25 in.
k based on relative plate widths, k1 = . 5.00
k based on relative plate lengths, k2 = 4,75
Value of k for use in plate bending equation = 5
- Minimum thickness of beaﬁng plate, tp = 1.16 in.
Check bearing stress at abutments:
Input width of abutments, wabut = in, P
Reaction due to dead load, RDL = o 4,514 |Ibs '
Reaction due to five load, RLL = 23,040 Ibs
Bearing stress at abutments, fcabut = 55.20 Eﬁﬁn ~2 Bearing stress is OK

Fig. 3.35. Continued.

A

s
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Fig. 3.35. Continued.

Summary of Design Values
Length, L = 2500 ft
width, W = ‘ 26.00 #
Design live loading: AASHTO HS 20
‘Lumber species: .Dougiaé ﬁfflarch
Lumber grade: Grade #1
Maximum moisture content:  19% maximum
Lumber condition: | Rough sawn laminates
Thickness of deck, td = 1600 in.
Streséing system: 1 |n dia., 150 ksi
Spacing = §0.00 in.
Rod anchorage $ystem:
\{'ield strength of steel = - 36.00 ks
Béaring plate (inches): 16.00 X 14.00 x
Anchorage plate {inches): 6.50 X 400 x
Stresses and deflectiohs:
Bending stress, fb = 219 ks.i
Allowable bending stress, Fb' = 263 ks.i
Live load deflection, deltal. = 0.38 in.
Aliowable LL deflection, L/500 = 0.60 in.
Dead load deflection, deltaD = 091 in,
Design camber == o 272 in. |

1.18

1.25
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Summary of Design Values, cont.

Tensioning system:
Minimum prestress force, p = 40.00 p.s.i
Force @ construction, pi = 100,00 p.s.l

| -Force in stressing tendon, Fps = 80,000 Ibs

Bearing stress @ anchorage = 357 p.si
Bearing stréss at abutment = 85 p.s..
Allowable bearing stress, Fep' = as8s p.s.i

Fig. 3.35. Continued.
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The spreadsheet automatically computes this initial deck thickness based on these values. This

kinitial‘thiclmess estimate may be revised if the ensuing ﬁiculatidns show a deck which is

significantly over-designed. The spreadsheet deck thickness can be changed by over-writing the cell
which contains the automatically computed value (Input *).
The wheel load distribution width, D,, is taken as:
D,, = cyltire contact width + 2td]
where the tire contact width is determined from Art. 3,30 of the AASHTO Specifications (2). The
butt joint adjustment factor, ¢, is determined from Art. 3.25.5.4 of the Guide Specifica'tions (1) as:

—d
G+1)

where | is the minimum number of continuous laminae in any four foot longitudinal length (Input

3.

Cy =

Compute the design live and dead load momeats. The dead load of the deck is based on the
assumed thickness, along with any additional dead load from a wearing surface (if employed),
guardrail, curbs, and other fixtures. The total dead load moment should be calculated for a width

_of the deck equal to the wheel width plus twice the deck thickness.

The maximum live Joad moment due to a wheel line should be calculated. A table has.been
developed which gives the maximum live load moment for various span lengths and design loadings.
For AASHTO live load moments, see Appendix A of the AASHTO Standard Specifications (2);
for Towa legal truck live load moments, see Appendix B of this manual, '

Determine the required deck thickness based on allowable flexural stress under combined dead and
live loads. The dead_load and live load moment diagrams should_' be combined to determine the
maxirmum total bénding moment, M,.. In the case of a simple span bridge, the maximum moment
is assumed to be the sum of the maximum dead Ioad moment, My, and maximum live load
moment, My, (since My, and My, occur at different locations). |

In the case of a simple span bridge, the dead load moment at any position along the span is given

by

My, =wp, x (‘% - %)

where wp, is the uniform dead load over the wheel load distribution width, x is the position along
the span, and L is the total span length. The maximum live load moment, M;,, occurs when the
center of gravity of the design wheel loads and the nearest heavy wheel load are positioned
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equidistant from the centerline of the span. An expression for the maximum live load moment and
shear for an HS-20 loading has been developed and is presented in Table 3.26. The spreadsheet

automatically calculates the design dead and live load moments based upon the span length, design

vehicle and any wearing surface, ete. whichi has been included.
An idealized portion of the deck, with width equal to D,, and thickness ty, shall be assumed

to resist the total maximum momerit. The flexural stress, f, is given by:

M,
fo = S

where the effective section modu}ﬁs, S, is given by’

v

s - Dt
6

If the calculated flexural stress exceeds the allowable value computed in design Step 2), either

the deck thickness, t, must be increased (see design Step 7)), or a higher grade of lumber (one
which has better material properties) must be used. Iff, is significantly less than the allowable
stress value, a thinne'rl deck or a lower-grade material may be more economical. In any case,
changes should not be made until the live Toad deflection is checked.

Check the live Joad deflection. Live load deflection, Ay, is computed by standard elastic analysis
methods for one wheel line of the design vehicle, The deflection is due 10 this wheel line applied
over a width equal to D, and modified by a factor of 1.15 (See Appendix A, Ref. 1. The live load
d_eﬂcction is given by: : ‘ ' '

A= Deflection coeff.
T 118 E'l

where E’ is the modulus of elasticity of the laminae, corrected for moisture content. The
deflection cpefﬁcicnt can be found in Table 16-8, Ref, 66, and the effective deck moment of inertia,

I, is given by:

IzM
12
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* Table 3.26. Maximum moments and shears for HS-20 loading.

Span Length, (ft)

' Moment, (ft-kips)
0-239 8L
239-338 16L + T84/L - 224 |
338 - 1456 18L + 392/L - 280 I

0.0812 + 4.51,

>145.6

0-14 32

14-28 64 - 48/L |
281275 72- 672/ R
>1215 0.32L + 26 ﬂ

An abbreviated version of the deflection coefficient table is given in Table 3.27. To obtain
the tive load deflection for one wheel line in inqhes, divide the deflection coefficient by EI (Ib-
in*). The live load déflection should be compared to the AASHTO aliowable value of L/500,
The spreadsheet automatically computes this deflection and compares it to the allowable

* value.

7. Rcv:bc thickness if necessary. If the flexural stress and/or live load deflection computed in
steps 5) and 6) are significantly different from the allowable values, a new thickness should
be assumed and the calculations for dead load, distribution width, flexural stress, and live load
deflection repeated until acceptable values are attained. Note, any assunied thickness values
should be taken as multiples of the common lumber dimension (7% in., 8 in., 9% in, 10 in,,
etc.).

Spreadsheet users need to enter a larger deck thickness value (Input ‘) and the
remaining calculations will be performed automatically.

8. Calculate dead load deflection and camber. The dead load deflection of the deck is calculated
assuming the dead load weight from a width of the deck equal t0 the wheel width plus twice the
deck thickness is resisted by a width of the deck equa! to the distributionwidth, D,. The dead load
deflection, Apy, can be cofaputed as: '
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Sme‘
384 E'I

Ay =

Table 3.27. Deflection coefficients for HS-20 live loading,

————

Span Length, (£t Deflection Coefficient

10 5.76 x 10°
“ 15 1.94 x 10°
20 461 x 10°
22 6.40 x ¥
24 - 938x10°
26 = _ 1.30 x 10
28 1.74 x 10"
30 225 x 10w
32 . 285 x 10%
34 o © 353x100
‘36 431 x 10" . N
38" 5.19 x 10%
40 6.18 x 100
42 734 x 100
4 8.65 x 10%
46 1.01 x 101
43 117 x 100 l‘
50 __ _134x10t
55 _ 1.84 x 101
60 ' 245 x 108
65 318 x 101
70 403 x 10¢ i
75 502x10 ”

[

As mentioned earlier, one of the benefits of including butt joints in the design of the
stresslam bridge is that camber can be built-in to offset the effect of dead load deflection. If

L
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camber is t0 be used, Ritter (66) has recommended the design camber should be 3Ap;. This
calculation also is performed automatically by the spreadsheet.

. Determine the required level of prestreas to be used in laminating. In the Guide Specifications
(1), the required prestress force to be used in laminating is given in Article 13.11.1. This force
is the uniform force between the laminates, not the force in the individual post-tensioning
tendons. |

* Two conditions must be satisfied by the post-tensioning system. First, sufficient prestress
force must be applied to offset the effect of transverse bending stresses. The amount of force,
p (in psi), required to sausfy this first condition is:

6 M,

z

where the transverse bending moment in in, -lbsixn My, is given by
~ for one lane bridges:

1.54 M,
My = 1;4("')
1000 (¢, o)
for two lane bridges with L < 50 fi:
079M
7771000 A 1.

and where M, = the longitudinal moment caused by a single wheel line in in.-Ibs. and b = half
of the bridge deck width in inches.
The second condition which must be satisfied is that sufficient prestress force must be
"applied to resist any interlaminar slippage due t0 transverse shéar. The required prestress
force, p, in psi, shall be computed as: ‘
| ‘ 157,
B

p=

where p iS the coefficient of interlaminar friction and is equal to 0.35 for surfaced wood and
0.45 for rough sawn wood. The transverse shear, Vi, in Ibsfin., shall be taken as;

where P is the maximum single wheel load in Ibs.
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The initial prestress applied to the deck must compensate for prestress losses due 10 creep
and relaxation. The initial minimum compressive force, p;, shall be equal to 2.5p. The deck
shall be prestressed to the same level during the second week and again between the fifth and
cighth week after the initial stressing. The spreadsheet automatically performs these

calculations.

Select a spacing for the prestressing clements. The spacing of the prestressing elements should
be based on the span length and the maximum aliowable spacing of 60 in. (see Articie 13.11.2.2,
AASHTO (2)). Table 3.28 can be used to determine an approximate post-tensioning tendon

spacing (Input K).

Table 3.28. Approximate spacing for prestressing rods.

t, (in)

Rod spacing, (in.)
%" in. ¢ rods 1" in. ¢ rods 1 %" in. ¢ rods

11, Size the prestressing elements. The type of prestressing system to be used must be selected by

the engineer. The most common means of prestressing utilizes high strength threaded steel
rods. ‘

Each element, spaced as determined in Step 10, must be able to provide the initial
prestressing force for an area determined by the deck thickness times the element spacing. The
compressive force in the rod is then calculated as the area (thickness x spacing) multiplied by
the initial prestressing force. The minimum area of the prestressing element must satisfy the
following equation (Bqn. 13-26 and 1327, AASHTO (1)): |

P
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A= P‘f“" <0.0016 s,

2

The limitation on total steel area is to control the loss of prestress due to creep in the timber.
The engineer should select a prestressing element with a cross-sectional area that meets the
above requirements (Iapat L),

Size the bearing plates. The compressive force catried by each prestressing element must be
resisted by the timber immediately under the bearing plate. The required area for the bearing
plate is determined by the following equation (Eqn. 13-28, AASHTO (1)): o

_Psty
Ap‘"""‘“"F—""

€y

The engineer must provide the yield strength of the bearing plates (Inpat M) and should select
a bearing plale with the required arez and the proper ratio of lengﬂl to width as shown below
(Input N, O). Once a plate has been selected based on area, calculate the actual bearing stress,
The bearing stress is calculated as: |

The minimum bearing plate thickness should be computed from the following (Eqn. 13-29,

AASHTO (1)): _
F yﬂ_&
P \J F,

The factor k depends on the shape of the bearing plate and anchorage plate (if used) and is the

greater of:

- (Wr - WA) (LP - LA)
T T2

k

-

‘and where W, L, are beéring plate dimensions in inches, W,, L, are anchorage plate

dimensions in inches (if used). Figure 3.36 shows the dimensions required to determine the k '
factor. Once the area of the plates has been entered, the spreadsheet performs the remaining
calculations. '
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Bearing Plate
— Anchorage plate

.

~ Fig. 3.36. Dimensions required to determine k factor.
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13. Check bearing stress at abutment. The compressive stress on the abutment should be checked
against the allowable compressive stress perpendicular to the grain, F,,. For this type of bridge,
a timber abutment cap beam over piles (either steel or timber) is normally used. The design of
the piles is left to the designer. Assume a 12 in. wide capbeam unless a more exact value is
known. A
The dead load reaction at the abutment, Rpy, is computed as one half of the total dead
Ioad on the structure from the deck, the wearing surface (if any), and any curbs, rails or
hardware which is used.
The live load reaction to the abutment, Ry, can be found in Appendxx A, AASHTO (2)
for the appropriate span length.
3.7.9.6. Example ‘
For illustration, an example stresslam bridge will be designed. The spreadsheet input and output for
this example is shown in Fig 3.35. The following criteria will apply to the example bridge: '
Length = 25 ft c-c of bearings
Roadway width = 24 ft
Bridge width = 24 fi roadway + 2 ft allowance for curb and/or rail = 26 ft
Existing abutments - bearing length = 24 in. ‘
1. Define geometric requirements and design Joads. SetL = 25 ft (A), W = 26 ft (B)

Use HS-20 live loading {C):

From Table 16-8, Ref. 47:
Maximum LL moment = 103.68 ft-k
Maximum LI reaction = 23.04 k
LL deflection coefficient = 1.1 x 10
Use 3in. asphalt overlay for wearing surface (D and E):
Calcuiate DL of wearing surface:
Dlveariog = (37 £)(26 )(3/12)(150 Ib/ft’) = 34,425 Ibs.

2. Select species and grade of timber to use. For this exa}xxple, choose Grade #1 Douglas fir-larch
(F, G,H and I): '
From the 1989 AASHTO specifications (2), Table 13.2.1A:
Fb 1750 pSl
F. = 385 psi
E = 1,800,000 psi




Apply modification factors to material properties: . _ ]

Fy' = F, Cur Cs
Fu' = Fc.s. CMP:.:.
E' =E Gg

The moisture content factor, Cy can be found in Table 5.7, Ref. (66). Each of the three design
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properties can have a different value for Cy, so caution is advised.

The load sharing factor, Cis, is determined by the grade of lumber used and can be found in |

Sec. 13.2.7, AASHTO (1).

_ For this examplé:

Cs=150 Cyp =100

CM;:,;,_ = 100 CMB = 1.00

The revised design properties for this example: i

F,' = (1750)(L00)(1.50) = 2625 psi
'F.’ = (385)(1.00) = 385 psi
E’ = (1,800,000)(1.00) = 1,800,000 psi

3. Estimate deck thickness and determine wheel Joad distribution width.
Span = 25 ft thus estimated {y = 14.00 in. o : §

Wheel load distribution width:

D = cy(wheel width + 2 t,)

Article 3.30, AASHTO specifications:
Tire contact area = 0.01 P

For HS-20 design load, P = 16,000 Ibs.

So tire contact area = (0.01)(16,000) = 160 in.? |

length in direction of traffic _ 1

width of tire 25

Length = 0.4 width, so 0.40 w2 = 160 in.?

For this example, w = 20.00 in.

If butt joints are positioned every 4th laminae (J),

-l -4 _os0 |
j+1 441
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The wheel load distribution width, D,; is:

D, = (0.80)(20.00 in. + 2(14.00 in.)) = 38.40 in.

Compute design dead and live Joad moments.
Dead load of timber deck = (25 ft)(26 ft)(14/12)(50 Ib/ft*)
= 37,917 Ibs.
Dead load of curb, railing, etc. = (25 ft)(185 Ib/ft)
= 4625 Ibs.
Dead load of wearing surface = 22,500 Ibs.
Total dead load = 65,042 Ibs

Distributed dead load, Wy = 85,0425 2602 Ibs[ft
251
2
Design DL moment, M, = (2.602 k[aﬁ‘)(25ft) = 203.3 fi-k

Design live load moment, M;; = 103.68 fi-k
Total design moment = 203.3 + 103.68 = 306.98 ft-k

Compute fiexural stress and compare to allowable.
Effective section modulus, S:

_ D _ (3840in)(14 in)?
6

s = 1254 in?

6

Actual flexural stress in deck, f:

_ M, _ (306.98-K)(12injf)) _ o2
5= T iasame = 2.94 Hin.

Check:  2.94 ksi > 2.625 ksi » NO GOOD —> recycle.
Note: don't recycle until after checking LL deflection

* Check live load deflection.

"1 =1.15x1 used for stresé calculation

(sce Article 3.25.5.3, AASHTO (2))

_115D6 _(115)(3840 in)(14 in. _ 10 g i 4

I
12 12
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Deflection coeff. _ 1.11x10"° - 0.61 in.
E'l (1,800,000 15/in.2)(10,098 in.Y

A, =

Compare to allowable deflection = L/500 = 0.60 in.
Check: 061 in. > 0.60 in. ». NO GOOD -—> recycle.

7. Revise thickness if necessary. Try a deck thickness of 16 in. (Input *). For brevity, the
caiculations will be omitted for the 2nd cycle of calculations.
For a deck thickness of 16 in.:

D, =41.60in.

Dead load of timber deck = 43,333 Ibs.

Total design dead load = 70,458 Ibs.

Total design moment (DL + LL) = 323.86 ft-k
Effective section modulus, $ = 1774 in®
Flexural bending stress, F, = 2,19 ksi _
Check: 2.19 ksi < 2.625 ksi .. OK for flexure
Check live load deflection:

I = 16,329 in*

Live load deflection = 0.38 in.

Check: 038 in. < 0.50'in. ... OK for live load deflection.

8. Calcnlate dead load deflection and camber.,

I = (41 -60 iﬂ-)(16 in-)s = 14'199 m‘

12
= =219.4
Wpi = Length, in. (25) a 2) 19.4 Ibfin.
. L‘ . e
. o (B)(21 9.4([(25)(12)]4 - 0.19 in.

384 E' 1 (384)(1,800,000)(14,199)
Camber should be set 10 34y, = 3(0.91) = 272 in.

9. Determine required level of prestress force.
Case A - transverse bending:’

r= oﬁg‘ (fi)"5 (0.79)(103. 68)('%2)(13)"5 708.8 in-Ibfin.
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B My _ (B)708.8) _ 1561 pryin2
12 (16)2

pm

Case B - transverse shear:
For an HS-20 load, P = 1§,000 ibs., sO:

_ P 04 By 16000 . . (13)(12), N
V= 3550104 = g0 104- G2 153.1ozb1m.

_15¥:  (1.5)(158.1) _ 2
T YT B

Note: AASHTO requires that p must be > 40 Ib/in? so set p = 40 Ib/in.2
The initial prestressing force, p; = 2.5 p = 100.0 Ib/in.2

10. Select size and spacing of prestressing elements.
Two conditions must be satisfied: '
0.70f,,

4,500016s51,
Try a spacing of 50 in. (K):

pisty  (100)(50)(18) -
A = = 0.76
s 0.70f,  (0.70)(150,000 psi) "

A, < 0.0016 51, = (0.0016)(50)(16) = 1.28 in.2

Check: s < 60 in. » OK. (see Art. 13.11.2.2, AASHTO (1)) -

11. Sk the prestressing elements. For this example, use 1 in, diameter, 150 ksi rods (L).

The force in the prestressing rods is computed as:

F,, = p; 5ty = (1001b/in2){(50 in.)(16 in.) = 80,000 lbs



196

12. Size bearing and anchorage plate. The required area for the bearing plate is calculated as:
_PiSt_ (100)(50)(16) | o7 g in 2

A
Pt @ 3851in?
Assume A36 steel (M) _ )
TryL, =16in, W, = 14 in. Nand 0) Ay = (16)(14) = 224 in?
. L, 16 _ '
Check (advisory): 1.0< =—=1.14<20 = OK
W, 14 _

Actual bearing stress is calculated as:

_ Sty _ (100)(50)(16) _ .
fyp = 22 - COOEE) - 571

Anchorage plate design:
Exact size depends on manufacturer.

Typical values (from Table 9-6, Ref. 66):

For 1 in. dia. rod: W, = 4in,, Ly = 6.5 in, t, = 1.25 in.
Calculation of bending stress in bearing plate:

W,-W,  14-4 _

k = 5
2 2
or
L-L, _16-65 ,
= 2 A - - = 4"75
2 2

Usek = 35. :
The thickness of the bearing plate must be great enough to prevent bending in the plate.
F, =055F,

For A36 steel, F, = 19,800 psi

_ |3fuk"’ _ \l @ESTAEE | 1n . 2
R e L
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Use t, = 1.25 in.

*13. Check bearing stress at abutments. Assume a timber cap beam width of 12 in. for this example.
Reaction due to dead load, Rpy;

Rog = 1(—‘ﬂ-‘f9—ﬂ’-] 25 1950 (50 e+ (B

2 12 3 )(150 Hip%)] = 4,513 Ibs. » 451 &

Ry = 23.04 k. (from Table 16.8, Rel. 66).

£ - RouRy 451.2304
e D, @e0)12)

55.2 psi

Check: 55.2 Ibfin2 < F',, = 385 Ib/in.? = OK.

Summary of Design Values:
Length = 25 ft, Width = 26 ft
Design loading: AASHTO HS-20, 2 lanes wide.
Lumber: Grade No. 1, Douglas fir-larch
Deck thickness = 16 in.
Streésing system: 1 in. dia. 150 grade rods at 50 in. centers
End rods 25 in. from end of bridge '
Rod Anchorage system: Usé 16 in. x 14 in. x 1.25 in. bearing plate
Use 4 in. x 6.5 in. x 1.25 in. anchor plate |
Both plates of A36 steel |
Stresses and deflections:
fy = 2,19 ksi
F,’ = 2625 ksi
Ay = 038 in,
Ap, = 091 in.
Camber = 2.72 in.
P = A0 psi
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P, = 100 psi
Fp. = 80,000 Ibs
f.. at anchorage = 357 psi
f., at bearing = 55 psi
F.,' = 385 psi
3.7.10. Glue-Laminated Timber Beam Bridge
3.7.10.1. Background

In the past few years, a number of new wood products, such as structural composite lumber, have
been developed. Although there are several different techniques for manufacturing large members from
small timber laminates, this report will ooncgntraie only on glue-laminated (giulam) timber beam and
timber deck constnicﬁon. Thé are two reasons for this limitation. First, glulam beams have been in use
~ since the mid-1940's and the design methodology for this type of member is recognized by AASHTO.
Second}y; systems such as laminated veneer lumber (LVL), while showing much potential for future use,
have not been used in actual bridge construction. No formal specifications have been developed for LVL
beam bridges at this time, Additional information on thé use of LVL for bridges can be found in (Refs. 5,
717, 78, 98). . ‘
Glue-laminated panel bridge decks, which were developed at the USDA Forest Products Laboratory
in the 1970's, are the most common type of timber deck in use today. The panels are normally 5 to 8 in.
thick and 3 to 5 ft wide. Glulam decks are much stiffer and stronger than conventional nail-laminated
decks because of the rigid bond between laminations. | ,

Glue-laminated (glulam) timber beam bridges (see Fig. 3.37) are constructed essentially the same as
an ordinary sawn lumber beam bridge with the exception of the beams themselves. Glulam beams are
manufactured from 1-1/2 or 1-3/8 in. thick timber lamintes which are bonded together on their wide faces
with watcrpmdf structural adhesives. They are available in 2 number of standard widths from 3 10 14 1/4
in., while the depth of a glulam beam is limited only by the size of the pressure treating facility and
transportation problems. Although glulam timber beams can be fabricated in essentially any shape, the
most economical shape is a standard size_béam which is available from a number of fébricmo‘rs (66). |

Glulam timber beams offer several advantages over ordinary sawn lumber beams. Because the depih
of glulam beams are greater, a given bridge will require fewer beams. Also the glulam beams are able to
span greater distances than sawn fumber beams. Glulam beams are able to span more than 140 ft, but are
more commonly used for span lengths of 20 to 100 f. |

Glulam timber bridge beams are fabricated with horizontally laminated bending combinations given
in Table 1 of AITC 117 - Design (4). These combinations provide the most efficient beam section where
primary loading is applied perpendicular to the wide face of the laminations (66).

A
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. ¢ Bridge

Glulam dedk - Wearing surface E

VA

| ] Equally spaced glulam beams
™~ .

Fig. 3.37. Typical section of glulam timber beam bridge.
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3.7.10.2. Design criteria

* The design material presented in this section is based on the AASHTO Standard Specifications for
Highway Bridges (2). Much of the material presented in this section is based on work ‘presented by Ritter
(66). |
The glulam timber beam and glulam timber deck design procedures described in this manual are
applicable only 10 AASHTO Group I loads. In this case, it is assumed that the design will be controlled by
a combination of dead load and standard AASHTO truck loads. Dead load is assumed to include the
weight of the timber itself, plus a 3 in, asphalt wearing surface and any guardrails or other attachments.

~ Material properties for various sawn lumber species are ta‘ken from the 1986 edition of the National
Forest Products Association’s Design Values for Wood Coustruction (51). Although this particular
discussion applies only to Southern Pine and Douglas Fir, the basic design principles could be applied to a
number of species. Combination symbols for glulam timber are taken from AITC 117 - Design (4).
Timber components used in this procedure are assumed to be pressure treated with an 6il-bom¢.
preservative.

The AASHTO specifications do not specify live load deflection limitations for either glulam beam or
deck design. Deflection guidelines which follow are based on common design practice and experience.

Perhaps the most influential factor in the economic design of a glulam timber beam bridge is the
beam configuration. The number and spacing of beams affects the size and s:rengib req uirements for the
beam and deck elements which in turn significantly influence the cost of materials, fabrication and
construction. Three primary factors influence the beam configuration in glulam bridges: site restrictions,

. deck thickness, and live load distributibn to the beams. Each of these factors will be discussed briefly in
the foliowing paragraphs.

Site restrictions. The most efficient beam is a deep, relatively narrow secﬁoﬁ. In some cases,
howevei', this cross-section may be impractical due to overhead clearance limitations. In such cases,
shallower beams are employed which in turn requires the number of beams to be increased for the desired
load capacity. These shallow beams are generally arranged in several closely spaced groups. In most cases,.
though, a deck-type structure (See Secs. 3.79 and 3.7.11) would be more economical for sites with clearance
problems. ' | ' | '

Deck thickness. As beam spacing increases, deck flexural strésses and deflections increase, requiring
either a thicker deck, or one with a greater flexural stiffness. Glulam decks are available in standard
member dimensions that increase in 134 or 2 in. increments. ‘

Live load distribution. The magnitude of the vehicle live load supported by each beam is directly
proportional to the distribution factor (DF) for that beam. The DF provides an indication of the relative
beam size and grade requirements for different configurations. | '

The ability of a bridge to distribute loads laterally depends on the transverse stiffness of the structure
and the number, size and spacing of beams. Although load distribution is influenced by the type and
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spacing of beam bracing or diaphragms, these factors are not considered in the load distribution factor
because of their minimal effect. 5

The AASHTO specifications provide an empirical method for determining the lateral distrﬂ)uﬁon of
wheel loads. The fractional portion of the total vehicle load distributed to each beam is computed as a
distribution factor, DF, expressed m wheel lines per beam. The design force, moment, shear or reaction, is
computed by multiplying the ma:dmur;: design force for one wheel line of the design vehicle by the
appropriate distribution factors. Tables of maximum vehicle live load moments can be found in Appendix
A, AASHTO (2).

 Distribution for moment. AASHTO specifications assume that wheel loads act as vpoint loads for the
computation of bending moments. The lateral distribution factor is determined based on the position of
the beam relative to the roadway. Although different criteria are used for interior and exterior beams,
exterior beams should not be designed for moments smaller than those used in the design of interior
beams. ' |

The distribution factor for moment in exterior beams is determined by assuming the deck acts as a
simple span between beams and then computing the reaction of the wheel lines on the exterior beam.
Wheel lines in the outside lane are positioned laterally to produce the maximum reaction on the beam,
however, the wheel line cannot be piaced closer than 2 ft from the curb. The distribution factor for
moment in interior beams is computed from empirical formulas which relate deck thickness, beam spacing
and the number of traffic lanes.

Table 3.29 presents the AASHTO distribution factors based on beam spacing, S, and the number of
design traffic lanes. Note that for a one lane bridge with S > 6 ft and for a multi-lane bridge with S > 7.5
ft, the distribution factor for moment should be taken as the reaction of the wheel lixies, assuming the deck
toactasa simple span between longitudinal beams.

Table 3.29. AASHTO live load distribution factors.

W 1
Nominal deck 'DF for moment (wheel lines/beam)
thickness
(in.) One lane : Two or more lanes
4 S/45 $/40
26 : $/6.0 | $/5.0

Distribution for shear. AASHTO spcciﬁwtioxis rcqluirc that horizontal shear in glulam beams be
based on the maximum vertical shear which occu.rs at a distance 3 times the beam depth, 34, from the
support or at the quarter point of the span, L/4, whichever is fess. Laterai shear distribution at this point is
computed as one half the sum of 60 percent of the shear from the undistributed wheel lines and the shear
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from the wheel lines distributed laterally for moment. For undistributed wheel lines, one wheel line is
assumed to be carried by one beam. The live load shear can be expressed as:

¥, = 0.5[(0.6 V) + V)

o

where: ‘
V. = distributed live load vertical shear used to compute horizontal shear (b).
Vi = maximum vertical shear from an undistributed wheel line (Ib).
Vip = maximum vertical shear from the vehicle wheel lines distributed laterélly as specified for
moment (ib). ' .
Distribution for reactions. The live load distribution for reactions is computed assuming there is no

transverse distribution of wheel loads to adjacent beams. The distribution factor, DF, for both interior and
exterior beams is odmputed as the reaction of the wheel lines at the beam, again assuming the deck acts as
a simple span between longitudinal beams.

Exclusive of site restrictions, beam configurations should be based on economic and performance |
considerations for both the beam and deck components. These considerations will vary depending on
material prices, availability, and transportanon and oenstrucuon COStS, Table 3.30 provides a general
guideline for the number and spacing of glulam beams. '

Several modification factors have been developed to account for the behavior of different timber
species for environmental and loading conditions. Note that the equations developed in this éecﬁon do not
include the duration of load factor, Cy, or the modification factors for temperature effect, CL, and fire-
retardant treatment, Cp.

To reduced fabrication costs, glulam beams should be developed using standard dimensions. Table

3.31 is provided for determining standard size glulam beams.

___ Table 3.30. Guidelines for number and spacing of glulam beams.

Roadway Namber of Beam Deck ‘ Moment

Width (ft) beams spacing (ft) overhang (ft) DF
2 5 50 20 1.00
26 5 55 20 110
28 5 6.0 2.0 1.20
34 6 | 60 E?..... 120
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Table 3.31. Standard glulam beam dimensions.

Net finished width (in.) ﬂ
Nominal width
' (in) Western Species Southern Pine "
| 4 318 | 3 | “
- 6 51/8 s
8 - 6-3/4 ' 6-3/4 |
10 8 o osip "
12 103/4 - 10an |
14 | 12-1/4 \ .
16 ~ 14-1/4 .

3.7.10.3. Design Procedure
The design procedure described in this section is for a glue laminated timber beam bridge. There
are several types of bridge decks which are available commercially, thus ao provision for deck design is

provided. Spreadsheet input parameters refer to the spreadsheet in Fig. 3.38.

1. Define basic configuration and design criteriz. Several dimensions must be determined:
® Span length, I, from c-to<¢ of bearing (Input A). -
® Roadway width, W, from inside of curbs (Input B).
; . Note: in this spreadsheet, the additional width of curbs and/or railing, etc., has been
ignored. .
e Number of traffic lanes. .
® Number and spacing of beams (computed automatically By me_spreadﬁheet based on
roadway width). '
e Deck and r-éiling/curb configuration.
® Design live load vehicie (Input C).

| 2. Select beam combination symbol and species. A preliminary beam combination symbol should
' be selected from the AITC 117 - Design manual (4) (Input D). Commonly used combination
symbols for glulam beam bridges are presented in Table 3.32.

Based on the combination symbol, the tabulated design properties of the member can be
determined from AITC 117. The allowable bending stress, Iy, allowable compressive stress
perpendicular to grain, F.,, allowable horizontal shear stress, F,,, and Young’s modulus, E,,

4 , should be recorded for later use. These tabulated design properties must be reduced for wet-
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Design of Glue«-Laminétéd
Timber Beam Bridges

~ Input deck geometric requirements:

Input bridge length, L. = 94,00] ft
input roadway width, W = 24.00]

@ >

Select design live loading:

1) HS 2044
2) HS 1544

Please enter number of your choice: c

Select beam combination symbol and species:

1) 24F-V3 Western species
2) 24F-V4 Western species
3) 24F-V2 Southem pine
4) 24F-V3 Southem pine

" 5) 24F-V6 Southem pine

Please enter number of your choice: [ 2] D

Computed design properties {adjusted for wet-use conditions)i,

Allowable bending stress, Fbx = 1920 psi
Compression perp. to grain, Fcp = 345 psi
Allowable shear stress, Fvx = 144 psi
Young's modulus, Ex = ) 1.499E+06 psi

Select type and thickness of wearing surface:

1) No wearing surface
2) Ashphalt wearing surface

Please enter number of your choice: -~ [ 2] E

Thickness of a/c wearing surface (if any): in. F

Computed dead load moment {Assume 5 1/8" timber deck):

Dead load of deck panels = . 2135 Pbm~2
Dead load of wearing surface = 37.50 Ibft~2
Total uniform dead load = 58.85 Ibft~2

Fig. 3.38. Glulam timber beam spreadsheet, input parameters, cnd
example problem.
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Beam spacing (based on roadway width} = 500 ft
Deck overhang {(outside beam to face of rail) = 200 ft

CL moment for interior beams:

Uniform dead load, WOL! = 204.27 Ib/ft
Estimated wt. of beam = 319.60 bfft
Dead load moment, MDLI = 678.02 fi-kip

DL moment for exterior beams:

Uniform dead load, WDLE = 339.27 b/t
Estimated wt. of beam = 319.60 b/t
Dead load moment, MDLE = 727.72 f-kip

Computed live load moment:

Distribution factor, DFM = 1.00

Moment due to one wheel line = 708.09 ft-kip

Live load moment, MLL. = 708.09 f#t-kip

Computed beam size based on bending stress:

Preliminary allowable stress, Fb’ = 1920 psi

(Doesn't include CF)
Design moment for interior beams, MTl = 1,386.1 ft-kip
Design moment for exterior beams, MTE = 1,435.8 ft-kip
DESIGN ALL BEAMS FOR DESIGN MOMENT = 1,435.8 ft-kip
Redquired section modﬁius, Ex CF = 8,974 n"3

Western species - lightest alternative:

Press <ALT> W to select the lightest beam section.

Fig. 3.38. Continued.
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Computed lightest section which meets requirements:

Beam width, b = . 12.25 in.
Beam depth, d = 73.8 in,
Section modulus, Sx = . 11,030 in~3
Adjusted section modulus, SxCF = ' 8,018 in~3
Cross section area, A = ‘ 900.38 in~2
Moment of inertia, Ix = ) 405,338 in"~ 4
Self-weight of beam = ' | 312.63 Ib/ft

Actual weight of beam < estimated - OK!

Actual bending moment, Mactual == 1,428.1 fi-kip

Bending stress on beam, b = 1,553.8 psi
Allowable bending stress, Fb’ = 1,569.8 psi

BEAM IS SATISFACTORY FOR FLEXURE.

Computed check of beam for lateral stability:

Distance between lateral support, lu = 23.50 ft.
Length-to-depth ratio, lu/d = i 3.84
Effective length, le = 680.16 in.
. Beam slendemess factor, Cs = - 18.25
Intermediate beam factor, Ck = 26.72  Intermediate beam
Lateral stability factor, CL = 0927 |

ci. > CF so strength controls design - OK.'

Compmed check of live load deflection:
Live load deflection, DELTALL = 1.68 in.
Allowable LL deflection, L/360 = 3.13 in.

BRIDGE IS SUFFICIENT FOR LL DEFLECTION.

Fig. 3.38. Continued.
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Computed check of horizontal shear:

Uniform dead load on beam = ‘ 651,90 Ib/it

Dead Ioad.verticai shear, VDL = 26,645 |b.

LL yerﬁcal shear computed at distance = 18.38 ft.
Max. shear due to one wheet fine, VLU = . 258388 1b.
Vert. shear distributed laterally, VLD = _ 25,388 Ib,
Live load vertical shear, VLL = ' 20,311 Ib,
Total vertical shear, V= VDL 4+ VLL = ‘ 46,957 Ib.
Horizontéi sheér stress, fv = _ 7823 ib/in~2
Allowable shear stress, Fvx = 144 Ib/in~2

BEAM IS SUFFICIENT FOR SHEAR.

Computed bearing length and bearing stress (wet-use conditions):

Altowable compressive stress, Fep = ' 344.5 Ibfin" 2
Reaction due to uniform load, RDL = 30,639 ib.

Distribution factor for reaction = - E 1.00

Reaction due to one wheel line, Rwheel = 32,430 Ib.

Total reaction force, Rtotal = 63,069 Ib.

Required bearing length = 14.9 in. Use 18.00 in.
Recompute DL reaction, RDLiotal = 31,128 Ib.

Total compressive stress, fcp = 286.03 Ibfin~2

BEAM IS SUFFICIENT FOR BEARING.

Computed design camber:

Uniform dead load, wunif = 651.90 Ib/it
Dead load deflection, DELTADL = 1.88 in.
Minimum design camber = 3.80 in,

Fig. 3.38. Continued.
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Summary of Design Values

Gedmetty and design loading:

Bridge Length, L = 94.00 ft.

Roadway width, W = . 24,00 ft,

Design live load: AASHTO HS2044

Beam combination symbol: 24F-V4 Western species |
Type of wearing surface: Asphalt 3.00 in

Beam dimensions and properties:

| Beam width, b = 12.258 in.
Beam depth, d = | 73.5 in.
Beam spacing, S = 5.00 ft

| Beam section modulus, Sx = 11,030 in~3
Beam cross sectional area, A=  900.378 in~2
Beam moment of inertia, Ix = 405338 in"4
Self weight of beam, wbeam = 312,630 Ibftt

Stresses and deflections:

Actual bending stress, fb = 1,554 Ibfin"2
Allowable bending stress, Fb’ = 1,570 Ibfin~2
Actual shear stress, fv = | 78 Ibfin~2
.Allowa;ble shear stress, Fvx = 144 bfin"2
Actuai beanng stress, fep = 286. !bﬁﬁ “".2 |
Allowable bearing stress, Fep' = 345 Ibfin~2
Live load deflection, DELTALL = 1.68 in.
Allowable LL deflection, L/360 = 343 in.
Dead load deflection, DELTADL = 1.88 in.
Design camber = 3.80 in,

Fig. 3.38. Continued.
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use conditions unless a watertight deck is used. The computer spreadsheet in this manual is
based on wet-use conditions. The spreadsheet automatically calculates the ailowable stresses
based upon the combination symbol and species selected.

Table 3.32. Commonly used glulam beam combination symbols.

Bridge type Western Species SouthernPine
' 24F.V3 , 24F-V2
Simple span 24F-V4 - 24F-V3
. 24F-V6
Continuous spans 24F-V8 : 24F-V5

— mmw

3. Detcrmine deck dead Joad and dead load moments. The deck dead load supported by each
member should be computed, This dead load should include such things as the weight of the
~ deck, railing, wearing surface and hardware. If there is no better estimate avaﬂable, a
preﬁminary deck thickness of 6-3/4 in. may be assumed. The difference between the estimated
and the actual member weights is normally insignificant, but should be verified. The existenice
and type of wearing surface should be input as E and F for spreadsheet users. The spreadsheet
automatically computes the dead load moment based on these input parameters.

" The dead load moment at any position élong the span, Mp,, for a uniformly distﬁbuted
load can be computed as: -

"o

My, (L -x)

Determine live load moment. Live load moments are computed for both interior and exterior
beams by multiplying the maximum moment for one wheel line of the design vehicle (whether
based on the design vehicle or the equivalent lane loading) by the appropriate digm‘bmion
factors. Tabulated values of maximum live load moments can be found in Appendix A,
AASHTO (2). '_

The spreadsheet i)érfomas this calculation automatically based upon the span length and
the live load design vehicle chosen. ‘

. Determine beam size based on bending. The allowable bending stress in glulam timber beams
is controlled by either the size factor, Cg, which limits bending stress in the tension zone, or the

lateral stability of beams factor, C,, which limits bending stress in the compression zone. Under
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normal circumstances, the allowable bending stress in bndge beams is controled by C;,

however, both values shouid be checked.
The adjusted allowable bending stress in a glulam bridge beam can be computed from:

M
S Cyz"""""
R A

where:;

S, Cp = required beam section modulus adjusted by size factor, Cy (in%).
M = applied dead and live load bending moment (in-1b).

Fy' = Fux Cy (psi).
Cw = moisture content factor for bending = 0.80.

After an initial beam size has been determined, the dead load moment due to beam seif
weight can be computed and the design moment revised. This iterative process should be
continued until a satisfactory beam size has been determined. '

- The computer spreadsheet performs this iteration automatically, using three cycles to
determine the beam which provides the reﬁuired flexural capacity, To initiate the iteration |
process using the spreadsheet, press <ALT> W when using western species, and <ALT> S
when using Southern Pine. Spreadsheet users perform (Input G). v

The actual applied bending stress can be computed based on the total moment and

compared to the allowable bending stress as:

M

f 4

In addition to sausfymg allowable bendutg stresses, the proposed beam must be checked
for lateral stabihty The allowable bendmg stress, based on lateral stabxhty, depends on the
slenderness of the proposed beam. The slenderness factor, C;, can be computed as:

1,d

¢

bz

" where:

I, = eflective beam length for a single span beam with a uniformly distributed load, in. = 1.63
L+34d

L, = unsupported beam length, in.

d = beam depth, in.

;f\\-
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b= beam width, in.

Glue laminated timber beams are Classified as short, intermediate or long, aliowable
bending stresses are based on this classification.

Beams with a Cs of 10 or less are classified as short, The capacity of these short
members is controlled by the strength of the wood, rather than stability, and can be computed
. from the equation above. - _

Intermediale beams are those with a Cg of between 10 and C,, where C, is given by:

, !
C" = 0-956 "’g—
Fy
and:
E’' = E Cy, psi

Fy"" = Fy Gy, psi ‘
It should be noted that the above equation for C, is based on a modified NDS equation which
takes into account the reduced variability of glulam timber beams (52). '

Intermediate beams can fail by either an overstress in bending, or by torsional buckling
from laterai‘instabﬂity. .The controlling mode is indicated by the lateral instability of beams
factor, C;, which is given by: "

1,454
C, =1~ L8
= 15D

If G, is less than Cy, the bending stress is controlled by stability, and C, is the controlling '
modification factor. The allowable bending stress is then computed using the following relation:

Fy=F,C,C,

Long beams are those with a slenderness ratio in the range C ls Cs = 80. Lateral
stability, rather than strength, controls the design of long beams. As with the intermediate
beams, the allowable bending stress for long beams is a modificd NDS equation which takes
into account the reduced variability of gluiam timber beams and is computed by:

5 . 0609 E/
3 Cs?



6. Check live load deflection. The live load deflection of 2 glulam beam bridge can be computed

7.
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by several methods of analysis. For a uniformly loaded simple span, the maximum deflection

occurs at midspan and is computed as:

5w, L*
L agakt

A reasonable limit on live load deflection is Lf360. A lower value of deflection should be

considered if the bridge supports a pedestrian walkway or will be covered with an asphalt riding

surface. The spreadshect automatically computes the live load deflection and compares it to

the allowable value.

Check horizontal shez+, Dead load horizontal shear is based on the maximum vertical shear
which occurs a distance equal to the beam depth, d, from the support. For a uniform dead

load, the dead load shear, Vyy, can be computed as:

Vo = Wm.(“g' - d)

where: )
Voo = vertical dead load shear at a distance d from the support, Ib.
wp, = uniform dead load supported by the beam, Ibfin.

Live load vertical shear is computed at a distance from the support of 3d or L/4,
whichever is less. The horizontal shear stress due to applied loads, f,, which is L5V/A for a
rectangular cross section, must not exceed the allowable stress, which is given by:

n:lﬁwzsduf'uc"

where:

V=V, + Vi, Ib, ‘

A = cross-sectional area of beam, in.?

Cy = moisture content factor for shear = 0.875.

it should be noted that the aliowable shear stress may be increased by a factor of 1.33 for

overloads in AASHTO Load Group 1B. The spreadsheet performs this calculation for the user.

N
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Check lateral and longitudinal loads. The magnitude and appropriate lateral and longitudinal
loads, such as wind load and centrifugal force will vary among structures. It is the designer’s
responsibility to compute and apply the necessary loads in accordance with AASHTO load
groups. The spreadsheet does not consider this step in the design process.

Determine bearing length and stress. The bearing area at beam reactions must be large cnough
to limit bearing stresses to an acceptable value. The dead load reaction, R, due to the beam,
deck, wearing surface, rajling and hardware should be computed from statics, Thé live load
reaction at each beam, Ry, can be computed by multiplying the maximum reaction at one
wheel line by the appropriate distribution factor for reactions as computed previously.

The required bearing length, L,.,,, should be no less than the following: o

Ry + Ry,

L =)
bear ch*

where:
Rp. = dead load reaction, Ib.
Ry = distributed live load reaction, ib.

b = beam width, in.
" F.. = allowable compressive stress perpendicular to grain, psi
- Fw CM

10,

The actual applied bearing stress can be computed from:

F = Ry, + Ry
] €L A

where A is the bearing area in square inches. _
The spreadsheet automatically computes the required bearing length and also computes a
"rounded value” to the next largest 6 in. increment for design purposes.

Determine camber. Camber is provided to offset the effect of long-term dead load deflection,
The amount of camber to build into a glulam beam bridge is a decision of the designer. There
are two "rules of thumb" which can be used. For spans less than 50 ft, camber should generally
be 1.5 10 2.0 times the dead load deflection plus 0.5 times the vehicle live load deflection. For
spans greater than 50 ft, camber can be estimated as 1.5 to 2.0 times the dead load deflection,
The spreadsheet performs this calculation automatically.
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3.7.104. Example
The spreadsheet input and ouput for this example is shown in Fig. 3.38. In this example, the

following bridge will be used:

Length, L = 94 ft from ¢-to-c of beanngs

Roadway width, W = 24 ft from inside of curbs

AASHTO HS20-44 live load (Group I loads only)

3 in, asphalt wearing surface '

Visually graded western species

1. Define basic configuration and design criteria.
L=94ft |
W =241t
HS20-44 design live loading
3 in. asphalt wearing surface

(Input A, B, C, E and F respectively.)

2. Select beam combination symbol and species.
Sclect 24F-V4, Western species combination symbol (Input D).
The design properties are:
" Fuy = 2400 psi Cy = 0.80
F,, = 650 psi Cy = 0.53
F,. = 165 psi Cyy = 0.87
E, = 1.800 x 10° psi Cy = 0.83
The allowable stresses are computed as:
F' = FuCuGCe
Fyp' = FoCy = 345 psi
" F = F,Cy = 144 psi
E’ = ECy = 1.499 x 106 psi

3. Determine deck dead Joad and dead load moments,
Dead foad of the deck panels and wearing surface can be computed as:

DL = (5.125 in.)(50Ib{ft) + (8 in)(150 %) _ = 68.85 Ibjfi?
12 in.fft
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The dead load supported by each beam is proporiioqal to the uibutory area. For this
example, interior beams support 5 ft of deck width and exterior beams suppoit 5 ft of deck plus
45 Ib/ft of curb/rail load. | |

As a "rule of thumb” for a giulam beam bridge, the estimated weight of the beam jself
can be computed as 3.4 times the length of the bridge: |

" Wi = 3.4(94 fi) = 319.6 Ib/it

For interior beams:

Wy, = (6.0 fi)(58.85 bift) + 319.6 Ibfft = 204.27 + 319.6 = 613.85 bt

_ 613.85 1f)(94 f)? _ -
My, = S ) 678.021-k

For exterior beams:

Wy = 294.27 Ibfft + 45 Iblfe + 319.6 Ilft = 339.27 + 319.6 = 658.87 byift

_ (658.87 Bi)(94 i) _ -
My, S 1000) 727.72 fi-k

4, Determine live load moment. The distribution factor for moment, DFM, is computed as:

The live load moment due to one wheel line can be found in Appendix A, AASHTO (2).
For a 94 ft span: | '
M.beet tine = 708.09 ft-k
The live load moment distributed to one bcgm is found as: .
My = (708.09 ft-K)(1.00) = 708.09 ft-k

5. Determine beam size based on ﬂe.xnxe. The AASHTO specifications require that the exterior
beam be at least as large as the interior beams. For simplicity, one beam size will be designed
for the maximum design moment in the bridge. Conservatively, the maximum dead load
moment will be added to the maximum live load moment, even though these moments do not
occur at the same locmibn in the span.

For this example: :

My = 727.72 + 708.09 = 1435.81 fr-k

The size factor, Cp, cén not be determined until a beam size has been determined. In the
iterative process, the S,C; terms will be used; after a preliminary beam size has been |
determined, Cp will be catcuia-ted. '
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Based on an allowable bending stress, Fy' = 1920 Ib/in?, the required section modulus

can be computed ast

_ (1435.81 fi-K)(12, )
S Cp=—t = 8973.83 i
F F,’, 1920 psi in®

For each standard beam width, a beam depth can be determined which will provide the
required S,. The section modulus for this width and depth is computed, and reduced by the
factor Cy. A new beam size is then determined by this iterative process until the required 5,Cp

is obtained.

CYCLE 1: _
Using a 12¥% in. wide section, a depth of 66.30 in. is required to provide the'requixed
S,Cr. A standard depth of 67% in. is used.
For this section:

e )"’ (12 6’725)"9 0.825

Crbh®  (0.825)(12.25 in)(67.5 in)?

6 | 6 = 7678.0 in®

S.

4

Cp=
This 8,Cy is less than 8973 in’, thus we must recycle.
CYCLE 2

Based on the Cp from the first cycle, an approximation for S, can be found as:

P -
Sx - 8973-83 n = 10,872-4 ins

Cy, 0825

For this section, a depth of 72.97 in. would be required. Again, a standard depth of 73% in. is
used. :
For this section:

c, A2 )1f° (12 )@ = 0.818

2 : Y 2 .
5,Cp=tim - (0‘818)“2‘256‘“')(73'5 i) - 9017.9 in® > 8973 in®

A third cycle produces the same section. For a 12Y% in. width, the required depth is 73.5
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The computer spreadsheet performs this iterative process for each standard beam width

and determines the lightest possible section which satisfies the required S,Cy criteria,
Spreadsheet users should press <ALT> W to perform this iterative procedure and
determine the Hghtest section which meets the criteria.
For this example, the lightest section is:
Width, b = 12% in. '
Depth, d = 73% in.

(12.25 in)(73.5 in)?

Section modulus, S, = 5 = 11,029.6 in®
Adjusted section modulus, 5,Cp = 9017.9 in.?

: Y|
Moment of inertia, I, = (12.25 in)(73.5 in.) = 405,338 in*

12

Cross section area, A = (12.25 in.)(73.5 in.) = 900.38 in?

' Beam weight, Wyen = (900.38 ;':2(50 Ib[ft ) - 312.63 bift

In this example, the estimated beam weight is greater than the actual weight, thus the
beam cross section obtained is conservative. '
The actual bending moment on the beam can be found as:

M - (339.27 + 312.63)(84 f})?
oceal (8)(1000)

+ 708.09 fi-k = 1428.11 fi-k

The actual bending stress on the beam is:

£ = Moo _ (1428.11 £-£)(12,000)

S.

= 15537 psi
x 11,029.6 in3

The allowable bending stress is:
F; = Fy. Cy Cp = (2400 psi)(0.800)(0.818) = 1569.8 psi
’ Since f, < F,’, the beam is satisfactory for flexure. However, the beam must alsc be
checked for lateral stability. '

Check of latera] stability:
The distance between points of lateral support, 1, is assumed to be L/4 = 235 fr.

The length-to-depth ratio for this configuration is:
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I, (23.50 H(12)

i = 3.84
d 73.5 in.

The effective length, 1, is:
1, =163, + 3d = 1.63(23.5 f)(12) + 3(7375 -in.) = 680.16 in.

The beam slenderness factor, Cg, is found as:

c,- l Ld e J (680.16)(73.5) _ 44 o5
\ b2 (12.25)2

The intermediate beam factor, G, is the largest value of C; for which the intermediate beam

equation applies. G is calculated as:

l l1499x10°
C, = 0.956 = 0.956 = 26.72
£ 1920

Since Cg < C,, the beam is classified as an intermediate beam.

The lateral stability factor, C;, for an intermediate beam is givcn by:

G 18.25
-l1~§(-5;)1 y "5(2672)4] =0.927

For this example, G, < Gy, so strength, rather than lateral stability controls the design.
Therefore, no changes are required in the previous calculations.

Check live load deflection. The live load deflection due to an HS20-44 truck can be computed

as:

Deflection caeff. _ _1.02x10"2 - = 168 in.

A=
u E'L (1.499 x 10° psi)(405,338 in%)

The allowable live load deflection is:

L GAA02)
B 55 JLL =313 n.

Since Ay < the allowable value, the bridge is adequate with respect to live load deflection.
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7. Check horizontalshear. The dead load vertical shear is based on the loading shown in Fig.
3.39..

The dead load vertical shear, Vp,, is computed as:

V,, = Wy(k-d) - 651.9 i (328 7851y _ o5 645 .
2 - ‘ : 2 12

Live load vertical shear is éomputed from the maximum vertical shear occurring at the
lesser of 3d or L/4 from the support. |

For this example, A
3d = 3(73.5 in.) = 220.5 in. = 18.38 ft -—> controls
L/4 =94 fi/4 = 235 ft
Theé maximum shear (see Fig. 3.40) for one wheel line of an HS20-44 wruck, Vi, is-computed

as:

,, = R, = 4762 F)(4k)+ (61 .siﬂ? 61)+(75.62 )(16K) _ o a5g ph.

The distribution factor for this example is 1.00. The shear distributed to the exterior girder is
computed as: ‘ '

Vip = 1.00 (25,388) = 25,388 Ibs.
The maximum live load shear is then:.

V,, = 0.50[0.60¥,,+V,,] = 0.50[0.60(25,388)+25,388] = 20,311 Ibs.

The total vertical shear, V, is computed as:
. V =. VDL + VLL = 26,646 + 20.311 = 46,957 th'.
The horizontal shear stress for a rectanguiar cross section is computed from the following:

15V _15(46957) _gon. .
f==y 900.38 2pst

The allowable shear stress, F,’, is found as;
F..=F_C, = 165 psi(0.87) = 144 psi

The actual shear stress is less than the allowable value, so the beam is adequate with

respect to horizontal shear.

8. Check lateral and longitudinal Joads. Not applicable for this example.
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L =94 ft
73.51n. | 7350,
S~ Wy = 651.9 Ib/ft
s e—

' Fig. 3.39. _Dead load vertical shear load configuration.
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L=94ft

18381t 14 . 14ft . 47.82ft

Fig. 3.40. Live load vertical shear load configuration.

0
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8. Determine bearing length and bearing stress. The aliowable compressive stress perpendicular
to the grain, F,.’, is computed as: R ' '
F.' = F.. Cy = 650 psi (0.53) = 344.5 psi
The reaction due t0 a uniform dead load is: |

The distribution factor for reactions is 1.00.
The reaction due to one wheel line may be found in Appendix A of the AASHTO -

specifications (2).
For a 94 ft span multiplied by the distribution factor:

Ryy = (1.00)(32,430 Ib.) = 32,430 Ibs.
The total reaction is then:
Ryt = RpL + Ry = 30,639 + 32,430 = 63,069 Ibs.
The required bearing length is computed as:

L. - Rt _ 63,069 b. - 14.94 in.
w'¢ BF, (12.25in)(344.5 Ibfin?)

For ease of construction, use a bearing length of 18 in.
The reaction force shouid be recomputed based on the length of bearing:

2. 4

(651.9 Iify(04 £ + 1210112,
RDI. = 2

N

= 31,128 Ibs.

The total reaction must also be recomputed:
Row = Rop + Ry, = 31,128 + 32,430 = 63,558 Ibs.
The total compressive stress at the bearing is computed: '

63,558 b .
= ! - 2 -
fo= G225 mysm) - 2003 Pt

'The actual compressive stress is less than the aliowable value, so the bridge is adequate with

respect to bearing.

10. Determine camber. The dead load deflection is computed from:

5wl
3B4E I,

oL =

f"w

R
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) 5(651.90)[(94 A)(12 infR)}* 188 in.
(384)(1.499 x 10° psi)(405,338 in*)(12 inlfy)

ADL

Fora span length greater than 50 ft, use 2 camber of 2.0 times Ap,.
Camber = 2.0(1.88) = 3.76 in. --> use 3.80 in.

Summary of Design Values
Geometry and design loadings:
* Bridge length, L = 940 ft
Roadway width, W, = 24.0 ft
Design live load = HS20-44 ,
Beam combination symbol: 24F-V4, Western species
Type of wearing surface: 3.00 in. asphalt
Beam dimensions and properties:
Beam width, b = 12% in,
Beam depth, d = 73% in.
Beam spacing, s = 5.00 ft
Beam section modulus, S, = 11,030 in?
Seam Cross sectional area, A = 900.37 in.?
* Beam moment of inertia, I, m'405,338 int
Self weight of beam, Wyean = 312.63 1b/ft
Stresses and deflections:
Actual bending stress, f, = 1554 psi
Allowable bending stress, F,' = 1570 psi -
Actual shear stress, f, = 78 psi
Allowable shear stress, F,, = 144 psi
Actual bearing stress, f, = 286 psi
Allowabie bearing stress, F,’ = 345 psi
Live load deflection, Ay, = 1.68 in.
Aliowable live load deflection == 3.13 in.
Dead load deflection, Apy, = 1.88 in.
Design camber = 3.75 in.

3.7.11. Glue Laminated Panel Deck Bridge
3.7.11.1. Background ,

Longitudinal glulam timber deck bridg'és consist of a series of glulam panels spanning in the
direction of traffic and placed edge to edge across the deck width (see Fig. 3.41). A glulam panel deck is
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¢ Bridge
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Wearing surface

Stiffener beam / \G'U'am panel deck

Fag. 3.41. Typical section of glulam timber deck bridge.
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able to span up to 35 ft and can be used for either single- or multiple-lane bridges. The panels are usually
not connected, however, transverse stiffener beams are bolted below the deck to transfer loads between
panéls (66). ' -

Deck panels for longitudiﬁal glulam brfdgcs are designed as individual rectangular glulam beams.
The portion of the design vehicle live load distribution to each panel is computed as a wheel load fraction
(WLE), which is very similar to the distribution factor used for beam design. It is assumed that the entire
deck panél is effective in resisting applied loads.

‘The prefabrication of these panels atiows for the pressure treatment of all laminates, which
significantly extends the service life of the bridge, and greatly simplifies construction -
3.7.11.2. Design Criteria

The design procedurés discussed in this section are based on the AASHTO standard‘speciﬁmtions
(2) and on research performed at ISU (69, 96, 97). The material and engineering properties for the glulam
deck bridge are from AITC 117 - Design (4).
37113 Des:gn Procedure

Spreadsheet input parameters refer to the spreadsheet in Fig, 3.42.

1. Define deck geometric i'equiremenlx and design Joads. The effective span length, L, measured
from center-to-center of bearings, and bridge deck width, W, measured from curb-to-curb plus
any additional width required for railings, etc., must be determined. The design live loading
and timber species must also be specified (Input A, B, C and D). Ifan asphalt wearing surface
is 10 be used, it must be specified and thickness given (Input E and F).

2. Estimate panel dimensions and compute section properties (Inpot G and H). Initially, an
estimate of the deck thickness and panel width must be made. For economy, the designer
should use a Stan&ard glulam dimension for deck thickness whenever possible. Panel widths,
w,, are usually 42 to 54 in. in multiples of 1% in. for western species and 1% ix. for Southern
Pine, Table 3.33 may be used in estimating the required deck thickness for HSZO-44 tive
loading, The user must input the necessary parameters (Iaput G and H) and the spreadsheet
amomaticélly performs the remaining calculations.
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Design of Glue-Laminated
Timber Deck Bridges

input deck geometric requirements:

Input bridge length, L = 20.00 | ft
Input bridge width, W = 29.00)f1

x>

Seiect design live loading:

1) HS 2044
' 2) HS 1544

Please enter number of your choice: 1] c

Select species of imber for use in laminates:

5} Western species
6) Southem Pine

Please enter number of your choice: [ 8] D

Select type and thickness of wearing surface:

1) No wearing surface .
2) Ashphait wearing surface

Please enter number of your choice: 2 e
Thickness of a/c wearing surface (fany): [ 3.00] in. F

Fig. 3.42. Glulam timber deck spreddsheet, input parameters, and
example problem. '
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Input deck panel dimensions and computed section properties:

e © Initial est. of deck thickness. = 10.750] in. G  (based on span length)
Input panel width, wp = in. H
Panel area, A= - 53213 in~2
Panel section modulus, Sy = 95339 in~3
Panel moment of inertia, ly = 5124.47 in™4

Computed panel dead load and dead load moment:

Dead load of timber deck = 184.8 Ibs/ft
Dead toad of wearing surface = 154.7 Ibs/ft
Railing load = - 200 lbsfit
Stiffener beam and hardware load = 8.0 Ibs/it
Total design dead load = 367.5 Ibs/it
Design dead load moment, MOL = 18.37 ft-kips

Computed wheel load fraction and live load moment:

Wheel load fraction, WLF = ' 0.924

Max. rmoment due to one wheel line = : 80.00 - ft-Kips

Design live load moment, MLL = B . 73.92 ft-Kips
Computed design moment, MT = (MDL+MLL) = g2.29 ft-kips
Computed design deck bending stress, fb = 1.16 ksi

Select deck combination symbol and computed allowable stress:

1) #2 - western species
2) #48 - southern pine

Please enter number of your choice: i
Tabulated allowable bending stress, Fb = 1800 psi

{_ . Fig. 3.42. Continued.
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Size factor for depth of members, CF = 1.010

Aliowable Bending stress, Fb" = 1.45 ksi

Deck is sufficient in flexure.

Computed check of live load deflection:

Adjusted modulus of elasticity, E' = 1.42E;i-06 ksi
- Wheal line deflection, DELTAWL = 0.64 in.
Adjusted live load deflection, DELTALL = 0.59 in.
Allowable live load deffection = L/400 = 0.6 in.
Check DELTAL < allowable deflection 7 - Deck is sufficient for deflection,

Computed check of horizontal shear:

Dead load vertical shear, VDL = 3345 ib.
Compute LL. vertical shear at distance = 2.69 ft.

Vertical shear due to one wheel line = 16,500 Ib.
Live load vertical shear, VLL = ‘ 15,246 I|b.
Horizontal shear, V = 18,591 ib.
Horizontal shear stress, fv = 52;41 psi
Allowabie shear stress, Fv = . 125.88 psi

Deck is sufficient for shear.

Fig. 3.42. Continued.
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input stiffener material and computed configuration;
Select stiffener material:
1) Steel rolled section

2) Douglas fir-larch (sawn)
3) Hem-fir (north) (sawn)

4) Red pine {sawn)

5) Eastern white pine (sawn)

6) Southern pine (sawn)

Please enter number of your choice: [ 6] J
Preliminary stiffener spacing = 6.67 ft
Young's modulus, Estiff = 1,700 ksi
Moment of inertia req'd = 47.06 in™4

Input bearing width and computed bearing stress:

Input width of abutments, in: in. K
WLF for reactions, WLFR = 1.031

LL reaction/wheel line, RWL = éO.BO kips

Live load reaction, RLL = 21.45 kips

Dead load reaction, RDL = 3.86 kips
Bearing stress, fcp = 42.61 ‘psi
Allowable bearing stress, Fep' = 296.8 psi

Deck is sufficient for bearing.

{,\L_ Fig. 3.42. Continued.
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Summary of Design Values

Geometry and dimensions:

Length, L = 20.00 ft

Width, W = 29.00 ft

Design live loading: AASHTO HS20
Timber species: Western species
Deck combination symbol: #2 - Westem species
Thickness of deck, td = 10.756 | in.
Wearing surface: Asphalt

Thickness of wearing surfe;ce : 3.00 in.

Stresses and deflections:

Bending stress, fb = 1.16 ksi
Allowable bending stress, Fb' = 1.45 ksi
Horizontal shear stress, fv = £2.41 psi
Allowable shear stress, Fv = 126.88 psi
Bearing stress at abutment = 42.61 psi

Allowable bearing stress, Fcp’ =  206.8 psi
Live load deflection, deital. = 0.59 in.

Allowable LL deflection, L/400 = 0.60 in.

Fig. 3.42. Continued.

[
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Table 3.33. Glulam timber deck thicknesses and span lengths,

Deck | Simple | Continuous “

thickness span span

(in.) : () ()
5 or 5% 6 ) 7 |
“ 6% 10 12 |
" - 8% or 8% 15 18 _ ﬂ
| 1omorio% 21 I
“ 12V 24 27 "
| 14%4 ' 27 I

Based on an estimated panéi size, the section properties for the section can be computed:
w, = panel width (in.) ‘
ty = panel thickness (in;)

A = panel cross sectional area (in?)= w,t

' 2
w1
S, = section modulus of panel (in’) = *—Es-m‘—
I, = moment of inertia of panel (in*) = Wy la
12

. Compute panel dead load. The uniform panel dead load of the deck and wearing surface can

be computed using the following unit weights:
e timber (treated or untreated) = S0 Ib/ft®
e asphalt or concrete = 150 Ib/ft?
The spreadsheet performs this calculation automatically using input parameters Eand F wh:ch
were input in design step 1. '
Table 3.34 may be used for estunatmg the dead load of the timber deck plus a 3 in,

asphalt or concrete wearing surface.
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Table 3.34. Dead load of glulam panel deck and wearing surface.

| DL of deck plus 3 in. wearing surface, (Ib/ft*) I

w, ‘ Thickness of deck, t,, (in.) | i
(in) 5% &% 8% 10% 12% wy |
20 | 2060 | 2297 | 2589 288.0 3099 101 |
435 2133 | 279 | 2681 2983 3210 351.2

| 450 ﬂ 207 | 2461 | 273 3086 | 3320 3633
a65 | 281 | 2543 | 2866 3189 343.1 375.4

“ 480 | 254 | 2025 | 2058 3202 3542 387.5

| 405 2428 | 207 | 3051 3395 | 3652 | 3996

{510 2501 | 2789 | 3143 | 3497 363 | 47

X 2575 | 28711 | 3236 3600 | 3874 4538

| 540 2648 | 2953 | 3m8 | 303 398.4 4359

4. Determine wheel Joad fraction for live load distribution. Longitudinal glulam panels are
designed as individual members; as no transverse load disu*iﬁixtion is assumed and wheel loads
are assumed to act as point loads. Lateral load distribution is based on the whéel load factor
(WLEF), whiéh is based on the panel length and width, and the number of lanes in a given

bridge.
For single lane bridges, the WLF is computed as the greater of:
W, ¥,
WLF = —be or WLF = —£.
L 5.50
4,25 + -
28
where:

WLF = portion of maximum force or deflection produced by one wheel line that is
supported by one deck panel. '
W = panel width, ft. .
= length of span for simple span decks measured center to center of bearings, ft.
For bridges of two or more traffic lanes, the WLF is the greater of: |

W W
WLF ¢ —f — or WILF = —£.

L .00
75+ =
375 + 8

e

The spreadsheet performs the calculations automaticalily.
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5. Determine dead load and live load moment. The panel dead load moment can be computed

based on the uniform dead load, wy, previously determined:

2
wp, L

8

Mpt. =

The live load moment, My, is computed by multiplying the maﬁmum moment for one
wheel line of the design vehicle by the WLE; '

My, = My, WLF

where
M;; = live load moment applied to one panel, in-Ib.
Mw:. = maximum moment produced by one wheel line of the design vehicle, in-Ib.

Conservatively, the maximum dead load moment and maximum live load moment ¢an be
added, even though the occur at different positions along the span. |

The total design moment, My, is the sum of the maximum live and dead load moments:

The spreadsheet oomputes this step automatically based on the span length and design vehicle

chosen.

Compute bending stress and select combination symbol. The deck bending stress, f,, computed
as the design moment divided by the panel section modulus, S,, cannot exceed the allowable
bending stress adjusted for wet use and size factors:

fb"ﬁ“&sﬁ

where:

F,/ =F,CuCe

F,, = tabulated bending stress for speéies of interest
= 1800 Ib/in.? for Western Species '
= 1750 Ib/in for Southern Pine
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Cy = wet use factor for glul‘am = 0.80
Cp = size factor for thin panels (see Table 3.35)

If the calculated flexural stress exceeds the allowable value computed above, either the
deck thickness, s, must be increased, or a higher grade of lumber (one with better material
properties) must be utilized. If f, is significantly less than the allowable stress value, a thinner
deck or a lower-grade material may be used. No changes should be made until the live load

deflection is reviewed.

The user must select a combination symbol (Input I} and the spreadsheet will perform

the remaining calculations.

7. Check live Joad deficction. The live load deflection, Ay, is a function of the panel moment of
inertia and is produced by one wheel line of the design vehicle times the WLF:

where:
Ay = live load panel deflection, in.
Ayw;, = maximum live load deflection produced by one wheel line of the design vehicle, in.

Table 3.35. Size factor for glulam timber deck panels.

8% or 8% : 1.04 '
10% or 1034

The deck live load deflection can be computed by standard elastic anaiyses, using the
ghulam modulus of elasticity adjusted for wet-use conditions. For a uniform load, the live load

deﬂeclion can be found from;

5w, LY

L ag4E'1

e

[
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AASHTO specifications do not limit live load deflection for glulam timber decks, thus
- the aliowable defiection is left to the designer. Recommended practice limits maximum
deflection to L/360. '
The spreadsheet pérforms this caiculation and compares the result to the allowable

value,

Check horizontal shear. Because of the relatively large panel area, horizontal shear is rarely a
controlling factor; however, it should be checked. Horizontal shear (i.e. vertical shear) due to
dead and live load is assumed to be resisted by the total area of the deck panel. ‘

The dead load vertical shear is computed at a distance from the support equal to the
thickness, t, and is given by: '

L
VoL = wpy ( Y ]

where:
Voo = dead load vertical shear (Ib)
wp = uniform panel dead load Gb/ﬁ) | .
The live load vertical shear is computed at a distance from the supportequal to the
fesser of 3 times the deck thickness (3t} or the span q'uaner point (L/4j, and is equai to the

maximum shear due to one design wheel line times the WLF.

V,, = Vi WLF

where:
Vi = live load vertical shear (Ib)
V. = max. vertical shear produced by one wheel line (Ib)
The applied shear stress must not exceed the allowable shear stress for the deck

combination symbol, given by:

sF,=F, Cy

where:
V = VDL 4 VU.J lb.

A = panel cross-sectional area, in2,
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Cu = wet-use factor for shear = 0.875. |

The maximum dead and live load shear do not occur at the same position along the
span, can be combined for simplicity. When £, > F.’, the only alternatives for the designer are
to increase the deck thickness or panel width. In either case, the design procedure must be

recycled. The spreadsheet performs this step automatically,

Determine stiffener spacing and configuration. Transverse stiffener beams typically consist of
horizontal glulam beams or shallow rolied steel sections, and are intended to distribute loads to0
adjacent panels. The design criteria for transverse stiffener beams is based on research done at
ISU. Stiffener beams are often used for guardrail post attachment, so rail loads and connection
details must also be considered. '

AASHTO specifications require that a transverse stiffener beam be placed at midspan
for all deck span lengths, and at intermediate spacings of < 10 ft. An intermediate spacing of 8
ft, recommended by AITC, will be used in the subsequent design.
| The empirical stiffener design req uires that the transverse stiffener has a bending
stiffness, E’l, of 2 80,000 k-in>. Note that transverse load dism’bution.between panels is
influenced more by stiffener spacing than by the bending stiffness, E'L.

The connection between the stiffener and the deck pancis depends on the type of
stiffener beams used. A bolt may be placed through the deck and stiffener for both glulam
beams and steel channel sections. Deck brackets or steel plates may be used for glulam beams
and C-type clips may be used to connect the 1op flange of a rolled section.

10. Determine bearing configuration and check bearing

stress.  For longitudinal deck bridges, the required bearing area is usually controlled by the
required configuration, rather than compressive stresses. A bearing length of 10 to 12 in. is
recommended for stability and simplicity.

The dead load reaction for a glulam deck bndge can be computed usnng the unit dead
load of the panel. The live load reaction is based on a wheel load factor of W, /4, but not less
than 1.0. The live load reaction distributed to each panel is the maximum reaction for the
design vehicle, multiplied by the WLF.

The bearing stress due to Ry and Ry must not exceed the allowable vaiue for the panel
being used. This may be expressed as: '

LR —
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where 1, is the length of the panel bearing in inches. _
3.7.114. Example -
An existing bridge is to be replaced with a longitudinal glulam deck bridge. The réplacemen! bridge
must have a 20 ft span from center-to-center of bearings, a roadway width of 26 ft, and must support two
lanes of AASHTO HS20 live loading. The spreadsheet input and output for this example is shown in Fig.
342, ‘

1. Define deck geometry and design loads. The bridge span length, L, must be determined.
(Input A). ‘Bridge width must consider the roadway width, 26 ft, and the curb and railing on
each side: .

W =26 ft +2ft +2(6in) =29 ft. (InputB)
Design live load = one HS-20 wheel line. (Input C)

The designer specifies the species of timber to be used in the laminates. Most common
for glu!arh deck bridges are western species and Southern Pine. For this exampié western
species are selected. (Input D) |

The designer must specify if a wearing surface is going to be used for the proposed
bridge; if used its thickness needs to be given. For this exampie, a 3.0 in. asphalt wearing
surface is selected. (InputE and F)

2. Hstimate panel size and compute section properties, From Table 3.33, select an initial deck
thickness of 10% in. (Input G) The panel width must be 42 to 54 in., in 1% in. increments. For
this example, select two 51 in. wide panels, and five panels 49%; in. wide, for a total width of 29
fi-1% in. (Input H). The section properties for the 49 1/2 in. panel will be conservatively used
for all panels. o |

Section properties for this panel can be computed as:
t = 10.75 in.
w, = 49.5 in,

A= w, t = 10.75(49.5) = 53213 in?

R N

I = wp ta = (49.5 in.)(10.75 in.)3 - 5124.47 in4
Y o12 12

3. Compute panel dead load and dead Joad moment. From Table 3.34, the dead load of a 49.5 in.

panel with a2 3 in. asphalt wearing surface can be determined as:
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wpr, = 339.5 Ib/ft.
The dead load due to the railing is assumed to be distributed equally over the entire
deck. The dead load due to the raiting is:
Woiling = 2(55 Ib/ft)/7 panels = 15.7 Ib/fi.
A conservative estimate of 20 Ib/ft has been assumed for the raﬂmg load in the remaining
calculations. An additional 8 Ib/ft should be added to account for stiffener beams and raﬂmg

hardware.

6.

Wpispenet = 339.5 + 20 + 8 = 367.5 Ib/fL
The dead load moment is computed by:

(367.5 Ib{f1/1000)(20 fi)*
8 .

My, = = 18.37 fi-k

Determine wheel Joad fraction for live load distribution. For a two lane bridge, the wheel load
fraction can be determined as the larger of the following:

49,5 inf12

- - 0.924 WL per panel
375+ (@0 pj28) o perpane

' 495ml12
WLF = 222 dle _ggeg gy !
5.00 per pane

For this example, use WLF = 0.924 WL/panel

Determine dead load and livc‘load moincnt. The maximum live load moment due to one
wheel line can be found in Appendix A, AASHTO (2). For the 20 ft span of this example, '
Mgeet tine = 80,000 fi-Ib. The live load moment distributed to each panel is given by:
My = (0.924 WL/panel)(80 ft k) = 73.92 fik
The total design moment, My can be computed as:
Mr = My, + My = 1837 + 73.92 = 92.29 fik
Note, aithough the maximum dead load and live load moments do n&t occur at the same
point along the span, they can conservatively be added for simplicity.

Compute bending stress and sclect combination symbol. The bending stress in the deck is:

£ = RBAKOD) g 464
953.39 in®

The deck combination symbol chosen for this example is 2 No. 2 (Input I).
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The design properties can be found in AITC 117 (4):

Fy = 1800 psi Cyu =080
F,, = 145 psi Cy = 0875
F.. = 560 psi Cu = 053
E = 1.7 x 10° psi  Cu=0833

For the deck thickness which has been chosen, the size factor, Cz = 1.01.
The allowable bending stress for the chosen combination symbol is given by:
F,’ = F,, Cy Cs = (1800 psi)(1.01)(0.80) = 1.45 ksi
The actual bendihg stress is less than the aliowable value, so the deck is adequate in .

flexure.

Check live Joad demcﬁpn. The deflection coefficient for one fine of HS20 wheels can be
obtained from simple engineering mechanics or a tabulated value can be used (Table 16-8, Ref.
66). For the 20 ft span in this example the deflection coefficient = 4.61 x 10°.

A < 461 10°
wTOET
E’ = E Cy = (L7 109(0.833) = 1416 x 10° Ib/in.?
' m: 4.61x109 =064'u
(1.416 x 10%)(5124.47)

The deck deflection can then be computed as: o
Aw = Ay WLF = (0.64 in)(0.93) = 0.60 in.
The allowable live load deflection is L/400 = 0.60 in. The deck is thus sufficient for live

' load deflection,

Check horizontal shear. The dead load vertical shear is computed at a distance t from the
support: ) |

Voo = (367.5 zbm)(zog ; ﬂ’i?;ﬁ) - 3345 1b,

The live load vertical shear is computed at a distance of 3t or L/4, which ever is less.
For this example:
3t = 3(10.75 in.)/12 = 2.69 ft
L/4=20f14=51
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The maximum live load shear for one wheel line of the HS20 vehicle can be found by

computing the maximum reaction in the given beam:

. {16,000 B)(8.31 f+17.31 ) _ .Ib
20 1stsoo

Vm‘ = RI.

The live load shear can then be computed as:

V., = Vi WLF = (16,500 1)(0.93) = 15,246 {b.

The total horizontal shear can then be found by:
V = Vo + Vi = 3345 + 15246 = 18,591 Ib.
The horizontal shear stress, f;, is:

£ 157 _ 1.5(18,591 ) _ 5241 psi
A 532.13 in2

The horizontal shear stress must not exceed the allowable shear stress, which is computed as
the tabulated value of F,, times the moisture factor, Cy,
F,' = Fy Cy = (145 psi){0.875) = 126.88 psi
The computed shear stress is less than the allowable, thus the deck is adequate for shear.

Determine stiffener spacing and configuration. It is convenient to choose a stiffener spacing of
equal fractions of the span length, as long as the spacing does not exceed 8 ft. For this
example, choose a spacing of L/3, or 8 ft-6 in. which is close to the 8 ft limit. The stiffener
must have an E'l of greater than.80,000 k-in2, The designer should determine the stiffener
material and compute its adjusted Young’s modulus. For the present example, choose a sawn
lumber Southern pine stiffener with an adjusted E’ value of 1.7 x 10¢ Ib/in.%. (luputJ).
The required moment of inertia for the stiffener can be computed as:
g = B0 kin® _ 47 05,0
1.7x10° kst

The selection of a cross section to satisfy this requirement is left to the designer.

10. Determine bearing configuration and check bearing stress. The designer must determine

the bearing Iength for the proposed bridge (Input K). For the current example, assume an 1, of
12 in. The reaction due 10 a uniform dead load is determingd as follows:

_ (3675 ffi}(20 + 1 fi) _ .
Ry 2)(1000) 3.86 kips
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The live load reaction is computed as the maximum reaction due to one wheel line of
the design vehicle times the WLF.

WLF,. .. = 4 -1@3 1.081 Wijpanel

‘The maximum reaction for a 20 ft span due 10 an HS20 loading, Ry, is 20,800 Ibs. (Appendix
A, AASHTO (4)). The live load reaction is then:
Ry, = Ryg, WLF = (20.80 kips)(1.031) = 21.45 kips .
For a bearing length of 12 in., the compressive stress perpendicular to the grain, F,,, is

computed as:

3.86 + 21 45
(1000)(9.5)(12) 201 P!

f..

The actual bearing stress must be less than the allowable value, which is computed by:
F.’ = F,, Cy = (560 psi)(0.53) = 296.8 psi '
The stress is iess than the allowable value, so the deck is adequate for bearing.

Summary of design values:

. Geometry and loa&ing:
Length, L = 20.00 ft
Width of roadway, W = 26.00 ft
Design live load: AASHTO HS820
Timber species: Western Specics
Deck combination symbol No. 2 - Western Species
Deck thickness, t; = 1034 in.
Wearing surface: 3 in. asphalt overlay

- Stresses and deflections:
Bending stress, f, = 1.16 ksi
Allowable bending stress, F,’ = 1.45 ksi
Horizontal shear stress, f, = 52.41'psi
Allowable shear stress, F, = 126.88 psi
Bearing stress at abutment, fu = 42.61 psi
Allowable bearing stress, F;A' = 296.8 psi
Live load deflection, Ay = 0.60 in,
Allowable live load deflection, 1/400 = 0.60 in.
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4. SUMMARY AND CONCLUSIONS
4.]1. Summary

The major emphasis of this study was to develop a manual to assist the county engineer in making cost-
effective bridge strengthening and replacement decisions. The study was performed in two phases; 1) the.
determination and prioritization of critical problems on lowa’s secondary bridge system and 2) development
of solutions for the problems identified in Phase 1.

The two bridge types with the greatest needs and greatest potential for strengthening are FHWA Type
302 (steel stringer)' and FHWA Type 702 (timber stringer) bridges. Methods presented for strengthening the
steel Stringcr bridges include (1) replacement of damaged stringers, (2) respacing existing stringeis and adding
stringers, (3) increasing the section modulus of existing stringers, (4) developing composite action, (5) replacing
existing deck with a lightweight deck, and (6) post-tensioning. For timber stringer bridges, the following
methods are inciudedf (1) respacing existing stringers and adding timber stringers, and (2) adding new steel
stringers.  Each of these procedures are explained and, where applicable, examples are provided.
Microcomputer spreadsheets have been developed for items (1), (2), (3) and (6) above for steel stringer bridges
and for item (1) above for timber stringer bridges.

Replacement methods for low volume road applications have also been included in the manual. Some
of the methods presented are proprietary. Where apprbpriate, design examples and cost information has been |
provided. The following bridge replacement types are included (1) precast culvert/bridge, (2) air formed arch
culvert, (3) welded steel truss bridge, (4) prestressed concrete beam bridge, (5) Inverset bridge system, (6)
precast multiple tee beam bridgé, (7) low water stream crossing, (8) corrugated metal pipe culvert, (9) stress
lﬁminated timber bridge, (10) glue-laminated timber beam bridge, and (11) glue-laminated panel deck bridge.
Microcomputer spreadsheets have been devé!oped for items (9), (10) and (11) above. '

For determining the cost effectiveness of each of the methods of strengthening and replacement, a
- method of economic analysis (equivalent uniform annual cost) as well as cost data have been presented. This
allows the engineer to select the most appropriate aiternative: (1) replacing the existing bridge or (2)
strengthening the existing bridge. The economic model developed allows each alternative to be quantified so
that each cah be compared in a rational manner. . ‘ . |

Information related to inspection of bridges is included in thls manual. Before an accurate evaluation
of a bridge can be performed, it is imperative that a thorough inspection be performed. Fundamentals related
10 evaluation of a bridge are also included in the manual. .

42, Conclusions
1. Steel stringer and timber stringer bridges are the bridge types on the secondary road system in Iowa
with greatest potential for cost-effective strengthening methods.
2. Countyengineers’ requests for design aids to assist them in evaluation, strengtheningand replacement

decisions have been provided.
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Numerous strengthening procedures have been provided for the two types of bridges (steel stringer

and timber stringer) with the greatest potential for strengthening. _
In situations where strengthening is not cost effective, information has been provided on numerous

replacement structures.



247

5. ACKNOWLEDGMENTS

The study presented in this report was conducted by the Bridge Engineering Center under the auspices
of the Engineering Research Institute of Iowa State University. The research was sponsored By the Iowa
Depanmeht of Transportation and the Jowa Highway Research Board under Research'Project HR-323,

‘Special thanks are accorded B. T. Shivakumar, graduate student in Structural Engineering, and Theresa

. Connor, undergraduate student in Civil Engineering for their help with the study, Denise Wood, secretary for

Structural Engineering, is given special recognition for her superior efforts in typing the report manuscript.
The input of several Iowa DOT employees is gratefully acknowledged, most significantly Larry Jesse
and others at the Office of Local Systems. The input provided by the advisory panel ideatified in Sec. 2.1 of
the report is gratefully acknowledged. _
Gordon Burns, who served as subcontractor for portions of this study is thanked for his valuable
contribution to Secs. 3.2 and 3.3 of Chp. 3 of this report.



10.

i1

12

13.

14.

15.

16.

17.

249

6. REFERENCES

American Association of State Highway and Transportation Officials, Guide Specifications for the
Design of Stress-Laminated Wood Decks, AASHTO, Washington, D.C., April 1991, 12 pp.

American Association of State Highway and 'f‘ransportauon Officials, Standard Speaﬁmuon for

- Highway Bridges, AASHTO, Washington, D.C.,, 1989, 420 PP-

American Association of State Highway and Transportation Officials, Manual for Mamtenance
I.nspecaon of Bridges, AASHTO, Washington, D.C,, 1979, ‘

' Amencan Institute of Timber Construction, Design Standard Specifications for Structural Glued

Laminated Timber of Softwood Species, AITC 117-87-Design, Englewood, CO, 1987, 28 pp-

American Institute of Timber Construction. Timber Construction Manual, 31d ed. John Wiley and

Sons, Inc.,, New York, 1585, 836 pp.

American Institute of Steel Construction, Manual of Steel Construction, Allowable Stress Des:gn,
AISC, Ninth Edition, Chicago, Iif, 1989.

Applied Technology Council (ATC), "Seismic Retrofitting Guidelines for Highway Bridges." Federal
Highway Administration, Final Report, Report No. FHWA-RD-83-007 (Dec. 1983), 219 pp.

Batchelor, B. E., "Relaxation Characteristics of Prestressed Laminated Wood Decks.” OJT and CRP
Report 23123, Queen’s University, Kingston, ON, Canada, 1981.

Baichelor, B., Van Dalen, K., Morrison, T., and Taylor, R. J., "Structural Characteristics of Red Pine
and Hem-Fir in Prestressed Laminated Wood Bridge Decks Queen'’s Umvezsuy, Report 23122,
Kingston, ON, Canada, 1981

Berger, R. H., "Extending the Service Life of Existing Bridges by Increasing Their Load Carrying

“Capacity.” FHWA Report No. FHWA-RD-78-133 (Jun. 1978), 75 pp.

Bessér, D. M., "Secondary System Bridge Problems and Strengthening Solutions®, M.S. Thesis, Jowa
State University, Ames, IA (May 1993), 93 pp.

Brungraber, R., Gutkoﬁski, R., Kindya, W. and McWilliams, R., "Timber Bridges: Part of the
Solution for Rural America." TRB Record 1106, Transportation Research Board, 1587, pp. 131-139.

Cady, P. D. "Bridge Deck Rehabilitation Decision Makmg , TRB Record 1035 Transportation
Research Board (1985), pp. 13-20.

Cady, P. D, 'Inflation and Highway Economic Analysis®, ASCE, Journal of Tmnspanatioa
Engrheenhg, Vol. 109, No. 5 (Sep:. 1983), pp- 631-639.

Cook, J. P., "The Shear Connector"”, Composite Construction Methods, John Wiley and Sons, N.Y. -
977, PP 168-172. ,

Cooper, James, D., "A New Era in Bridge Engineering Research”, Proceedings of the Second
Workshop on Bridge Engineering Research in Progress, Reno, Nevada (Cct. 1990), pp. 5-10.

"Coumy takes new approach to building short span bridges, Construction Digest (Aug. 1990}, pp. 34-
36.



18.

19.

20,

21,

22.

24,

- 27,

29.

31

32,

33.

250

Crow, E. L., Davis, F. A, and Maxt" eld, M. W,, Statistics Manual, Dover Pubhcauons Inc., New York,
(1960), pp. 87-88.

Dallam, L. N,, *Static and Fatigue Properties of High-Strength Bolt Shear Connectors", Missouri
Cooperative Highway Research Program Report 70-2, Engineering Experiment Station, Umversnty of
Missouri-Columbia (1970), 49 pp.

Dallam, L. N,, "Pushouit Tests with High-Strength Bolt Shear Connectors”, Missouri Cooperative
Highway Research Program Report 68-7, Engineering Experiment Station, University of Missouri-
Columbia (1968), 66 pp-

Dedic, D. J., and Klaiber, F. W,, *High Strength Bolts as Shear Connectors in Rehabilitation Work”,

- Concrete International: Design and Construction, Vol. 6, No. 7 (July 1984), pp. 41-46.

Dunker, K. F,, Klaiber, F. W., Daoud, F. W., Wiley, W. E,, and Sanders, W. W., Jr., "Strengthening
of Existing Composite Bridges”, Iowa Department of Transportation Project HR-287, ISU-ERI-Ames-
88007, lowa State University, Ames, fowa (July 1987), 220 pp.

Dunker, K. F,, Klaiber, F. W., Beck, B. L., and Sanders, W. W.,, Jr.,, "Strengthening of Existing Single
Span Steel Beam and Concrete Deck Bridges®, Final Report-Part II, Iowa Department of
Transportation Project HR-238, ISU-ERI-Ames-85231, Jowa State University, Ames, Iowa (March
1985), 146 pp.

Dunker, K. F,, Klaiber, F. W., and Sanders, W. W., Jz., "Design Manuél for Strengthening Single-Span
Composite Bridges by Post-Tensioning®, Final Report - Part IIl, Jowa Department of Transportation
Project HR-238, ISU-ERI-Ames-85229, Iowa State Umversuy, Ames, Jowa (July 1985), 102 pp.

FHWA Office of Engineering, Bndge Dmsmn, Reoordmg and Codmg Guide for the Structure
Inventory and Appraisal of J:be Nation's Bndges, Federal Highway Administration (Dec. 1988),
126 pp.

Fisher, J. W,, Hausamann, H., Sullivan, M. D., and Pense, A. W,, *Detection and Repair of Fatigue
Damage in Welded Highway Bridges", NCHRP Report 206 (Jun. 1979), 85 pp.

Galambos, C. F,, "Bndge Design, Maintenance, and Management”, .Pubbc Roads, 50, No. 4 (March
1987), pp. 109-115. .

Gangarao, H. V. 8. and Zelina, T. R., "Development of Economical Low-Volume Road Bridges",

- ASCE, Journal of Structuml Engineering, Vo!. 114, No. 9 (Sept. 1988), pp. 1941-1961.

Gangarao, H. V. 8., Ward, R,, and Howser, V., "Value Engineering Approach to Low-Volume Road
Bridge Selection", ASCE, Journal of Structural Engineering, V. 114, No. 9 (Sept. 1988), pp. 1962-1977.

Gangarao, H. V. and Hegarty, M. J., "Developments of New Design and Construction Guidelines for
Low-Volume Road Bridges", ’IREReoord 1106, Transportation Research Board (1987), pp. 122-130.

Grossman, S. J., *Upside-Down Casting Combines Advantages of Steel and Concrete”, Modern Steel

Construction, Vol. 31, No. 3 (March 1991), pp. 23-25.
Heine, M., "Welded Truss Bridges: Rural Road Remedy", Roads and Bridges (Nov. 1990}, pp. 42-43.

Johnston, D. W. and Zia, P., "Level-of-Service System for Bﬁdgc Evaluation", TRB Record 952,
Transportation Research Board (1984), pp. 1-8.



34.

35.

37

38.

39,

41.
42.

43,

45,

47,

251

Kempter-Rossman International, "Value Engineering for Highways", Federal Highway Admmsuranon,
Washington, D.C. (1980}, 111 pp.

Klaiber, F. W,, Dunker, K. F.,, Planck, S. M. and Sanders, W. W, Jr., "Strengthening of an Existing
Continuous-Span, Steel-Beam, Concrete-Deck Bridge by Post-Tensioning”, Final Report, lowa
Department of Transportation Project HR-308, ISU-ERI-Ames-90210, Jowa State Unwers:ty, Ames,
1A (Feb. 1950), 165 pp.

Kiaiber, F. W., Dunker, K. F., Wipt, T. J. and Sanders, W. W, Ir., "Methods of Strengthening Existing
Highway Bridges*, NCHRP 293 (Sept. 1987), 114 pp.

Kiaiber, F. W,, Dedic, D. J,, Dunker, K. F. and Sanders, W. W,, Jr., "Strengthening of Existing Single
Span Stee! Beam and Concrete Deck Bridges by Post-Tensioning®, Final Report-Part 1, Jowa
Department of Transportation Project HR-214, ISU-ERI-Ames-83135, Jowa State University, Ames,
IA (Feb. 1983), 185 pp.

Klaiber, F. W., Dunker, K. F. and Sanders, W. W., Jr., "Feasibility Study of Strengthening Existing
Single Span Steel Beam Concrete Deck Bridges®, Final Report, lowa Department of Transportation
Project HR-238, ISU-ERI-Ames-81251, Jowa State University, Ames, 1A (June 1981), 141 pp.

Lapin, L., Probability and Statistics for Modern Engineering, Brooks{Coie Pubhshmg Co., Belmont,
CA (1983), pp. 590-591.

LaViolette, M. D., "Cost Effective R@habmtauon and Replacement of Low Volume Road Bndges R
M.S. Thesis, lowa State University, Ames, IA (May 1993), 291 pp.

Lemmerman, J. H., "Quick Benefit-Cost Procedure for Evaluating Proposed H:ghway Pro;ects“ TR.B
Record 984, Transportauon Research Board, pp. 11-22.-

Lotus Development Corporation, User s Guide - Lotus 123 for DOS, Release 2.3, Lotus Development
Corporation, Cambridge, MA, 1991,

Mancarti, G. D., "Strengthening Short Span Bridges for Increased Live Loads", Proceedings of the
Third International Conference on Short and Medium Span Bridges, Toronto, Ontario (Aug. 1990},
pp- 169-180.

McCutcheon, W. 1., Guikowski, R. M. and Moody, R. C,, "Performance and Rehabilitation of Timber
Bridges", TRB Record 1053, Transportation Research Board (1986), pp. 65-69.

McFarland, W. F,, Griffin, L. 1., Rollins, J. B., Stockton, W. R., Phillips, D. T. and Dudek, C. L.,
"Assessment of Techmqucs for Cost-Effectweness of Highway Aoc:dent Countermeasures FHWA
Report No. FHWA-RD-79-53 (Jan. 1979), 337 pp.

McLin, L., "County Produces Brid ge Beams for Super Savings”, Roads and Bridges (Nov. 1990),
pp. 40-41. :

Mishler, H. W. and Leis, B. N,, "Evaluation of Repair Techniques for Damaged Steel Bridge Members:
Phase I", Final Report, NCHRP Project 12-17 (May 1981), 131 pp.

Moses, F., "Evaluation of Bridge Safety and Remaining Life", Proceedings of the Structures Congress
1989 Conference, San Francisco, CA (May 1989), pp. 717-726.



49,

50.
51.

52

53.

55.
56.
57.
58.

. 59.

61.

62.

&

67.

252

Motayed, A. K., Chang, F. M. and Mukherjce, D. K,, "Design and Construction of Low Water Stream
Crossing - Executive Summary", FHWA Report No. FHWA/RD-83/015 (Sept. 1983}, 20 pp.

Mudge, A. E., Value Engineering: a systematic approach, McGraw-Hill, New York, NY, 1971.
National Forest Products Association, Design Values for Wood Construction, NFPA (1986), 34 pp.
N

National Forest Products Assoéiation, National Design Speczﬁm tions for Wood Construction, National
Forest Products Association, Washington, D.C. (1986}, 87 pp.

Néwnan, D. G., Epgineering Economic Analysis, 3rd ed. Engineering Press, San Jose, CA, 1988,

"New Trusses Upgrade Ohio Cdunty Bridge*, Roads and Bn‘dgw (Nov. 1987), pp. 34-35.

Nilson, A. H., Design of Prestressed Concrete, 2nd edition, John Wiley and Sons, New York, NY

(1987), 592 pp.

"Ninth Annual Report to Congress - Highway Bridge Replacement and Rehabilitation Program”,
FHWA, Washington, D.C., 1989.

Oliva, M. G. and Dimakis, A.;, "Behavior of Stress-laminated Timber Highway Bridge", ASCE
Structural Journal Vol. 114, No. 8 (Aug. 1988), pp. 1850-1869.

Oliva, M G., Tuomi, R. L. and Dimakas, A. G., "New Ideas for Timber Bndges TRB Record 1053,

Transportation Research Board (1986), pp. 5965

Park, S. H., Bridge Rehabilitation and Replacement (Bridge Repair Pmcace), 8. H. Park, Trenlon,
New Jersey (1984}, 818 pp.

PCT Desz'gn Handbook, 3rd edition, Prestressed Concrete Institute, Chicago, IL, 1985.

Petermeier, D., "Bridge Management Systems" M.S. Thesls Iowa State University, Ames, JA (May

1991), 201 PP-

P:estresscd Concrete Institute, Precast Prestressed Concrete Short Span Bridges - Spans to 100 Feet,
Chicago, IL, 1st ed., 1975.

Prestressed Concrete Institute, Design Supplement to: Precast Prestressed Concrete Sbott Span

. Bridges - Spans to 100 Fect, Chicago, IL, 1984.

Reel, R. S. and Muruganandan, C,, *Use of Financial Analysis in Bridge Reh:ibilitation Projects in .

Ontario®, Proceedings of the Third International Conference on Short and Medium Span Bridges,
Toroato, Oatario (Aug. 1990), pp. 53-62.

*Replacing Rural Bridges", Roads and Bridges (Nov 1985), 'pp. 51-53.

Ritter, M. A, Timber Bn'dées: Design, Cousa'uctzbn,' Inspection, and Maintenance, U.S. Department
of Agriculwre, Forest Service, Washington, D.C. (1990), 944 pp.

"Rural Bridgesi An Assessment Based Upon the National Bridge Inventory”, Transportation Report,
United States Department of Agriculture, Office of Transportation, April, 1989.

Sabnis, G. M., "Innovative Methods of Upgrading Structurally and Geometrically Deficient Through
Truss Bridges”, FHWA, Report No. FHWA-RD-82-041 (Apr. 1983), 130 pp.



69.

70.

71.

72

73.
74.

75.

-76.

77

78.

79.

81,

83.

253

Sanders, W. W, Kiaiber, F. W. and Wipf, T. J,, "Load Distribution in Glued Laminated Longitudinal
Timber Deck Hzghway Bridges”, Report ISU—ERI-AMES-85441 Jowa State University, Ames, IA
(Aug. 1985), 47 pp.

Sarisley, E. F. and Accorsi, M. L., "Prestress Level in Stress-laminated Timber Bridges”, ASCE,
Structvral Journal, Vol 116, No. 11 {Nov. 1990), pp. 3003-3019.

Shanafelt, G. O. and Horn, W. B., "Guidelines for Evaluation and Repair of Prestressed Concrete

- Bridge Members", NCHRP Report 280 (Dec. 1985), 84 pp.

Shanafelt, G. O. and Horn, W. B., "Guidelines for Evaluation and Repair of Damaged Steel Bridge .
Members*, NCHRP Report 271 (Jun 1984), 64 pp.

Shanafelt, G. O, and Horn, W. B,, "Damage Evaluation and Repair Methods for Prestressed Cdncr_ete
Bridge Members", NCHRP Report 226 (Nov. 1980), 66 pp.

Shivakumar, B. T., "Strengthening of Existing Timber Stringer Bridges by the Addition of Steel
Stringers", M.S. Thesis, fowa State University, Ames, 1A (May 1992}, 79 pp.

Smith, G. W.,, Engmcenng Economy: Analyszs of Capital Expenditures, 3rd ed. Jowa State University
Press, Ames, Iowa, 1979.

Sprinkle, M. M., "Prefabricated Bridge Elemems and Systems”, NCHRP Synthesis of Highway Practice
119 (Aug. 1985) 75 pp-

Sprinkle, M. M,, "Final Report of Evaluation of the Performance of a Presslam Timber Bridge - Bridge

- Performance and Load.-Test after 5 Years®, Virginia Highway and Transportation Research Council -

Report VHTRC 82-R56 (1982), 21 pp.

Sprinkle, M. M., "Evaluation of the Performance of a Presslam Timber Highway Bridge - Intetim
Report 2°, Vlrg:ma Highway and Transportation Research Council, 1978.

Taylor, R. 1., "Field Applications of Prestressed Laminated Wood Bridge Decks" Canadian Journal
of Civil Engineering, 15, No 3 (June 1988), pp. 477-485.

Taylor, R. 1., DeV Batchelor, B, and Van Dalen, K., "Prestressed Wood Bridges”, Ontario Ministry
of Transportation and Communication Report SRR-83-01, Downsview, ON, Canada (April 1983),
15pp.

Taylor, R. J. and Csagoly, P. F,, "Transverse Post-tensioning of Longitudina_l]jv Laminated Timber
Bridge Decks", Ministry of Transportation and Communication, Downsview, ON, Canada (1979), 16

Pp- -

Tokenrud, R, "Precast Prestressed Concrete Bridges for Low-Volume Roads", PCI Journal
(July/August 1979), pp. 42-58,

* University of Virginia Civil Engineering Department, Virginia Highway and Transportation Research

Council, and Virginia Department of Highways and Transportation, "Rehabilitation and Replacement
of Bridges on Secondary Highways and Local Roads”, NCHRP Report 243 (Dec. 1981), 46 pp.

University of Virginia Civil Engineering Department, Virginia Highway and Transportation Research
Council, and Virginia Department of Highways and Transportation, "Bridges on Secondary Highways
and Local Roads-Rehabilitation and Replacement”, NCHRP Report 222 (May 1980), 73 pp.



85.

87

89.

91,

94.

95.

o8.

254

Walker, N. and Chicoine, D. L., "Rural Roads and Bridges: A Dilemma for Local Officials", Umted
States Department of Agncuiture Office of Transportation (April 1989).

Walker, N. and Chicoine, D. L., "Rural Roads and Bridges: Federal and State Financing”, United

States Department of Agriculture, Office of Transportation (April 1989).

Warner, R. F, and Kay, J. N, "Decision Models for the Diagnosis and Treatment of Structural
Defects®, International Association for Bridge and Structural Engineering Symposivm: Strengthening
of Buildmg Structums»Dzagnoszs and 'Haempy, Venezia, Vol 46 (1983), pp 267-274,

Walzer, N. anndFadden, C., "Linking America - The County Highway Sy-stem National Association
of Counties, 1989,

Weller, C. G., "Timber Bridge Technology”, AASHTO Quarterly, Vol. 68, No. 1 (Jan. 1989}, pp. 16-17.

Weyers, R. E., Cady, P. D. and Hunter, J. M., "Cost Effective Bridge Maintenance and Rehabilitation
Procedures”, TRB Record 1184, Transportation Research Board (1988), pp. 31-40.

WeYers, R. E. and Cady, P. D., "Cost-Effective Decision Models for Mé.inlenanoe, Rehabilitation, and
Replacement of Bridges”, TRB Record 950, Transportation Research Board (1984), pp. 28-33.

Wight, H. D,, Leonard, C. and Harris, G., "Air Formed Culvert’ Construction - Crawford County”,
Construction Report, Iowa DOT Highway Research Project HR-314 (May 1991), 29 pp.

Winfrey, R., Economy Analysis for Highways, International Textbook Company, Scranton, PA (1969),
923 pp.

wipf, T. 1., Klaiber, F. W., McAuiey, D. M. and LaViolette, M. D.; "Phase § Progrcss Report for
Development of Evaluation, Rehabilitation, and Strengthening Guidelines for Low Volume Bridges®,
Project HR-323, Jowa State University, Ames, IA (Sept. 1990), 77 pp.

Wipf, T.J,, Erickson, D. L. and Klaiber, F. W, "Cost-Effectiveness Analysis for Strengthening Existing
Bridges®, TRB Record 1113, Transportation Research Board, pp. 9-17.

Wipf, T. J., Funke, R. W., Klaiber, F. W. and Sanders, W. W., Jr., "Experimental and Analytical Load
Distribution Behavior of Glued Laminated Timber Deck Bridges”, Proc. of the Znd International
Conference on Short and Medium Span Bridges, Ottawa, Canada, Vol. 2 (Aug. 1986), pp. 63-77.

- Wipf; T. X, Klaiber; F. W. and-Sanders, W: W, Jr.; "Load Distribution Criteria for Glued Laminated

Longitudinal Timber Deck Highway Bridges®, TRB Record 1053, Transportation Research Board
{1986), pp. 31-40.

Youngquist,J. A., Gromala, D. S,, Jdkemt, R. E, et al,, "Design, Fabrication, Testing, and Installation
of a Presslam Bridge", U.S. Department of Agriculture Forest Service Forest Products Laboratory,
Research Paper FPL 332 (1979), 19 pp.



255

APPENDIX A

Iowa Legal Trucks



257

Straight Truck  (1ype 3)'

: 19
Total Wi. = 50 Kips
(25 Tons) , 15 | 4
Wheel: 8 85 8.5
Axle: g 17.0 17.0

Truck + Semi-trailer (.. 35 [AD)

44

Total Wt. = 73 Kips A
(36.5 Tons) 100 | 4] 500 | &

Wheel: 5.5 7.75 7.75 7.75 7.75

Axle: 110  15.50 15.50 15.5015.50 -

Truck + Semi-trailer (Type 352 [8])
- - 51

Total Wt. = 80 Kips - ‘
(40 ?OnS) 10 I 4:| 33 : i 4

Wheel: 6 8.5 85 | 85 85

Axie: 12 17.0 17.0 . 17.0 17.0

Fig. A.1: lowa Department of Transportotion legoi dual axle truck loads.
(Wheel and zxle loads are shown in Kips.)
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Straight Truck  (1ype 3)

Total Wt. = 54.5 Kips |
(27.25 Tons) , 11 1 ala
Wheel: 6.25 7 7 7
Axle: 12,50 14 14 4
Truck + Semi-trailer -~ (1ype 353)
‘ . | 43’
Total Wt. = B8O Kips
(40 Tons) 1| 4 20 | 4’| 4
Wheel: 6 65 6.5 7 -7 7
Axle: 12 13.0 13.0 14 14 4
Truck + Semi-trailer (1,5 3-3)
43
Total Wi. = 80 Kips
(40 Tons) 15 a4l o] 1001 4
Wheel: 7.25 6 6 6.75 77

Axle: 14.50 12 12 13.50 14 14

Fig. A. 1 Continued.



259

APPENDIX B

Live Load Moments



261

LTVE I.OAD MOMENTS - LONGITUDINAL BEAMS
' FOOT-KIPS PER WHEEL LINE

WITHOUT IMPACT

TYPE OF TRUCK'

SPAN

- WITH IMPACT

TYPE OF TRUCK"

40.00

3 352 (A) 352(B) FT 3. 382(A) | 382(B)
27.20  24.80 27.20 10.00 || 35,36 32.24 . 35.36
31.30  28.53 31.30 11.00 40,68 37.09 40,68
35.42 32.29 35,42 12.00 " 46.04 41.98 46.04
39.56  36.07 39.56 13.00 51.42 . 46.89 = 51.42
43.71  39.86 43.71 14.00 ‘ 56.83  51.81 56.83
47.88  43.66 47.88 | 15.00 ] 62.25 56.76 62.25
52.06 - 47.47 52.06 16.00 67.68 61.71 67.68
56.25  51.29 56.25 17.00 | 73.12 66.67 73.12
60.44 55.11 60.44 18.00 78.58 71.64 78.58
64.64 = 58.94 64.64 19.00 84,04 76.62 84.04
68.85  62.77 68.85 20.00 89.50 81.61 89.50
73.06  67.39 73.89 21.00 i‘ 94,98 87.61 96.06
77.27  72.64 79.64 22.00 100.45  94.43 103.53
81.49  77.88 85.38 23.00 | 105.94 101.24 110.99
85.71  83.12 91.12 24.00 111.42  108.06  118.46
89.93 88.37 96.87 § 25.00 | 116.91 114.88  125.93
94,15  93.62 102.62 26.00 122.40  121.70  133.40
98.38 98.86 108.36 27.00 || 127.89 - 128.52  140.87
102.61  104.11 114.11 28.00 133.39  135.34  148.34
106.84 109.35 119.85 29.00 138.89  142.16  155.81
112.90 114.60  125.60 u 30.00 146.77  148.98  163.28
119.07 119.85 131.35 31.00 | 154.79 155.80  170.75
125.25 125.09 137.09 32.00 162.82  162.62  178.22
131.43  130.34 142.84 33.00 170.86  169.44  185.69
137.62 135.59 148.59 34.00 178.90  176.26  193.16
143.81 140.84 154.34 35.00 186.95  183.09  200.64
150.00 146.08 160.08 36.00 195.00  189.91  208.11
156.20 151.33 165.83 37.00 203.05  196.73  215.58
162.39 156.58 171.58 38.00 211.11  203.55  223.05
168.60 161.83 177.33 39.00 219.17  210.37  230.52
174.80 167.07 183.07 | 227.24  217.20  238.00

" See Appendix A for weights and configurations of trucks.
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LIVE LOAD MOMENTS - LONGITUDINAL BEAMS
FOOT-KIPS PER WHEEL LINE

WITHOUT IMPACT

]

TYPE OF TRUCK"

3 3582(4) 382(B)

SPAN
FT

WITH IMPACT

TYPE OF TRUCK'

-3 382(A) | 352(B)

181.01 172.32 188.82

187.21 177.57 194.57

193.42 182.82 200.32
199.64 188.07 206.07
205.85 193.32 211.82

41.00
42.00
43.00
44.00
45.00

235.31  224.02  245.47
243.27  230.74  252.83
250.99  237.23  259.94
258.70  243.71  267.04
266.39  250.17  274.12

212.07 198.57 217.57
218.28 203.81 223.31
224.50 209.06 229.06
230.72 216.76 234.81
236.94 225.69 240.56

46.00
47.00
48.00
49.00
50.00

274.07  256.63  281.18

281.74 263.06 288.23
289.38 269,49 295.27
297.02 279.04 302.29
304.64  290.17 309.29

243.16 234.63 246.31
249.38 243.58  252.06
255.61 252.53  257.81
261.83 261.49 263.56
268.06 270.46  269.30

51.00
52.00
53.00
54.00
55.00

312.24 301.29 316.28

319.83 312.38  323.26

327.41 - 323.47 330.22

334.97 334.53 337.17

342.52 345.58 344.11

274.29 279.43 275.056

280.51 288.41 = 280.80
286.74 297.39 286.55
292.97 306.37 292,30

$299.20 . 315.37 268.05

56.00
57.00
58.00
59.00
60.00

350.06 356,62 351,04
357.58  367.64  357.95
365.09  378.64  364.84
372.58  389.83  371.73
380.06  400.60 378,60

305.43 324.36  303.80
311.66 333.36  309.55
317.89  342.37 315.30
324.13 351.38 321.05
330.36 360.39  326.80

.61.00
' 62.00

63.00
64.00
65.00

'
n
l

387.54  411.56  385.47
394.99  422.50 . 392.32
402.44  433.42  399.15
409.87  444.33  405.98
417.29  455.23  412.80

336.59 369.40  332.55
342.82 378.42  338.29
349.06 387.44  344.04
355.29 396.47  353.57
361.53 405.49  363.29

66.00
67.00
68.060
69.00
70.00

424.70 466.10 419.60
432.10 476.97 426.39
439.49 487.81 433.17
446.86 498.65 444.70
454.23 509.47 456.44

*

See Appendix A for weights and configurations of trucks.
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LIVE LOAD MOMENTS -
FOOT-XIPS PER WHEEL LINE

LONGTTUDINAYL BEAMS

WITHOUT IMPACT

|

TYPE OF TRUCK"

WITH IMPACT

TYPE OF TRUCK

SPAN

3 352 () 352(B) | FT 3 3s2(a) | 352(B)
367.76 414.52  373.01 71.00 || 461.58  520.27  468.16
374.00 423.56  382.74 72.00 || 468.92  531.06  479.88
380.24 432.59  392.47 73.00 | 476.26 541.83  491.58
386.47 441.63  402.22 74.00 || 483.58 552.59  503.28
392.71 450.67  411.97 75.00 | 490.89 563.34  514.96
398.95  459.71 421.72£|l 76.00 || 498.19  574.07  526.63
405.19 468.75 431,49 77.00 | 505.48. 584.78  538.29
411.42  477.90  441.26 78.00 | 512.76  595.49  549.94
417.66 486.85 451,03 79.00 || 520.03 606.18 561.58
423.90 495.90  460.81 80.00 || 527.29 616.85 573.21
430.14 504.95  470.60 81.00 | 534.54 627.51  584.82
436.38 514.01  480.39 82.00 || 541.78 638.16  596.43
442.62 523.06  490.19 | 83.00 | 549.02 648.80  608.02
448.86 532.12  499.99 84.00 | 556.24 659.42  619.60
455.10 541.18  509.79 | 85.00 | 563.45 670.03  631.17
461.34 550.24  519.60 86.00 | 570.66 680.63  642.73
467.58 559.30  529.42 87.00 | 577.86  691.21  654.28
473.82 568.36  539.24 88.00 || 585.04 701.78  665.82
480.06 577.43  549.06 89.00 | 592.22  712.34  677.35
486.30 586.49  558.89 [ 90.00 | 599.39 722.89  688.86
492.54 595.56  568.72 91.00 || 606.56  733.42  700.37
498.78 604.63  578.55 92.00 | 613.71  743.95  711.86
505.02 - 613.70  588.39 93.00 | 620.86 754.46  723.34
511.27 622.77  598.23 94,00 | 627.99  764.96  734.82
517.51 631.84  608.08 95.00 “ 635.12  775.44  746.28
523.75 640.92  617.93 96.00 || 642.25 785.92  757.73
529.99 649.99  627.78 97.00 | 649.36  796.39  769.17
536.23 659.07  637.63 98.00 | 656.47 - 806.84  780.60
542.48 668.14  647.49 | 99.00 | 663.57  817.28  792.02
548.72 677.22  657.35 || 100.00 | 670.66  827.71 - 803.43

* See Appendix A for weights and configurations of trucks.
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LIVE ILOAD MOMENTS - LONGITUDINAL BEAMS
FOOT~KIPS PER WHEEL LINE

WITHOUT IMPACT

TYPE OF TRUCK'

e

383

3-3

HS 20

SPAN
FT

WITH IMPACT

TYPE OF TRUCK"

4

3583

3-3

HS 20

24.50
29.75
35.00
40.25
45.50
50.75

24.50

29.75
35.00
40.25
45.50
50.75

22.40
25.77
29.17
32.58
36.00
39.43

40,00

44.00
48.00
52,00
56.00
60,00

10.00
11.00
12.00
13.00
14.00
15.00

.31.85

38.67
45.50
52.32
59.15
65.97

31.85
38.67
45.50
52.32
59.15
65.97

29.12
33.50
37.92
42.35
46.80
51.26

52.00
57.20
62.40
67.60
72.80
78.00

56.00
 61.25
66.50

71.75

77.00

56.00
61.25
66.50
71.75
77.00

42.88
46.32
49.78
53.24
56.94

64.00
68.00
72.00
76.00
80.00

16.00
17.00
18.00
19.00
20.00

72.80
79.62
86.45
93.27
100.10

- 72.80
7¢.62
86.45
93.27
100.10

55.74
60.22
64.71
69.21
74.02

83.20
88.40
93.60
98.80
104.00

82.25
87.50
92.75
98.00
103.25

82.25
87.50
92.75
98.00
103.25

62.08
67.23
72.38
77.53
82.69

84.00
88,00
92.00
96.00

103.36

21.00
22,00
23.00

24.00

25.00

106.92
113.75
120.57

127.40

134,22

106.92
113.75
120.57
127.40
134.22

80.70
87.40
94.09
100.79

107.49

109.20
114.40
119.60
124.80
134.37

1 108.50
113.75
119.00
125.39
132.12

108.50
113.75
119.00
124.25
129.50

87.86
93.01
98.17

103.33

108.50

110.77
118.22
125.71
133.24
140.30

26.00
27.00
28.900
29.00
30.00

141..05
147.87
154.70
163.01
171.75

141.05
147.87
154.70
161.52
168.35

114.20
120.91
127.62
134.332
141.05

144.00
153.69
163.43
173.21
183.04

138.84

145.58
152.32
159.06
165.81

134.75
140.00

145.25

15¢.50
155.75

113.67
118.84

124,01

129.18
134.35

148.39
156.00
163.64

171.65

180.49

31.00
32.00
33.00
34.00
35.00

180,50
189.25

198,01

206.78

215.55

175.17
182.00
188.82
195.65
202.47

147.77
154.49
161.21
167.93
174.65

192.90
202.80
212.73
223.14
234.63

172.56
179.31

186.07
192.83
199.59

161.00"

166.25
171.50
176.75
182.00

139.60
146.94

155.13
163.31
171.50

189.33
198.19
207.05
215.92
224.80

36.00
37.00
38.00

39.00

40.00

224.32
233,10
241.89
250,67
259.46

209.30.

216.12
222.95
229.77
236.60

i8l.49
191.02
201.66
212.31
222.95

246,13
257.65
269.17
280.70
292.24

* See Appendix A for weights and configurations of trucks.
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LIVE LOAD MOMENTS - LONGITUDINAL BEAMS
FOOT-KIPS PER WHEEL LINE

WITHOUT IMPACT

|

TYPE OF TRUCK"

383

3~3

SPAN
HS 20'] FT

WITH IMPACT

TYPE OF TRUCK'

4

383

3-3

HS 20

206.35
213.12
219.89
226.66
233.43

187.25
1%2.50
197.75
203.00
208.27

175.69
187.88
196.06
204.25
212.44

233.68
242.57
251.47
260.36
269.27

li

41.00
42.00
43.00
44.00
45.00

268.26
276.93
285.33
293,72
302.09

243.42
250,13
256,60

263.06

269.53

233.59
244.12
254.41
264,68
274.92

303,79
315.20
326.31
337.39
348.46

240.21
246.98
253.76
260.54
267.32

215.04
221.82
229.25
237.62
246.00

220.63
228.81
237.00
245.19
253.38

278.17
287.09
296.00
304.92
313.84

46.00
47.00
48.00
49.00
50.00

310.44
318.78.

327.10
“335.41
353.70

277.92
286.30
295.51
305.90
316.29

285.14
295.33
305.50
315.64
325.77

359,51
370.54
381.55
392.54
403.51

274.10
280.88
287.67
2594.45
301.24

254.38
262.77

'271.16

279.56
287.95

261.56
269.75
277.94
286.13
294.31

322.76
331.69
340.62
349.56
358.49

51.00
52.00
53.00
54.00
55.00

|‘351.97
360.23
368.47
376.70
384.92

326.65
337.00
347.33
387.64
367.94

335.87
345.95
356.01
366.05
376.07

414.46
425.39
436.30
447.20
458.07

308.03
314.81
321.60
328.39
335.18

296.36
304.76
313.17
321.58
330.00

302.67
312.60
322.54
332.48
342.42

367.43
376.37
385.31
394.25
403.20

56.00
57.00
58,00
59.00
60.00

393.12
il 401.30
W409.47
417.63
425.77

378.22
388.49
398.74
408.97
419.19

386.28 468.93

398,48
410.66
422,82
434.96

479.77
490.59
501.39
512.17

341.97
348.77
355.56
362.35
369.15

338.42

347.10
356.83
366.56

376.31

352.36
362.30
372.25
382.20
392.14

412.15
421.10
430.05
439.00
447.95

61.00
62.00
63.00
64.00
65.00

“433.90
442.02
450.12
458.21
466.29

429.39
439.90
451.73
463.54
475.34

447.08
459.17
471.25
483,31
495.34

522.94
533.69
544.42

555.14 |

565.84

375,94
382,73
389,53
396.33
403,12

386.06
395.82
405.59
415.36
425.14

402.09

412.05

422,00
431.95
441.91

456.91
465.87
474.82
483.78
492.74

66.00
67.00
68.00
69.00
70.00

474.35
482.40

490.44

498.47
506.49

487.12
498,90
510.66
522,41
534.15

-507.36

519.35
531.33
543,28
555,22

576.52
587..18
597.83
608.47
619.09

* See Appendix A for weights and configurations of trucks.
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LIVE LOAD MOMENTS - LONGITUDINAL BEAMS
' FOOT-KIPS PER WHEEL LINE

WITHOUT IMPACT WITH IMPACT
TYPE OF TRUCK' SPAN '~ TYPE OF TRUCK .
4 383 3-3 | HS 20 FT 4 383 3-3 | HS 20

409.92 434.93 451.87 501.7oh 71.00 514.49 545.88 567.14 629.69
416.72 444.72 461.83 510.67 | 72.00| 522.48 557.60 579.04 640.28
423.51 454.52 471.79 519.63 | 73.00| 530.46 569.30 590.92 650.85
430.31 464.32 481.75 528.59(74.00]538.43 580.99 602.79 661.41
437.11 474.13 491.71 537.56| 75.00 [ 546.39 592.67 614.64 671.95

450,71 493.77 511.63 555.49177.00( 562.27 615.99 638.28 692.99
457.51 503.59 521.60 564.46;78.00) 570.19 627.63 650.07 703.49
464.31 513.42 531.56 573.43{79.00 578.11 639.26 661.85 713.98

471.11 523.25 541.53 582.40[80.00] 586.01 650.87 673.61 724.45

443,91 483.95 501.67 546.63 i?G.OO 554.33 604.33 626.46 682.48

477.91 533.09 551.50 591.37 81.00} 593.90 662.48 685.36 734.91
484.71 542.93 561.47 600.34(82.00[ 601.79 674.07 697.09 745.35 |
491.51 552.77 571.44 609.31)83.00| 609.66 685.65 708.80 755.78
498.31 562.62 581.40 618.29|84.00| 617.52 697.22 72{).._50 766.20
505.11 572.47 591.37 627.26(85.004 625.38 708,77 732.18 776.61

511.91 582.33 601.35 636.23)86.00] 633.22 720.02 743.84 787.00
518.71 592.18 611.32 645.21
525.52 602.05 621.29 654.18

87.00) 641.05 731.85 755.50 797.38
88.00| 648.88 743.37 767.13 807.75
532.32 611.91 631.26 663.16)89.00] 656.69 754.88 778.75 818.10

$39.12 621.78 641.24 672.13)90.00|664.50 766.38 790.36 828.44

552.73 641.52 661.18 690.09 92.00| 680.09 789.34 813.53 849.09
559.53 651.40 671.16 699.06)93.00] 687.86 800.80 825.10 859.40
566.34 661.28 681.14 708.04)94.00) 695.64 812.25 836.65 869.70
573.14 671.16 691.11 717.02195.00] 703.40 823.69 848.18 879.98

579.94 681.04 701.09 726.00(96.00}§ 711.15 835.12 859.71 890.25
586.75 690.93 711.07 734.98[97.00( 718.90 846.54 871.22 900.52
593.55 700.82 721.04 743.96| 98,00 726.63 857.95 882.71 910.77
600.36 710.71 731.02 752.94}99.00) 734.36 869.35 894.20 921,01
607.16 720.60 741.00 761.92 lO0.00“ 742.08 880.73 905.67 931.24

545.93 631.65 651.21 681.11’91.00 672.30 777.86 801.95 838.77

* see Appendix A for weights and configurations of trucks.
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APPENDIX C

Questionnaire Document |
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lowa Department of Transportation
Highway Division
Research Project HR - 323

Strengthening/Rehabilitation of
Low Volume Highway Bridges

Name of Respondent
Organization

Address

The purpose of this questionnaire is to determine your experience
and practice in the strengthening and/or rehabilitating of low.
volume highway bridges. For this investigation, bridges with 400
ADT or less are considered low volume. If you wish to comment on
any questions or qualify your answers, please use the margins or
a separate sheet of paper.

SECTION 1

Do you (or your county)} have any exper;ence
with bridge strenqthenlnq’

Yes __ No
with bridge rehabilitation (ihcludinq replacenent)?

Yes . Ne

If yes, please complete Section 2 of this questionnaire.

If you answered no to both parts of question 1, the reason
bridge strengthening and/or rehabilitation has not been
used is:

- lack of financial resources
‘ Note: Check all

~ lack of useful guidelines for reasons that
decision~-making ‘ . are applicable.

-~ lack of trained manpower

other (please explain)
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SECTION 2

Recognlzlnq that engineering judgement must be used to make

many decisions regarding brldge management, do you typically
use more formal fmmethodologies for making management decisions

(e.g. benefit/cost analysis, equivalent annual cost method, etc.

Yes No

If yes, which one(s) ?

Have you developed any design aids, nomographs, combuter
software etc., that are useful in making bridge
rehabilitation decisions? 1If so, please describe then.

Yes No

Would vou be willing to share them with others?

Yes No

Does your county hire a conaultlng engineer(s) to perform any
bridge related structural englneerxng work?

Yes ... No

If so, which firm(s) have you employed?
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4. If a consulting engineer is hired, what type of service is most
commonly performed by a consulting engineer? ‘

Structural analysis

Check all
that apply.

Constxnction inspection
Strengthening or rehabilitation
Biannual bridge inspection

other (pledse describe)?

5. Could your county benefit from some sort of decision
" making tools or design aids for the rehabilitation or
. strengthening of existing bridges?

Yes " No

What sort of tools would be most helpful to your county?
Computer sqftw;;e
Nomographs
Flow charts

Other (please describe)?

6. if plans or in-house reports are available for any of the
strengthening or rehabilitation methods implemented, please
indicate who we should contact to obtain copies. '

Name/Titlet

Organization:

Address:
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With which types of strengthening procedures does your

county have experience?

Bridge type (FHWA #)

Lightwaight dack raplocamant

Provida composite action

incraaea tronevaerea stiffraes

Strengthan axisting membars

Add or raeplacae mambars

Post-tanstoning v;riaue mambara

Strangthan critical connactions

lavalap continuity

Other {(plaasa daccribe)s

Timber stringer (mt:;tl beam) (702)

Steel stringer (multi beon) (302)

Stee! pony (380) or thru {310) truss

Steel girder & floar baam system (303)] -

Other (piease describe):
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The following question refers to the structural and cost
effectiveness of varicus strengthening methods. The ratings
requested are intended to be a subjective evaluation of the
given methods. If a method has met your strengthenlng
objectives, a high rating should be g;ven. leewlse, if g
particular method has been relatively 1nexpen51ve to
perform, a high cost effectiveness rating should be given.

Based on your experience, please rate the strengthening
methods you have employed. Use a scale of 1-10 (10 being the
best.)

\ Cast . Structural
Strengthemng MEthod ‘Effactivanass|Effactivanass

Lightwaight Oack Raplacement

Provida composita action

Incraasa traneverss stiffnass.

Strangthen axisting mambars

Add or rapiocn manbars

Pogt~tanaion voriocus mgmbera

Sﬁrengtheq eritical cornactions

Davalop continuity

Gthar (plaass deseribely
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9.  If it is not possible to make an existing bridge
structurally adequate to carry legal loads, but it is .
possible to strengthen it to carry an increased load, what
load would you desire it to carry? ,

Tons

optionally, rather than specifying a weight which type of
vehicle should the bridge be able to support?

Dump truck ___
Garbage truck

Dump truck with pup

Farm vehicle school bus

Type of farm vehicle

Other (please describe)

10. Do you know of anyone whe might be able to supply
additional infeormation regarding the rehabilitation and/or
strengthening of low volume bridges (e.g. consulting
engineers, highway officials, etc.)? .

Name:

Organization:

Address:

Name/Title:

Organization:

Address:

11. Have you used, or are you familiar with the National Cooper-
ative Highway Research Program Report #293, Methods of

Strenathening Existing Highway Bridges?

Yes No

e ——
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12. Previcus studies have determined that the four bridge
types listed below account for over 93% of the
structurally deficient bridges on the secondary hlghway
system in Iowa. :

Please complete the table below.

P

ing and posted weight/specd

Indicate the bridge type
for which you would most
restrictions.

like 10 see strengthening
methods developed.
Indicate which bridge types
would most benefit from a
combination of streagthen-
Indicate which bridge types
would be least likely to
benefit from strengthening
or rehabililation methods.

Bridge type (FHWA #)

(e

: Timber stringer (mum beam) (702)
. | Steel stringer (mulu beam) (302)

* [steel pony (380) ot thru (310) truss

| Steel girder & floor beam system (303)
Other (please describe):

|

| Please return completed questionnaire
in the enclosed envelope by June 25, 1990 to:

Dr. 7. J. Wipf
Dept. of Civil and Construction Engineering
420 Town Engineering
Taowa State University
Ames, TA 50011




