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PREFACE

This report is the final in a series which summarizes a detailed
investigation of the behavior of pan-formed concrete slab and girder bridge
systems, which are widely used by the Texas Highway Department. The initial
report treated the detailed techniques developed for the utilization of
reduced scale models and also reported on the degree of correlation between
the model tests and the full-scale prototype testing. The second report
treated the techniques employed and the results obtained in the field

testing of the full scale prototype bridge.

This work is a part of Research Contract 3-5-66-94 entitled
"Structural Model Study of Concrete Slab and Girder Spans.'" The studies
described herein were conducted as a part of the overall research program
at The University of Texas at Austin Center for Highway Research, under
the administrative direction of Dean John J. McKetta. The work was spon-
sored jointly by the Texas Highway Department and the U.S. Bureau of Public
Roads under an agreement between The University of Texas at Austin and the

Texas Highway Department.

Liaison with the Texas Highway Department was maintained through the
contact representatives, Mr. L. G. Walker and Mr. B. R. Winn; Mr. I. C.
Daniel was the contact representative for the Bureau of Public Roads.
Particular thanks are due all of these contact representatives as well as
Mr. H. D. Butler, Design Engineer, Texas Highway Department, who rendered

continued assistance during the life of the project.

This study was directed by John E. Breen, Professor of Civil
Engineering. The model study phase was supervised by E. V. Leyendecker and
the field study phase by T. A. Armstrong, both Research Engineers, Center

for Highway Research.
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ABSTRACT

Detailed results of a research program to study the behavior of
40-ft. simple span pan-formed concrete slab and girder bridges are pre-
sented. The investigation was carried out using approximately 1/6-scale
direct models of the bridges (including substructure); these model tests
were supplemented by full-size field testing as well as analytical pro-
cedures. Four accurate models were tested at service loads, moderate
overloads, and ultimate load levels in order to fully document the behavior
of the structures for the full range of load conditions. Patterns of load
distribution were obtained using both strain gages and deflection measure-
ments. The main variables in the investigation were angle of skew, load

level, and grade and quantity of reinforcement.

Comparisons are made with the service load AASHO load distribution
factors for design of slab and stringer bridges, and with distribution
factors computed from an orthotropic plate solution using a discrete ele-
ment mathematical model. Design recommendations are made for computation

of ultimate load capacity.
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CHAPTER I

INTRODUCTION

1.1 General

This report is the final in a series of reports on a research program
entitled "Structural Model Studies of Concrete Slab and Girder Bridges."
This report summarizes the important behavior of the bridge systems tested
and the conclusions which can be found therefrom. Details of the model
techniques used, the instrumentation procedures and the results from the
full-scale bridge investigated, and the degree of corroboration between
the model and full-scale testing have been outlined in the previous reports

of the series.

The manner in which a slab and girder bridge carries a load is
dependent upon the stiffnesses and connections of the various bridge com-
ponents. Consider the five girders interconnected by cross beams in
Fig. l.la. The beam-to-girder connections are by frictionless hinges. A
load P applied to girder C will result in a deflected shape similar to
Fig. 1.1b. Girder C is restrained from deflecting by the hinged cross
beams which exert an upward shear force. Shear forces exist at each hinge
of the cross beams, with the differential shear acting on the adjacent
longitudinal girder, causing it to deflect. Thus, each of the girders will
carry a portion of the applied load. This deflection profile is shown in
Fig. l.1lc (to a larger vertical scale) where it is labeled "frictionless
hinges." 1If the hinges are allowed to 'rust,'" they will be capable of
transmitting a certain amount of moment. The ability to transfer moment
as well as shear will reduce the deflection under the loaded girder C, while
at the same time the other girders must deflect more than for the case with

frictionless hinges. If the hinges are allowed to "rust" until they form
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Fig. 1.1. Load Distribution Behavior.



a rigid connection between the girders and cross beams, then the unloaded
girders will carry more load than for either the frictionless or rusty

hinge case. These three cases are shown qualitatively in Fig. l.lc.

This research program was concerned with evaluating the transverse
load distribution characteristics of the pan-formed concrete bridge system
described herein and with evaluating current design procedures. The
primary research tool used was the structural model supplemented by a dis-

crete element analytical method.

1.2 Definition of Types of Plate Action

For ease in reference, the behavior of bridge plate systems can be

classified as:

{(a) Isotropic Plate - A plate which shows identical elastic properties
in all directions.

(b} Anisotropic Plate - A plate which shows different elastic properties
in different directions.

(c) Orthogonally Anisotropic Plate - A plate which shows different
elastic properties in two perpendicular directions. The term
orthogonally anisotropic is frequently shortened to orthotropic.

Strictly speaking, an orthotropic plate is one in which the physical
properties of the plate material varies. They may be referred to as a
"naturally orthotropic' plate. Another type of orthotropy occurs when a
plate is stiffened with ribs. 1If the geometric arrangement of ribs differs
in perpendicular directions, the plate may be referred to as ''structurally

' Two types of "structural orthotropy' are illustrated in

orthotropic.’
Fig. 1.2. Structural orthotropy exists in the case of Fig. 1.2a, due to
different moment capacities in perpendicular directions. The structural
orthotropy in Fig. 1.2b is due to different rib arrangements. Hereafter

1t

both '"naturally orthotropic' and "structurally orthotropic' plates will

simply be referred to as orthotropic plates.

1.3 Methods of Analysis

Analysis of slab and girder structures may be divided into three

basic categories, which will be reviewed here. These categories are the
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grillage method, primary and secondary members method, and the orthotropic
plate method. In addition, the design requirements of the American Asso-
ciation of State Highway Officials (AASHO), as set forth in the Standard

Specifications for Highway Bridges,z* will be reviewed.

1.3.1 Grillage Method. Lazarides12 solved the slab and girder

bridge by dividing the structure into a grillage of longitudinal and trans-
verse members. Slope deflection equations were then set up for joint inter-
sections of members, resulting in a set of simultaneous equations. Lightfoot
and Sawko17 have shown that electronic computers may be used to deal with

the abundance of arithmetic involved with this procedure.

1.3.2 Primary and Secondary Members Method. Another method of

analysis separates the structure into primary longitudinal members and
substitutes some form of secondary cross connection for the transverse
members. This method has been used with the various assumptions listed

below:

(a) Newmark26 assumed the slab was an analogous continuous beam
over any number of rigid or flexible girders extending between supports.
Newmark's procedure was similar to the Hardy Cross method of moment dis-
tribution, involving flexural stiffnesses, carryover factors, and fixed end
moments for the analogous slab. 1In certain cases the girder torsional
restraint may be taken into account. Newmark and Siess used this method
to study moments in I-beam bridgesgzy)The theoretical solution for rectangu-
lar slabs was confirmed by experimental results for right angle bridges.
While skew slabs on I-beams were not solved theoretically, they were
included in the experimental study.29 The results of these investigations

led to design recommendations for slab and stringer highway bridges.

9
(b) Hetenyi assumed no rotation of individual members at an
intersection and used a sine series to represent the load and deflection

of the system in the longitudinal direction.

32
(c) Pippard and de Waele assumed no rotation of longitudinal

members and replaced the transverse members with a continuous medium.

*Superscript numbers refer to references in the Bibliography.



(d) Leonhardt14 assumed the transverse members could be replaced by

a single member at midspan with no torsional stiffness.

(e) Hendry and Jaeger8 assumed the transverse members could be
replaced by a continuous medium. The effects of rotation of longitudinal
members may be included where necessary. The differential equation for
the loading on each member is written using "harmonic analysis'" to derive

the deflections and bending moments on each longitudinal member.

1.3.3 Orthotropic Plate Method. The orthotropic plate approach

replaces the actual bridge structure by an equivalent orthotropic plate
which is then treated by classical theory.45 This approach was first
developed by Guyon for grillages with members of negligible torsional
stiffness6 and later for isotropic slabs.7 Massonnet20 extended this
approach by including the effects of torsion. The combined work of Guyon
and Massonnet is referred to as the Guyon-Massonnet load distribution
theory.

Guyon and Massonnet's work has been extended by other322’23’25’35

and includes the development of a design procedure. An excellent presenta-
tion of the Guyon-Massonnet theory may be found in Rowe's book Concrete

Bridge Design.40 In the same book Rowe has summarized the results of
5,18 36,37 24,38,39

numerous tests onmodal and full-size bridges that have
been analyzed using the Guyon-Massonnet theory. Agreement between theoreti-
cal and experimental results were shown to be good. Mattock and Kaar21 have
compared this theory with good results to an experimental study of a one-half

scale continuous prestressed concrete bridge.

Orthotropic plate systems have also been solved by the use of
discrete element mathematical models. Basically the method involves
breaking a plate into a system of discrete parts, consisting of elastic
blocks connected by rigid bars. The equations describing the discrete
element system are obtained by free-body analysis of the model. Various
discrete element models have been proposed, such as those described by Ang
and Lope;} and Hudson and Matlock.11 The primary difference in the various
models is the technique for modeling torsional stiffness. The value of a
discrete element model lies in the ability to allow point-to-point variation

of section properties. The true shape of a plate may be closely



approximated by the use of many discrete elements. In general, the

smaller the elements the better the approximation.

1.3.4 Limitations. The problem of a skewed slab on girders or
a skewed orthotropic plate has not been solved in a closed form. Hence,
all of the methods discussed are limited to a rectangular system, with

the possible exception of the discrete element techniques.

Furthermore, the methods discussed are limited to the linear
elastic range of load response. This is a serious drawback in the case of
reinforced concrete, which has a significant portion of its load~carrying
capacity in the inelastic or nonlinear range.

1.3.5 Design Requirements. The Standard Specifications for
2

Highway Bridges® contains an empirical method for determining the distribu-

tion of wheel loads to longitudinal girders. Each girder is designed to

carry the fraction of a wheel load (both front and rear) determined by

S
= = 1.1
ko= 2 (1.1)
where k = number of wheel loads
= average girder spacing in feet
C = constant

The constant C depends on the type of slab and girder system and the number
of traffic lanes. 1In the case of a concrete slab on concrete girders
designed for one traffic land, the constant is 6.0. The constant is 5.0

for two or three traffic lanes.

The specifications are based on Ref. 28 by Newmark and Siess. The
procedures described in Ref. 28 were considered generally applicable for

span lengths from 20 to 80 feet and girder spacings from 5 to 8 feet.

1.4 Role of Mathematical and Structural Models

In the analysis of the behavior of complex structures, the structural
engineer has traditionally utilized a mathematical model for obtaining an
understanding, or at least an insight, intoc the response of the structure

to given sets of loadings. Due to the wide acceptance of the elastic



theory of analysis, the mathematical models developed tended to be linear,
elastic formulations of the problems. As designers realized that the
complexity of the problems was outstripping the methods of analysis avail-
able, a system of techniques for using linear, elastic, small-scale physical
models of the prototype structure as analogue computers was developed.
Usually the models were carefully fabricated from linear, elastic materials,
such as plastics or light gage metals. Care was taken in loading to keep
stresses within the proportional limits. Under these conditions the

results of studies using structural models tended to confirm the results

of elastic analyses. With the increased capability for handling large
systems of simultaneous equations, through the use of high-speed digital
computers, there was a decline in interest in the use of the elastic struc-

tural model, except in a few areas such as shell buckling.

However, developments in structural engineering in the past two
decades have pointed out a growing awareness of some serious limitations
of present methods of analysis. The development of plastic design concepts
in structural steel, ultimate strength design concepts in reinforced con-
crete, as well as nonlinear analysis concepts, have created a demand for
further observation of actual structural behavior to permit the accurate
construction of new types of mathematical models for design tools. Further
observations are required to correctly assess the limits of applicability

of the design technique developed.

Needless to say, it would be impractical, and in some cases almost
impossible, to gather all the required data from tests (including load tests
to destruction) of prototype structures. To meet the needs for data
describing basic cross-sectional capacities, tests have been run on indi-
vidual structural members. In most cases the tests have been performed on
reduced-scale structural models of the members manufactured from the same
type materials as would be used in the prototype. Reduced-scale structural
model tests of individual structural members have become a very accepted

basis for structural research.

With the development of more accurate mathematical discrete element
models for predicting the response of a member to a load stimulus, this

study focuses attention on the adequacy of methods of structural analysis



to predict load distributions and overall structural behavior of
pan-formed concrete slab and girder bridges subject to realistic loading.
In particular, since most reinforced concrete structures are subject to
localized cracking and inelastic stress distributions, the adequacy of
linear methods of structural analysis must be examined. Since in beam
and slab-type structures the moments developed in the slabs may be quite
sensitive to beam deflections and the load distributed to the beam may be
quite sensitive to slab stiffness, changes in flexural stiffness due to
cracking or inelastic effects could greatly modify the results of conven-

tion methods of analysis.

Concurrent with the growing awareness of a need to reexamine
design methods for complex structures, there has been the development of
a system of "direct" structural model testing which emphasizes basic
agreement between prototype and model physical characteristics. This is
a welcome supplement to the indirect model which was simply an analogue
computer representing the assumptions of the analysis rather than the
properties of the structure. A great advantage of the detailed structural
model is the ability to observe design omissions and detailing errors as

well as design inconsistencies.

All of these points have been realized in this reinforced micro-
concrete model study of concrete slab and girder bridge systems. Extensive
developmental work has been completed te gainvexperience and confidence in
microconcrete model techniques. Programs of investigation of material
characteristics have developed microconcretes with typical values of fé and
EC as found in practice, as well as test equipment and methods suitable
for reduced scale testing. Methods of fabrication have been developed for
reinforcement cages and dimensional tolerances have been controlled to
ensure repeatability. Complete loading and instrumentation systems have
been developed to permit simulation and measurement of actual behavior at
both service and ultimate loads. Comparisons with field measurements

verified the accuracy.ls’16

In the same way, one of the most advanced methods of analysis of
orthotropic plate systems was utilized to obtain a mathematical solution of

the expected behavior of the bridge system. Utilizing programs developed
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19 . .
by Matlock et al. the results of a discrete element solution were
compared to the measured behavior. By combining both the mathematical
model and the structural model results it is felt that a significant
insight has been obtained regarding the fundamental behavior of reinforced

concrete pan-formed slab and girder systems.

1.5 Prototype Bridge System

The basic structural system investigated was the Texas Highway
Department's widely used pan-formed slab and girder bridge system known
as the CG Series. The basic structure is a monolithically cast pan-formed
slab and girder unit, as shown in Fig. 1.3. 1t is designed as a simply
supported span with a nominal span length of 40 ft.-0 in. for a right
angle bridge. Standard designs are available for skew spans varying from
0° to 450, with the angle of skew being the angle between the axis of the

bent cap and a line perpendicular to the flow of traffic.

Figure 1.3 shows the transverse cross section, comprised of a
series of semicircular arch units. This shape is obtained by casting on
a series of standard semicircular pan forms. Detailed plans for these
forms are given in Figs. A.l1 and A.2 in Appendix A of this report.
Typical girder and slab reinforcement, as well as a general view of the

pan forms, is shown in Fig. 1l.4.

The roadway width can be varied in three-foot increments by
adding or subtracting the three-foot pan form units. The skew angle
may be varied by sliding pans relative to one another until the desired
skew is obtained. Skew angles are controlled by having a uniform hole
spacing on the bottom connecting angles on each pan. Skew variations are
obtained by slipping the pans one or more holes relative to the adjacent
pans. Standard details are available for a one, two, three, or four-hole
skew corresponding to skew angles as shown in Fig. 1.5. An increasing
skew angle also slightly increases the span length. This is partially
due to the greater width of the bent cap when measured on a skewed line.
In addition, there is a need to increase the clear distance between bents
to accommodate the standard square-end pans. The increase in clear

distance is also indicated in Fig. 1.5(c).
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(b) Two Hole Skew.
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Major economic benefits are realized by the design of the pan forms
as structural units supported from the bent caps without interior falsework
during construction. Pan support details vary according to the angle of
skew, but basically the pans are supported from clips bolted to the faces
of the bent caps. Typical pan supports are shown in Fig. 1.6 for a
26°-34"' skew. The triangular gap between the pan form and bent cap is

usually formed with a piece of plywood.

The end diaphragms are cast directly on asphalt board lying on the
top surface of the bent cap. The asphalt board is shown in place on the
expansion end support in Fig. 1.6. Details for both supports are shown

in Fig. 1.7.

The basic concrete cross section is used for several typical
loadings (i.e., H15, H20, and H20-S16 AASHO trucks). Flexural capacity
is varied by changing the quantity of flexural reinforcement provided.

Shear capacity is varied by changing the stirrup size and spacing.

1.6 Object and Scope of Investigation

A detailed investigation was carried out on the CG Series of pan
form slab and girder bridges, using approximately 1/6-scale 'direct models"
of the bridges (including substructure); these model tests were supple-
mented by full-size field testing, as well as analytical procedures. The

overall objectives of the investigation were as follows:

(a) To investigate the behavior at service loads, moderate overloads,
and at ultimate loads of typical pan-formed concrete slab and
girder bridge spans, using reinforced microconcrete structural
models.,

(b) To confirm the observed behavior at service loads by full-scale
testing of a prototype structure.

C To evaluate the effectiveness of the end diaphra ms in partici-
g P
pating with the bent caps to carry slab loads.

(d) To make recommendations regarding the adequacy of present design
provisions based on these test results.

Objective (a) included an evaluation of "load distribution' patterns
to the girders at various load levels. This was particularly desirable,

since the curved cross section of the structure implies a higher transverse
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rigidity than encountered in the usual slab and girder bridges having
constant thickness slabs. This transverse rigidity caused some doubt
over the accuracy of the usual AASHO slab and girder design procedures

when applied to this type of bridge.

The desirability of testing at various levels of loading (some of
which would cause cracking in the prototype) warranted the use of more

complex microconcrete test specimens rather than an elastic test specimen.

1.7 Program of Research

The following criteria for the model study were adopted to meet

the objectives of the investigation:

(a) Model materials must have properties closely resembling the
prototype materials. While it is possible to utilize the mathematical
theory of similitude to interpret and correlate the behavior of linear
models with different material properties in the model and the prototype,
no such procedure is valid in ultimate strength models. Since the failure
mechanism in the prototype materials is not understood completely, it is
felt essential to strive to utilize model materials with physical proper-
ties as identical as possible to those of the prototype to minimize varia-

tion in failure criteria.

(b) Boundary conditions must match the prototype as faithfully as
possible. To carry this out it was considered essential to model a typical
substructure unit in order to include typical support deflection and rota-
tion effects. It was also felt necessary to include dead load effects
from adjacent spans on these supports as well as typical joint details.

" the actual details,

While the span is idealized as having 'simple supports,
as shown in Fig. 1.7, prevent both translation and rotation at one end and,
hence, the span is 'partially fixed." These support details were carefully

modeled to assess this effect.

(c¢) Wherever possible independent checks of statically determinate
subsystems must be utilized for verification of accuracy. Since inclusion
of true boundary conditions makes theoretical analysis extremely difficult,

all loading and measuring systems were verified in tests on simply supported
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merers with known behavior. In addition, backup check measurement systems
wer: provided where possible. These precautions developed confidence in

the techniques used with the indeterminate slab and girder system.

The overall study consisted of the following principal test

specimens:

(a) Model S8G-1. This is a 1/5.5-scale model of a 0° skew, 40-ft.
span, CG Series Bridge. Details are shown on the Texas Highway Department
Plan Sheet CG-0-35-40 (Fig. A.3) in Appendix A. The model was cast in
place on a model of the substructure design for the prototype span. Sub-
structure details are shown on the Texas Highway Department Plan Sheet

BCG-0-35-40 (Fig. A.4) in Appendix A.

(b) Model SG-2. This is a 1/5.5-scale model of a 45° skew,
40 ft.-10 in. span. Details are shown in Figs. A.3 and A.5.

(c) Model SG-3. This model duplicates SG-2 in all respects except

for the main flexural reinforcement, where high strength steel (fy = 60 ksi

and fS 24 ksi) was substituted for intermediate grade steel (fy = 40 ksi

and fS 20 ksi). The area of steel provided was changed so that the

total tensile force at allowable steel stress was maintained constant
20 .
(i.e., AS = —— A ). The model was cast in place on the same

se3 2% Ssq2

substructure used for Model SG-2.

(d) Model SG-4. This is a 1/5.5-scale model of a 26°-34' skew,
41 ft.-9 in. span. Details are shown on the Texas Highway Department
Plan Sheet CG-0-33-40 (Fig. A.6) in Appendix A. The model was cast in
place on a model of the substructure designed for the prototype span. Sub-
structure details are shown on Texas Highway Department Plan Sheet

BCG-0-33-40 (26°-34') (Fig. A.7) in Appendix A.

Model 8G-4 (including substructure) is the reduced scale model of
the full-size prototype bridge CG-1, which was tested at service load

levels.

(e) Prototype CG-1. This is a full-size prototype bridge of a

26°-34" skew, 41 ft.-9 in. span, with the same details shown in Figs. A.6
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and A.7 for Model SG-4. The bridge was part of a farm-to-market road near

Belton, Texas.
Secondary tests were run on several models, as follows:

(a) Shear Tests. Model SG-2 was loaded for maximum moment and
then reloaded with a maximum shear loading in order to determine which

was more critical for design.

(b) Punching Tests. Punching tests to determine shear resistance

to individual wheel loads were performed on an undamaged portion of the

slab of model SG-3 after the bridge span had failed in flexure.

(¢) Bent Cap Tests. The substructure for Model SG-4 was tested by

loading the cap of one bent with a series of concentrated loads which were
increased until failure occurred. The remaining bent was then loaded to
failure by applying the same load configuration through the end diaphragms

to determine the stiffening effect of these diaphragms.

Models S$G-1, SG-2, SG-3, and S$G-4, along with the auxiliary shear
and punching tests, were tested in order to meet objective (a) in Section 1.6.
Model SG-4 and Prototype CG-1 were tested in order to meet objective (b) in
Section 1.6. The bent cap tests were performed in order to meet objective
(c). Collectively, the results from all tests were designed to meet

objective (d).

All of the details concerning similitude, model technology, and
model reliability have been documented in a previous report in this series.
In this report very detailed information concerning the materials used,
fabrication technique, instrumentation systems, and loading procedures
are given. In addition, a very detailed comparison is presented with the
results of load distribution studies at service load levels between the
models and prototype. The study indicates the credibility of the model
results. Also, data are presented which establish the ultimate strength

reliability of the structural model.

Physical tests can give definitive information only for the actual
conditions existing in the specimens tested. Therefore, it is difficult to

cover a wide range of variables using complex structural models such as
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those of this investigation. For this reason it is desirable to have an
accurate mathematical analysis which may be used for more rapid and economi-
cal study of many variables. Previous mathematical analyses were not felt
sufficient to adequately describe the behavior of this type of concrete

slab and girder bridge, because of limitations in representing transverse
slab stiffness for the series of arches. Previous solutions were restricted

to rectangular slabs, as well as the uncracked elastic range of loading.

In this investigation a discrete element mathematical model of
an orthotropic plate was selected to obtain a theoretical solution, since

11,31 Both the theoretical

properties may be varied from point to point.
solution and the experimental results are compared with each other as well

as with current design practice, as reflected by the AASHO Standard Speci-

fications for Highway Bridges.2




CHAPTER II

DIRECT MODEL SIMILITUDE

2.1 Introduction

Two very different types of structural models are available, i.e.,
"indirect models" or “direct models.” These models have very different

ranges of application and represent very different model technologies.

The indirect model is essentially an analogue computer for solu-
tion of idealized structural systems. The indirect model is usually
fabricated from linearly elastic materials and is loaded so that stresses
do not reach the proportional limit. Under those load conditions such
models tend to confirm the results of mathematical analyses based on

linear elastic assumptions.

Since it was evident from the outset that the present study had
to consider structural behavior in both the uncracked and cracked section
range, and since the fundamental relationships between factors such as
flexural and torsional stiffness were not completely understood in both of

these ranges, the indirect model was not used in this study.

The direct model is essentially an analogue computer for solution
of the actual structural system with a minimum of "idealized" boundary
conditions. The direct model emphasizes the agreement between prototype
and model physical characteristics and boundary conditions. As such it does
not satisfy erroneous analytical assumptions which distort the true

nature of the structure.

The ideal direct model is a true-to-scale model, in which all
details are linearly reproduced, although practicality requires that this
type of model sometimes be simplified to omit minor details that should not

significantly affect the structural behavior. The direct model is extremely

21
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valuable in that it may be used to document elastic, inelastic, and
ultimate load behavior. This use over the full range of loadings is
valuable in determining the range of applicability of elastic theories for
a prototype structure constructed from an inelastic material such as

reinforced concrete.

2.2 Scale Relations

2.2.1 Materials. A generalized stress-strain curve illustrating
idealized relations between the prototype and model materials is shown in
Fig. 2.1. The factors Sf and S; are referred to as the stress and strain
scale factors, respectively. The geometrical scale factor, Sg » relates
the model and prototype dimensions (model length = l/Sﬁ x prototype length).
Microconcrete may be designed with a resultant stress-strain diagram equal

to that of the prototype, hence S_. = S, = unity. With proper selection

f
of model reinforcement, the same statement can apply to the reinforcing

steel.

Where shear and torsional stresses may be important as well as with
significant plate behavior, it is essential that Poisson's ratio for the
model and prototype materials be equal. This requirement is readily
achieved where the model materials are essentially the same as the proto-

type materials.

2.2.2 Loads. The "direct model' chosen utilizes the same material
properties as the prototype, hence S, = Sf = 1. Thus, the prototype and
model loads are related only by the geometrical scaling factor. In this

. 16
case the load relations become:

1. Loads distributed over an area
Model load per unit area = prototype load per unit area
2. Loads distributed over a length
Model load per unit length = —é— prototype load per unit
length

3. Concentrated loads

2
Model load = (—ézj X prototype load
4. Gravity loads

Model density = S, x prototype densit
y P P y y
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I1f the above requirements are met, then the measured strain in the model
. - . 1 .
is equal to the prototype strain and the model deflections are —— times the

¢

prototype deflections.

The unrealistic requirement for substantially increased model
density may be overcome by the application of external loads as discussed

in a later section.

2.2.3 Geometrical Scale Factor. The geometric scale factor,

%2 = %%, is determined by economics, available materials, fabrication
L\
methods, and testing procedures. Frequently the major considerations are

16

other than economic.

At the beginning of this project a study was made of the factors
affecting the fabrication and loading costs for these models for a number
of scale factors. The total combined cost of fabrication and loading
indicated a minimum cost at about 1/8 scale, with very little difference
in costs in the range of 1/5 to 1/10 scales when compared to the cost of
full-size testing (15 to 17 percent of prototype). In this study the main
reinforcing steel in the prototype was a No. 11 bar; the availability of
deformed No. 2 bars was a major consideration in the selection of the scale

as 1/§? = 2/11 = 1/5.5.



CHAPTER TITITI

MODEL TECHNOLOGY

3.1 Introduction

The basic goal in the direct modeling process is to obtain a
realistic approximation of the behavior of the prototype over a complete
spectrum of loads from dead load through service loads up to collapse loads.
The detailed procedures developed in this study to obtain this realistic
approximation have been given in detail in the previous report. The pur-
pose of this chapter is to summarize the most important elements of this

technology.

3.2 Materials

3.2.1 Microconcrete. The model concrete used in this investigation

is referred to as microconcrete. It is designed based on geometric scaling
of the aggregate gradation curve, using a typical Texas Highway Department
mix design for superstructure concrete as a prototype. The model aggregate

used the following combinations of aggregates:

TCM 1/8 26%
Ottawa Silica Bond Sand 30%
No. 1 Blast Sand 28%
No. 2 Blast Sand 8%
Colorado River Red Sand 8%

Final mix design was based on a trial batch basis until a workable
concfete with stress-strain characteristics quite similar to the prototype
concrete were obtained. A Texas Highway Department approved retarding
agent "Airsene L'" was used to delay initial set and improve workability.

The final mix design used was:

25
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Water-cement ratio by weight 0.687
Cement factor (sacks per cu. yd.) 5.0
Aggregate-cement ratio by weight 6.53

Retarding agent (fl. oz. per sack) 6.0

This microconcrete had an air content of 5-3/4 percent and a wet

unit of 133 lbs. per cu. ft.

Stress-strain curves for both the microconcrete and the prototype
concrete are shown in Fig. 3.1. The microconcrete of this investigation
(shown as a solid curve with data points plotted) had an ultimate strength
of 4530 psi, while the prototype concrete (shown as a dashed curve with
data points plotted) had an ultimate strength of 4700 psi. The other
curves (ultimate strengths on the order of 3000 psi) are taken from a
study by Aldridge1 and tend to verify the shape of the stress-strain curves

for the prototype and microconcrete.

The computed moduli of elasticity shown are 3,410,000 psi and
3,950,000 psi for the microconcrete and prototype concrete, respectively.
The values closely match the observed values for the secant modulus at
0.45 fé and shown that the difference between moduli is mostly a function

of unit weight.

Split cylinder tensile strengths were obtained using cylinders from
the same batches of microconcrete and prototype concrete. The microconcrete
split cylinder strength was 555 psi, which is about 0.12 fé or 8.3 J?Z: The
prototype concrete split cylinder strength was 480 psi, which is about
0.10 fé or 7.0 J?Z: The slightly increased tensile strength of the micro-
concrete should not greatly affect strength calculations but would lead to

somewhat higher crack formation loads in microconcretes.

3.2.2 Reinforcement. In direct models it is essential that the

steel used in the model and the prototype have virtually identical stress-
strain curves, particularly with reference to sharpness of definition of
yielding. The SWG wire initially obtained for this project exhibited a
"round house'" (i.e., no sharply defined yield plateau) stress-strain curve.
Heat treatment was used to give the wire a desired "flat top" yield plateau,

typical of intermediate grade reinforcement.
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Smooth (nondeformed) SWG wires and No. 2 bars do not function in
bond in the same manner as deformed bars, hence their use is limited to
studies where bond is not a major factor. The smooth wires used in this
investigation were allowed to rust to improve bond properties. After two
of the bridge models had been tested, a special supply of No. 2 deformed
bars became available. Comparative tests using the No. 2 smooth and then
the deformed bars as the main flexural reinforcement showed conclusively
that the use of deformed bars resulted in more realistic crack patterns.
Therefore, subsequent bridge models were reinforced with deformed No. 2

bars as the main flexural steel.

Typical stress~-strain curves for the main reinforcement used in
this investigation are shown in Fig. 3.2. Model SG-3 was identical to
Model SG-2, except that high strength steel was used in the former and
intermediate grade steel was used in the latter. The substitution was
made by adjusting the areas so that the total bar force at design stress
(24 ksi) for the high strength steel was equivalent to the total bar force

at design stress (20 ksi) for intermediate grade steel.

3.3 Fabrication Techniques

In realistic modeling, fabrication tolerances must be reduced in
proportion to the scale utilized. This requires careful consideration of
forming and fabrication techniques. Carefully constructed Plexiglas forms
were used. The transparent property of the Plexiglas forms greatly facili-
tated the placement of the large quantities of reinforcement to close
tolerances. Detailed information on form manufacture and application is

given in Ref. 16,

The substructure was detailed following Texas Highway Department
Standard Plans, with each bridge model having the substructure which was
usually designed for it, Bent caps werc positioned in the test frame, the
pan forms suspended from them and the slab cast in place. This procedure
allowed modeling of the true support boundary conditions of the prototype
as shown in Fig. 3.3. A 0° skew and a 45° skew model are shown ready for

casting in Fig. 3.4(a) and (b).
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Figure 3.4 also illustrates the ease with which steel placement may
be checked when Plexiglas is used as a form material. The procedure for
passing strain gage lead wires through the forms and in the wires used to

support the dead load blocks are also shown.

Microconcrete was placed in uniform lifts and compacted with a
standard laboratory immersion vibrator operating through a Variac. After
casting, screeding, and troweling, the deck was sprayed with a membrane
curing compound and covered with wet burlap. Forms were left in place as

a moisture barrier for about three days, then stripped.

3.4 Instrumentation

3.4.1 Load Control. The 1loading system used was actuated by a

hydraulic pressure system. However, since pressure gage readings are not
reliable enough at low load levels, ram loads were controlled by the
pancake-type electronic strain transducer load cell developed by Lee.13
This load cell has a sensitivity of about three pounds per microinch of
strain, with a maximum working capacity of about 8000 pounds.

3.4.2 Structural Response. Concrete strains were measured with

a Demec gage with a gage length of two inches. Due to the small amplitude

of concrete strains, the number of these measurements taken was limited.

A wide variety of reinforcement steel strains were measured with
electrical resistance strain gages attached to the reinforcement and
waterproofed so that they could be immersed in the concrete. The main
girder flexural steel had 1/4-in. gage length foil gages, while similar
gages with a 1/8-in. gage length were applied to the smaller size transverse

slab steel. Detailed locations of the gages are shown in Chapter VI.

Deflection measurements with reference to a movable gage base line
system were taken using Federal dial gages with a least count of 0.001 in.
with estimation to the nearest 0.0001 in. Deflections were taken at the
ends, 1/8, 1/4, 3/8, and 1/2 spans over each girder for a maximum of 108
deflections per load. TFrequently, only readings in the vicinity of the

applied load were taken.



3.5 Loading

3.5.1 Gravity Loads. Prototype self-weight (dead load) stresses

are difficult to reproduce in a model, since available model materials do
not meet the density similitude requirements (model density = SZ X proto-
type density). With quasi-static loadings this was overcome by the appli-
cation of compensating external uniform loads equal to (SZ - 1) times the
model weight (179 psf for these models).leclosely spaced dead weights hung
below the structure were used to simulate the basic moment envelope due to

gravity load.

3.5.2 Llive Loads. Live loading consisted of single wheel loads,
axle loads, single truck loads, double truck loads, triple truck loads,
a special overload vehicle, and ultimate loads. A versatile loading system
was designed, as shown in Fig. 3.5 Using this system loads could be placed
at any coordinate on the test slab. The two additional spans shown in
Fig. 3.5 were used to simulate the boundary conditions of a typical interior

span by balancing the dead load moment on the bent cap.

Truck loads were modeled from the AASHO design vehicles.2 The rela-
tion between the full size H20-S16 truck and the model truck (with a scale
factor of Sp = 5.5) is illustrated in Fig. 3.6. The dimensions of the
loading pads (or 'wheels'") were determined by using an allowable tire pres-
sure of 80 psi, the total load on the wheel, and a tire width based on the
1965 AASHO specifications.2 A special vehicle, referred to as the overload
truck, was used to apply moderate overloads. The prototype and model over-
load truck configuration is shown in Fig. 3.7. This truck was designated
by the Texas Highway Department as the most severe vehicle which might be
allowed on the bridge tested. A special permit is required to allow passage
of this truck over the bridges tested. The vehicle is described in Ref. 44.
Whenever multiple trucks were applied to the model bridge, all trucks were

assumed to be heading in the same direction.
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Width of Each Rear
Tire Equals l-in.
per Ton of Total
Weigh% of Loaded
Truck

W = Combined Weight on the First Two Axles

Item Full Size Truck Model Truck
Truck Type H20-S516 H20-816

W, 1lbs. 40,000 1,322.5
dy, ft. 6.0 1.091

do, ft. ‘ 14.0 2.546

Fig. 3.6. Relation between Full Size and Model
AASHO H20-816 Truck.



36

| |
—[0.12}- -] o.lPP—-—m-—ﬁJ.TPF—m

-

Ry S g SO gy SO o B

LB 1 [
x x X x
" A « A - A A
P = Total Weight on Truck
Item Full Size Truck Model Truck
P, 1lbs. 81,400 : 2,690
X ft. 6.0 1.091
Xy ft. 4.0 0.727

Fig. 3.7.- Relation between Full-Size and Model
Overload Truck.



CHAPTER IV

MODEL RELIABILITY

4.1 Introduction

The main objective in the utilization of the direct structural model
in this study was to establish the behavioral characteristics of the proto-
type structure over a wide range of loadings. In order to validate this
technique for this type of structure, several studies were run to illustrate
the credibility and reliability of the techniques utilized and reported in

detail in Refs. 15 and 16 .

4.2 Comparison at Service Load Levels

To assess the general relationship between response characteristics
of the model and prototype at service load levels, a prototype bridge (CG-1)
was instrumented and load-tested at service load levels. A corresponding

model (SG-4) was constructed and loaded in the same fashion in the laboratory.

Loading consisted of single, double, and triple truck loads placed on
the bridges. The prototype test vehicles were trucks loaded with sand until
their total weight was equal to that of the standard AASHO H20 design truck.
A slight difference between the design vehicle configuration and those
actually used in both prototype and model tests was the distribution of the
rear axle load, as shown in Fig. 4.1. The H20 design vehicle assumes a

single rear axle, while the actual vehicle had two closely spaced rear axles.

A representative sample of typical midspan strain measurements is
presented in Fig. 4.2. The lower plot shows the actual strains observed.
The upper plot shows the strain distribution as a percent of the total midspan
strain observed. Because of the relatively low magnitude of the strains, the

latter is probably the better measure of the pattern of load distribution.

37



38

14'-0" .l .3':0"
R o

140,000 1bs.]

(a) AASHO H20 Design Vehicle.

/7
A/

S

- - |
(> (i)
L 116" 4'-;{ ~ 5'-11"#
8050 1b. | | 16,350 1b,! ! fﬁ,éﬁQ 1h.

*6'-6" on

131_7 1/2” - Front Axle

o

[ 8050 1b. | 31,800 lb. |

l
|

[ 39,850 1b. |

{b) Typical Test Vehicle,

Fig. 4.1. Comparison of AASHO H20 Design Vehicle and
Test Vehicle.



Percent of Total
Midspan Strair, %

-6

Midspan Strain, in/in, x 10

39

L T T T 1 T T T 1

15 -

160 — o

140 | ]
120 +— ]
100~ ,A\‘,fprototype ]

80

60

40

20

o | [ I I I S

Axle 2 Axle 2
at Midspan at Midspan
% ¥

i ESNASY

Girder Location

Fig. 4.2. Strain Data for Two Trucks Spaced Apart.



40

Midspan strain data have been plotted for twelve widely differing
load cases in Fig. 4.3. Each datum point indicates the model and proto-
type strains for corresponding locations and loadings. Ideally, these
should fall along the dashed 45° line. The regression equations shown
were obtained as least squares curve fits. The equations and data show
less than a perfect correlation between the two structures. The coeffi-
cient of linear correlation42 for the data shown is 0.90 and indicates

relatively good linear correlation.

Overall examination of the results indicated that the model
technique gave a very reasonable indication of the service load level
participation of each girder and can be used to determine overall load

participation in this type of a bridge system.16

4.3 Ultimate Strength Reliability

Since an ultimate load test of the prototype was not feasible, the
accuracy of the model technique at ultimate load levels was established
by testing statically determinate models of a reduced section of the bridge

and then comparing the test results to accepted ultimate strength theory.

Two statically determinate models of reduced sections of the bridge,
each consisting of two scaled girders, were tested to failure. Loading con-
sisted of uniformly distributed blocks for dead load compensation, plus two

equal concentrated loads at midspan.

Both specimens failed by first indicating yielding of the main
flexural reinforcement, with concrete crushing after extensive deflection.
Computed ultimate moments, based on conventional ultimate strength theory,
indicated ratios of test to calculated ultimate moment of 0.998 and 0.985.
The excellent agreement in these two tests established confidence in the

loading system, instrumentation, and modeling techniques.
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CHAPTER \Y

MATHEMATICAL ANALYSIS

5.1 1Introduction

Although not originally in the scope of this investigation, an
analytic study under a parallel project was crosschecked with these test
results. A brief introduction to the procedure utilized is presented in
this chapter and some typical result curves are shown in subsequent chapters,
since they greatly improve the overall application of the results. Complete
descriptions of the procedures used will be presented in reports on
Project 3-5-68-115 entitled "Experimental Verification of Computer Simula-
tion for Slab and Girder Bridge Systems.'

In view of the successful application of orthotropic plate theory

21,40 this concept was selected

to the analysis of slab and girder bridges,
for the analytical approach. However, the Guyon-Massonnet procedures repre-
sent the longitudinal and transverse cross sections with a single parameter
for each direction. While valid for comstant thickness elastic slabs, it
was not considered realistic to use a single stiffness value to describe the
transverse arch system of the bridges tested. However, it was possible to
use a discrete element mathematical model permitting point-to-point variation
of longitudinal and transverse stiffnesses with a final solution based on

the orthotropic plate equations for solutions to compare with the right

angle bridge.

5.2 Discrete Element Mathematical Model

Hudson and Matlocklo’11 developed a computer program for the solution

of orthotropic plates using adiscrete element physical model. The original

43
program has been improved by Stelzer and Hudson and Panak and Matlock
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but the original discrete element model has remained the same. This model
represents the stiffness, geometry, and support conditions of the actual

slab as shown in Fig. 5.1.

The discrete element model is solved by writing the equilibrium
equations for each joint. The deiflection at each joint is the unknown in
the equilibrium equations which are applied at each joint. The procedure
used for the solution of this system of equations is an implicit alternating-
direction iterative process which is described in detail by Matlock,19
Stelzer,43 and Hudson.11 The computer program used is DSLAB 30 described

by Panak and Matlock.31

5.4 Section Properties

The Guyon-Massonnet procedure uses a single stiffness value in each
direction to describe the equivalent slab system. In contrast, in the dis-
crete element method the equilibrium equations are applied at each joint
and each may have its own unique section properties. Thus, an irregular
slab and girder bridge may be closely approximated by using a very fine

grid system with varying stiffnesses.

The pan-formed concrete slab and girder bridge cross section was
divided into fifty increments. The flexural and torsional stiffnesses used
were varied in different runs of the program to check the effect of varia-
tion of stiffness of the structures. One series of data was based on the
gross section properties, another series of data run was based on the
gross-transformed section properties, and a final series of data runs was
made using the crack section properties. In general it was found that the
results using the gross section and the gross-transformed section properties
agreed fairly well with the experimental data for service load levels, while
the results of the cracked section properties were much closer to test
results measured under high overloads and near ultimate loads. Details of
these computations will be included in a forthcoming report on "Experimental

Verification of Computer Simulation for Slab and Girder Bridge Systems."

Initial attempts to mathematically model the skew bridge structures

utilizing the same program were unsuccessful. However, it appears that
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the major portion of the difficulty encountered was due to the use of an
incorrect technique for inputing boundary conditions and it is anticipated

that analytical comparisons with the skew model results will be available

in the reports on Project 3-5-68-115.



CHAPTER VI

EXPERIMENTAL STUDY

6.1 Introduction

The procedures used in selecting materials and constructing the
models of this investigation as well as scaling procedures have been
described in Chapter III. Instrumentation and loading were described in

general in the same chapter.

This chapter describes in detail specific dimensions and material
properties of the test bridges. 1In addition, detailed instrumentation and

loading are discussed.

6.2 Section Details

6.2.1 Dimensions. Gross cross section dimensions are shown in
Fig. 6.1. Concrete dimensions for SG-1, SG-2, and SG-3 (identical in cross
section except for reinforcement) are shown in Fig. 6.la. Dimensions for
SG-4 are shown in Fig. 6.1b. The two basic cross sections differ only in
the edge detail, with the slab overhang being 1'-0" shorter on the prototype
for SG-4.

6.2.2 Reinforcement. Cross section reinforcement details are shown

in Fig. 6.2 for the exterior girder and first interior girder (which are
typical). The main longitudinal flexural reinforcement, which varies for
each model, is provided by bars E, F, and Z. These bar sizes are shown in
Table 6.1. Reinforcement properties are given in Table 6.2. Typical stress-

strain curves are shown in Fig. 3.2.

TABLE 6.1 MODEL LONGITUDINAL TENSION REINFORCEMENT
(Ptototype Values in Parenthesis)

Bridge Bar E Bar F Bar Z

SG-1 No. 2 Smooth (No. 11) No. 2 Smooth (No. 11) None

SG-2 No. 2 Smooth (No. 11) No. 2 Smooth (No. 11) SWG 11 (No. 5)
SG-3 No. 2 Deformed (No. 11) No. 2 Deformed (No. 11) None

8G-4 No. 2 Deformed (No. 11) SWG 4 (No. 10) None
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TABLE 6.2 REINFORCEMENT PROPERTIES

Prototype
Reinforcement

No.
No.
No.
No.
No.
No.
No.
No.

SG-1

SG-2

SG-3

SG-4

No.

No.

No.

No.

No.

WSO OO

11

11

11

11

10

(a) Reinforcement Common to All Bridges

Bar
Size

SWG 5
SWG 6
SWG 8
SWG 10
SWG 11
SWG 13
SWG 15
SWG 18

D, in.

0.2056
0.1898
0.1609
0.1352
0.1194
0.0905
0.0722
0.0461

A

g in.

0.0332
0.0283
0.0203
0.0144
0.0112
0.00642
0.00408
0.00167

(b) Special Reinforcement

No. 2,
Smooth

No. 2,
Smooth

No. 2,
Deformed

No. 2,
Deformed

SWG 4

0.2471

0.2477

0.250

0.250

0.2255

0.0480

0.0482

0.0491

0.0491

0.0400

40.2
31.8
36.0
44,5
38.2
35.8
30.9
31.3

46.6

44.9

57.3

57.3

35.9

48.0
45.7
47.8
52.9
48.0
47.1
42.0
45.6

64.5

63.5

76.5

76.5

40.7




6.2.3 Microconcrete. The results of compression tests and split

cylinder tests based on 3-in. diameter cylinders are shown in Table 6.3.
Although unintentional, the compressive strengths varied from 3770 psi to

4750 psi.

TABLE 6.3 MICROCONCRETE PROPERTIES

. ] . 1 2
Bridge fc’ psi ft’ psi
5G-1 3770 450
5G-2 4040 -
SG-3 4320 530
SG-4 4750 550

6.3 Instrumentation

6.3.1 Grid System. The model slab surfaces were divided into grid
systems for controlling load locations. Each girder was identified by an
alphabetical letter A through M (omitting the letter I). In the span direc-
tion the bridge was divided into 1/8 points. The grid systems for SG-1,
SG-2 and SG-3, and SG-4 are shown in Figs. 6.3, 6.4, and 6.5, respectively.

6.3.2 Deflections. A portable dial system was used to measure
deflections. Nine dial gages were mounted on a portable 2 in. x 2 in.
aluminum box tubing ten feet long, which spanned between steel reference
frames installed over each bent cap and supported independently of the test
specimens. A system of guides was used to position the tubing above the
centerline of each girder as desired, with deflection errors of less than
0.0005 in. Sheet metal pads glued to the deck at all dial gage points pro-

vided a smooth surface for the gage tips.

Since it was sometimes necessary to place loads over the supports,
dial gages could not be placed exactly on support centerlines. Support
deflections were obtained by slightly offsetting dial gages. The effect of

this offset is discussed in Sec. 6.6.2.

6.3.3 Strain Gages. Longitudinal strain was measured with 1/4-in.

gage length foil strain gages, located on No. 2 bars as shown in Fig. 6.6.
Transverse strain was measured with 1/8-in. gage length foil strain gages

located on SWG 11 gage wire, also shown in Fig. 6.6.
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Exact strain gage locations for bridges SG-1, SG-2, SG-3, and SG-4
are shown in Figs. 6.7, 6.8, 6.9, and 6.10, respectively. In these figures
the longitudinal lines A through M locate the girder strain gages. The

transverse lines are the mat bars on which transverse strain gages were

installed.
6.4 Loading

All of the bridges tested had a similar loading history, which is

summarized in Fig. 6.11 and described below.

(a) Dead Load Application. Supplementary dead load was applied to

bring the model weight per square foot up to the same weight per square
foot as the prototype structure. Adjacent dummy span loads were also

applied at this time.

(b) Single Wheel Loads. Single wheel loads were scaled from the

rear wheel of an AASHO H20-S16 truck. The wheel load and locading area are

shown in Fig. 6.12a.

(c) Single Axle Loads. Single axle loads were scaled from the rear

axle of an AASHO H20-S16 truck. The axle load and configuration are shown
in Fig. 6.12b.

(d) Single Truck Loads. Single truck loads were scaled from an

AASHO H20-S16 truck, which is the design vehicle for SG-1, S$SG-2, and SG-3.
Truck axle loads and spacings are shown in Fig. 6.12c. 1In the case of SG-4
the design vehicle is an AASHO H20 truck; hence both H20 and H20-S16 loadings
were applied to SG-4.

(e) Double Truck Loads. Double truck loads consisted of two scaled

H20-S16 trucks; in addition, H20 truck loads were applied to SG-4.

(f) Triple Truck Loads. Triple truck loads consisted of three scaled

H20-S16 trucks; in addition H20 truck loads were applied to SG-4.

(g) Overload Truck. The overload truck was a vehicle designated by

the Texas Highway Department as the most severe loading allowed on the type

of bridge tested. The axle loads and spacings are shown in Fig. 6.12d.
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(h) Ultimate Loads. Ultimate load tests varied for the different

bridges tested, hence they will be discussed in the test results for the

various bridges.

Load placement was referenced to the previously described grid
systems (Sec. 6.3.1). Transverse load placement was referred to girders or
crowns. Longitudinal placement was designated by the adjacent grid line
(and a particular axle in the case of a truck). Transverse placement for
wheel loads is shown in Fig. 6.13a. The wheel load at B-5 means the wheel
is located over girder B at grid line 5 (this is 5/8 of the span from grid
line 0). On the other hand, the designation KL-5 means the wheel is located
on the crown midway between girders K and L on grid line 5. The orientation
of the wheel pad with respect to the grid system is shown in Fig. 6.14. Note
that in Fig. 6.1l4b the loading pad is oriented in the direction of traffic
flow. Placement of trucks is similar to the designation for wheel loads.

For example, referring to Fig. 6.13b, one truck is designated as Axle 2 at
B3-D3. This means that Axle 2 of the truck loading (the middle axle in the
case of an HS loading) is located with its wheels at grids B-2 and D-3. The
other axles fall at their proper spacing from Axle 2 but still on grid lines
B and D. It should be pointed out that the girder spacing is at 3'-0'" centers
(on the prototype), and thus, if one wheel of an axle falls over a girder,
then the other wheel must be two girders away. Orientation of the reference
axle is shown in Fig. 6.14 (only the reference axle is shown). Note that

for the skew bridge in Fig. 6.14b the axle orientation is in the direction

of traffic flow (as are the girders). 1In the case of skew the wheel designa-
tion is nominal. For instance the axle designated at B3-D3 actually has the
centroid of load at C-3 with the axle oriented in the direction of traffic

flow.

The exact number and location of loads placed on each bridge varied

slightly but was approximately as follows:

(a) Single Wheel Loads (75 load positions)--Wheel loads were placed

on each grid line for typical exterior and interior girders and crowns. In
this manner bridge behavior could be studied as a wheel moved along a girder

or Crown.
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Fig. 6.13. Designation of Wheel and Truck Loads
Transversely.
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(b) Single Axle Loads (25 load positions)--Single axles of the

HS-20 truck were placed at the 1/8, 1/4, 3/8, and 1/2 points over girders

and crowns near the edge and middle of the bridges studied.

(c) Single HS-20 Trucks (20 load positions)--Truck loads were con-

centrated at midspan with locations varying transversely. Some loads were
placed at the 1/8, 1/4, and 3/8 points. In the case of SG-4 the H-20 design

truck was placed on the bridge in addition to the HS-20 truck.

(d) Double HS-20 Trucks (4 load positions)--Trucks were positioned

with Axle 2 at midspan and varied in location transversely. 1In the case of
SG-4 the H-20 design trucks were also placed on the bridge in addition to

the HS-20 trucks.

(e) Triple HS-2C Trucks (3 load positions)--Three trucks were spaced

almost equally across the bridge width with Axle 2 at midspan. Data were
taken for different directions of truck travel. 1Iua the case of SG-4 the

H-20 design trucks were placed on the bridge in addition to the HS-20 trucks.

(f) Overload Truck (3 load positions)--The truck was positioned with

Axle 3 at midspan and the location varied transversely near the edge and

middle of the bridges.

(g) Ultimate Loads--The number of ultimate loads as well as the

location and type of truck varied for each bridge. These are discussed in

Chapter VII.

6.5 Test Procedure

The same test procedure was used for all models. Deflection dial
and strain gage readings were taken before the addition of auxiliary dead
load. Gage readings were taken at various intervals and upon completion of
the supplementary dead load phase of loading. Thereafter, for each location
of wheel, axle, and truck load gage readings were taken before and after
the application of each load. 1In this manner zero drift due to temperature

change was minimized for the live load readings.
Loadings were divided into three classes, as follows:

(a) Class 1 - Read all strain gages and dial gages.
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(b) Class 2 - Read all strain gages and dial gages in the vicinity
of the load.

(c) Class 3 - Read all strain gages only.

6.6 Data Reduction and Processing

6.6.1 General. All data were reduced on a CDC 6600 computer at
The University of Texas at Austin Computation Center. Computer programs
were written to reduce strain gage and deflection dial readings into true
strains and deflections. Two values of output were obtained from the programs.
Changes due to live load only and total absolute changes due to both live load
and dead load were obtained. 1In computing both of these values, account was

taken of instrument zero drift and zero drift due to temperature.

6.6.2 Deflections. 1In measuring deflections account was taken of
support settlement by dial gages placed near but not on the centerline of
the supports. This offset requires a theoretical correction to the measured
deflections (corrected for support settlement). The procedure used is shown
in Fig. 6.15 using the method of area moments. The case ¢f uniform load

is used as an example.

From symmetry, the elastic deflection curve is horizontal at midspan.
A reference tangent through point ¢ deflects but does not rotate. Hence,
since a and a' do not deflect, the tangential deviation of a with respect to

¢, t , may be used to find the deflection at €Y Assuming constant EI

ac
taC = E%— {(Moment about a of M diagram from a to c)
-1 2
=5 (5/8 x L/2 x 2/3 x wL°/8 x L/2)
_ 5 Wi o[ sw__\ 4
384 EI 384 EI

In the case illustrated point "a" lies the amount te above the reference

tangent, hence the tangent deflected downwards. Thus

Similarly tpe may be computed assuming constant EI.
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_ 1 2 2
tbc = I [1/3 x B/2 x 1/2 x B/2 x w/8(L"-B")

+ 2/3 x B/2 x 1/2 x B/2 x wL2/8

+ 1/2 x B/2 x 2/3 x B/2 x w32/32]

After reduction

(st Vo (2 ¥ l(é\f‘
“be T {384 EI)[5 \T] " 5\L,

From Fig. 6.15b

yb - yc + tbc - tac + tbc

The actual measured deflection, Yep is the deflection of point ¢ with

respect to b, Thus the true deflection Y. consists of two parts.

yc - yb + ycb

However, from Fig. 7.1b

Yeb be
Hence ¢
y. =Yy X —
c cb tbC
where
t
tac _ 5 (6.1)

be 6(B/L)2 - (B/L)4

The correction factor tac/t for uniform load depends only on the ratio

be
B/L if EI is constant. FEach type of loading requires a different correction

factor.

The validity of the deflection correction factor was confirmed
experimentally by testing a statically determinate beam, MSG-3. This beam
was obtained by cutting an undamaged section two girders wide from bridge
model SG-1 after it had been loaded to failure. A section consisting of
girders K and L (refer to Fig. 6.,1) was obtained by cutting down the center-
line of the crowns between girders J and K and girders L and M. MSG-3 was

loaded with uniform load and midspan concentrated loads. The span length L



70

was 86.25 in. and the distance B was 76.0 in. Dial gages were placed at
points a, b, ¢, b', and a' (refer to Fig. 6.15). Using these dial gages
the true centerline deflection was measured, as well as the centerline

deflection relative to bb'.

Using Eq. 6.1 the deflection correction factor is 1.17 for the
case of uniform load. Applying this correction factor to the full uniform
load deflection of 0.0247 in. relative to bb', a corrected centerline
deflection of 0.0290 in. was obtained. This compares excellently with the
true measured deflection of 0.0291 in. The full uniform load deflection
was 0.0294 in. (average of 12 girders) for the model SG-1 from which MSG-3

was cut.

The range of application of the correction factor was checked by
loading beam MSG-3 to flexural ultimate with a concentrated load at midspan.
The correction factor for a midspan concentrated load derived from area

moment principles may be obtained from Eq. 6.2

Correction factor = 2 (6.2)

3(B/L)2 - (B/L)3

which gives 1.215 for the case being investigated. The corrected center-
line deflections and the measured centerline deflections for the concen-
trated load are compared for beam MSG-3 in Fig. 6.16. 1If the correction
factor is valid the deflections should fall along the 45° line. This is
the case even for the deflection taken at ultimate load. Deflections taken
after the flexural ultimate capacity was reached deviate only slightly from
the line of equality. This is to be expected, since the correction factors
were derived assuming constant EI. This is not the case, particularly

near the ultimate load.

TABLE 6.4 B AND L DIAL GAGE DISTANCES

Bridge L B

Model in. in. B/L
SG-1 87.27 76.25 0.874
SG-2 95.64 84.25 0.881
SG-3 95.64 84.25 0.881

SG-4 91.09 79.97 0.877
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6.6.3 Strain Gages. For each location of load complete strain

readings were taken at the locations indicated in Sec. 6.6.3. Gage zero
readings were taken before and after applying each load. 1In this manner
zero drift was minimized in computing live load strains. Total strain due
to dead weight, creep, and live load was computed for each load by assuming
that the change due to zero drift was the same as the change in similar
unloaded strain gages. The unloaded gages were read along with the gages
on the test specimen. The drift correction gages were the same type of
strain gage used on the test specimens. Concrete cover on the correction

gage and loaded gages was similar.

It was desirable for later interpretation of data to have strain
readings on the tensile steel.for each girder at midspan. In model SG-1
the steel on girders G, J, and L was not instrumented with strain gages at
midspan (all subsequent models had midspan strain gages on all girders).

In the case of SG-1 strains on girders G, J, and L were obtained by the use

/
of a Lagrangian interpolation formula.41

If the points of interpolation are X X5 Xpn o eees X, then
‘2_

y = { A )y, + R (6.3)
s=0

where
(x—xo)(x-xl) e (x-xs_l)(x-xs+l) e (x-xn)
AS(X) = (x -x ) (x -x,) (x -x )(x -x ) (x -x ) (6.4)

s 70 s 717 7 s "s-1 s "s+l1’ "7 s 'n

R represents the error function

__ 1L _ _ _ =(n+1)
R 1) (x xo)(x Xl) cee (x Xn) Y (6.5)
+1)

where Y\ is the maximum value of the (n+1)th derivative of y with

respect to X.

For the case of three-point interpolation used here, Eq. 6.3 may

be written as

(x-xl)(x-xz) (x-xo)(x-xz) (x-xo)(x-xl)

Y T Ggry) (k) V0 + (epxg) (epox)) U1 + (xyxg) (o) V2 (6.6)
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where
y = ynknown value at x

Yor Y10 Y9 T known values at points Xgr Xp» and Xy respectively.

The procedure used was to number each midspan strain gage from 1 to 12
and use these as the known x values. Measured strains were then used as the
y values. The actual strain gages used for interpolation of each unknown
strain are shown in Fig. 6.17. The validity of this procedure was checked
by applying the interpolation procedure to one of the bridges that was
completely instrumented at midspan. Computed strains agreed quite well
with measured strains, except for the case of a single point load directly

over the strain gage in question.



74

Girder

Gage

10

X

in./in.

Live Load Strain,

20

40

60

80

100

120

140

160

180

200

220

240

260

280

Fig.

Overload Truck plus Impact,

Axle 3 at M

Lt -

idspan

-

T 1 1

T 1 T 1

T

|

Gage No. Being Gage
Interpolated
X X
0
7 5
9 6
11 8

Interpolated Values ]
of Strain

Measured e
Interpolated &

Numbers Used for

Interpolation ]
*1 %2 .
6 8 _
8 10 _
10 12

6.17. TInterpolation for Strains in
Bridge SG-1.

Girders G, J, and L in



CHAPTER VITI

TEST RESULTS

7.1 Introduction

The

(a)

(b)

(c)

(d)

overall objectives of this investigation were as follows:

To investigate the behavior at service loads, moderate
overloads, and at ultimate loads of typical pan-formed
concrete slab and girder bridge spans, using reinforced
microconcrete structural models.

To confirm the observed behavior at service loads by
full-scale testing of a prototype structure.

To evaluate the effectiveness of the end diaphragms in
participating with the bent caps to carry slab loads.

To make recommendations regarding the adequacy of present
design provisions based on these test results.

Objectives (a), (¢), and (d) will be covered in this chapter. Objective (b)

has been covered elsewhere16 and briefly reviewed in Chapter IV.

The

span data, material properties, and design trucks are summarized

in Table 7.1. For simplicity, model SG-4 will be referred to as a 26° skew

TABLE 7.1 BRIDGE MODEL SUMMARY

Span Longitudinal Tension Model Model
Reinforcement fé f Design
Model Skew Model Prototype Model Prototype psi pgi Truck
SG-1 0°-00" 87.27" 40'-00" 4-No. 2 4-No. 11 3770 46.6 HS-20
SG-2  45°-00' 95.64" 43'-10" 4-No. 2 4-No. 11 4040 44.9 HS-20
2-SWG 5 2-No. 5 40.2
$G-3  45°-00' 95.64" 43'-10" 4-No. 2 4-No. 11 4320 57.3 HS-20
SG-4 260-34" 91.09 41'- 9" 2-No, 2 2-No. 11 4750 57.3 H-20
2-SWG 4 2-No. 10 35.9

75
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bridge in the test and figures. The steel area, AS, used for identification
in tables and figures is the longitudinal tensile flexural reinforcement in
each girder. The yield point in figures and tables other than Table 7.1 is

for the No. 2 bars on which strain gages are mounted.

7.2 Dead Load

The dead load deflections and strains for the four models tested
are shown in Figs. 7.1 and 7.2, respectively. FEach datum point represents
the average of the deflection or strain measured in three girders (A, F,
and M). Measured data do not include the effect of model self-weight, which
varies slightly for the different skew models. The applied load is the
ratio 4.5/5.5 multiplied by the total dead load. Total dead load deflections
and strains are found by extrapolating backward to the zero lcad axis the
measured initial linear portions of the deflections and strains. These
values are then added to the measured quantities to obtain total dead load

deflections and strains.

The deflection measurements in Fig. 7.1 indicate that cracking
occurred between 80 percent and 100 percent of full dead load for all models.
Cracking is slight in models SG-1 (OO skew), SG-2 (450 skew), and SG-4 (26O
skew). Model SG-3 (45O skew, high strength steel) shows more cracking
effects than its companion model SG-2, which had intermediate grade steel

and hence a higher steel area.

Midspan strain measurements are much more sensitive to behavior at
the highest stressed section than are deflection measurements. The strain
readings shown in Fig. 7.2 indicate that models SG-1 and SG-3 cracked at a

slightly lower load level than indicated by deflection data.

Average total midspan strains and deflections are shown in Fig. 7.3a
and 7.3b, respectively. Each value is the average of the data for three
girders. Theoretical strains and deflections computed using the discrete
element model for SG-1 with both the gross and gross-transformed sections

are also shown.

The ratio of dead load deflection-to-span is shown in Table 7.2.

The ratios should be valid for both the model and the prototype. The
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TABLE 7.2 DEFLECTION-TO-SPAN RATIOS

Sustained

Bridge Skew AS fy Instantaneous & Load &
in.2 ksi Span Span
SG-1 0° 0.1920 46.6 1/2690 1/896
SG-2 45° 0.2152 44,9 1/2820 1/940
SG-3 45° 0.1964 57.3 1/1970 1/656
SG-4 26° 0.1782 57.3 1/2540 1/856

observed deflections include the effect of self-weight by using the previously
described extrapolation technique. A factor of 3.0 was assumed for computing
the sustained load deflection-to-span ratios in Table 7.2, in accordance

with AASHO Specifications'2 recommendation that the concrete sustained load
modulus of elasticity be assumed as 1/30 of that of steel. A factor of 3.0

is also in agreement with the procedure recommended by the ACI Building Code.

The long-time deflection-to-span ratios agree well with the AASHO
recommendation of L/800 for the liwve load, except for the case of SG-3.
The sustained load deflections (prototype values) for SG-1, SG-2, SG-3, and
SG-4 are 0.535 in., 0.560 in., 0.803 in., and 0.585 in., respectively.

These values justify the 3/4 in. camber built into the prototype bridges.

7.3 Distribution Factors

7.3.1 Introduction, The AASHO load distribution factor, k

A’
specifies the fraction of a wheel load carried by a girder. This factor

has been discussed in Sec. 1.3.5. The design criterion may be stated as

k, = = (1.1)

where

o
fl

number of wheel loads carried by a girder

average girder spacing in feet

(@]
1

constant
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The constant C depends on the type of slab and girder system and the

number of traffic lanes. 1In the case of a concrete slab on girders designed
for one traffic lane, the constant is 6.0. The constant is 5.0 for two or
three traffic lanes. The factor kA is varied according to the number of

wheel lines on the bridge by adjusting C in Eq. 1.1.

The Guyon-Massonnet type longitudinal moment distribution factor,

kGM’ for a girder may be stated as
M
k., =— (7.1)
M MA

where

M = longitudinal moment in a specific girder

M, = average longitudinal moment in all girders = MTZNG

MT = total longitudinal moment on all girders

NG = number of longirudinal girders

The Guyon-Massonnet type factor may be determined from measured
test results or from an accurate analytical solution. The AASHO factor is
a design criterion based on an extensive test program of slab and girder
bridges. The relationship between these two factors is derived in

Sec. 7.3.2.

7.3.2 Relationship between Distribution Factors. Let M1 be the

maximum longitudinal moment due to one longitudinal line of wheels., The

AASHO design moment, MD, per girder is

MD = kAM1 (7.2)

Using Eq. 7.1, the actual girder moment, M, may be written as

M = kGMMA (7.3)

If the moment, M, is referred to as the design moment, M., Eq. 7.3 becomes

D’
My = kGMMA (7.4)
Equating Eqs. 7.2 and 7.4 MA
kA = kGM R (7.5)
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The average moment, MA’ is
M
T
M = — (7.6)
A NC
The total moment, MT’ for the case of NW equal wheel lines may be written as
MT = NWMI (7.7)
Combining Eqs. 7.6 and 7.7, the average moment is
M, N
1w
M, = = (7.8)
A NG

Substituting Eq. 7.8 into Eq. 7.5,
N

= Y
ky = ko i, (7.9)

The constant, C, in Eq. 1.1 may be evaluated, since

-
k, = C k (7.10)

A

or,

i e

C = — ﬁ" (7.11)
M W

where § is the prototype girder spacing in feet.

Comparisons between the test results and the AASHO design factors,

kA and C, can be made using Egs. 7.10 or 7.11.

7.3.3 Data Comparisons. Comparisons among the data may be made on

the basis of dimensionless data ratios or may use absolute magnitudes of
data. The deflection distribution factor may be defined for a particular
loading as the ratio of the deflection of an individual girder to the average
deflection of all girders. The definition of the longitudinal moment dis-
tribution factor is similar. Theoretical curves for the distribution of
longitudinal moment are constructed by dividing the moment computed or
measured as acting on a girder by the average wmoment per girder obtained by
determining the total moment acting across the entire section and dividing
this value by the number of girders. With relatively constant lever arms

and steel areas in each girder, the strain distribution may be assumed equal

to the longitudinal moment distribution.



83

7.4 Service Loads

7.4.1 1Influence Lines. Computed influence lines for midspan

deflection and longitudinal tensile steel strain on girders B and E are
shown in Figs. 7.4 and 7.5, respectively. These are influence lines for
one HS-20 rear wheel passing directly over an exterior (B) and an interior
(E) girder. The agreement of the observed data and the discrete element
theoretical solution for SG-1 is considered good. Data for all models
agree reasonably well with the theoretical solutions for SG-1 based on the

gross-transformed section.

Figs. 7.4 and 7.5 indicate that discrete element solution influence
lines can be used in designing the various girders. However, the experi-
mental data were obtained for the lowest level of total stress, i.e., dead

load plus one AASHO wheel.

The influence line for strain for a simply supported constant section
beam reflects the shape of the moment diagram. Thus the influence line at
midspan for strain for a simply supported beam is a triangle with the maximum
ordinate at midspan. When a wheel moves along a slab the wheel deflects
the slab locally into a depression similar to a saucer-like pattern. The
local depression moves with the wheel along the slab. A similar slab effect
occurs on a slab and girder bridge. It is this local effect which causes
the influence line for strain to be curved. The shape shown in Figs. 7.4a
and 7.5a is typical for the midspan influence line for strain on a loaded
girder. The influence line for midspan strain on an unloaded girder (that
is not loaded directly by the wheel load) is curved similar to the shape of
a parabola. The sum of the influence lines for midspan strain on each girder

as a load moves along one particular girder is a triangle.

7.4.2 Reciprocal Theorem. Deflection profiles are shown in

Figs. 7.6, 7.7, 7.8, and 7.9, Deflection profiles for girder B are shown
in Fig. 7.6 for a load at B-4, and Fig. 7.8 for a load at E-4., Deflection
profiles for girder E are shown in Fig. 7.7 for a load at E-4, and Fig. 7.9
for a load at B-4. Experimental data as well as a discrete element solution

using the gross-transformed section are shown in each figure.
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Figures 7.8 and 7.9 are important when thought of in terms of
Maxwell's 'Reciprocal Theorem' for elastic structures. This theorem states
that the deflection at point Y due to a load at point X is equal to the
deflection at point X due to the same load at point Y. Thus the deflection
profiles in Figs. 7.8 and 7.9 should be the same. As may be seen in the

figures, the experimental data are essentially the same.

These data indicate that the reciprocal theorem is valid for these

low stress levels of dead load plus one wheel load.

7.4.3 Wheel Loads. Variations in midspan strain and deflection
distribution factors for a wheel in various transverse locations on the
bridge may be seen by comparing Figs. 7.10, 7.11, 7.12, and 7.13. Distribu-
tions are shown for placement of wheel loads over girders A, B, C, and E,
respectively. Experimental datum points are shown for all four bridges
tested. Two theoretical curves obtained from the discrete element mathe-
matical model are shown. The solid curves were obtained using the gross-
transformed section properties. The dashed curves were obtained using gross
section properties. Only the solid curve is shown when the two solutions

coincide. Both theoretical curves are for the right angle bridge SG-1.

The gross-transformed section theoretical curve predicts the shape
of the deflection distribution with the wheel at A-4 in Fig. 7.10. The
theoretical solution underestimates the actual strain distribution directly
under the point of application of the wheel load. The larger actual strain
may be due to a small flexural crack passing over or near the strain gage.
Such a crack would cause stress formerly carried by the uncracked concrete
to be transferred to the tensile steel. This would result in an increased
steel strain. Figures 7.10 through 7.13 indicate the same trends as in
Fig. 7.10. 1In all cases the gross-transformed section gives a reasonable
prediction of strain and deflection distribution within experimental error,

except under the point of load application.

The experimental strain and deflection distribution factors under
the load points A, B, C, and E (Figs. 7.10 through 7.13, respectively) are
compared in Fig. 7.14. The theoretical solution for SG-1 is shown for

reference.
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There is no apparent pattern evident in Fig. 7.14 showing the effect
of skew or quantity of longitudinal tensile steel. Since no pattern is
evident, the maximum measured strain distribution factor is used for the
value of kGM in discussing design criteria. The AASHO type load distribu-
tion factor, kA = S/C (Eq. 1l.1),is used for a design criterion. The value

of C = 36/kGM is found for the prototype using Eq. 7.11.

TABLE 7.3 SERVICE LOAD SINGLE WHEEL DESIGN CRITERIA

Load . Prototype AASHO
Location Girder kGM kA Recommendation
A-4 A 6.35 S/5.66 None
B-4 B 4.03 S$/8.93 None
C-4 C 3.47 S$/10.38 None
E-4 E 4,22 S/8.54 None

There are no AASHO service load design recommendations in terms of
kA = §/C for a single wheel. The service load data in Table 7.3 suggest
using a factor of S/5.5 in designing the exterior girder and a factor of
S$/9.0 in designing girder B. Girders more than two spaces away from the
edge could be designed using a factor of $/10.0. The data for girder E of
bridge SG-1 indicate a more severe ratio of S/C than girder C, but the pre-
ponderance of data (as well as the theoretical solution) indicate S/C ratios

for interior girders varying from S/12 to S/10.3.

7.4.4 Single Truck Loads. Midspan strain distribution factors for

an AASHO HS-20 truck in various transverse positions are shown in Figs. 7.15
through 7.17. Theoretical deflection distribution curves are also shown,
although no experimental data are plotted. Deflection measurements were taken
for girders in the vicinity of the applied load. These data are not suffi-
cient for plotting distributions, since data from all girders are required

for this type of curve. Magnitudes of the measured deflections are shown

in Sec. 7.4.7 and Sec. 7.4.8.

The loadings represented in Figs. 7.15, 7.16, and 7.17 are for truvcks
at the edge (A4-C4), near the edge (B4-D4), and near the middle (E4-G4) of
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the bridge cross section, respectively. The gross-transformed section
discrete element solution predicts the shape of the strain distributions
except for the point midway between the wheels. The accuracy of the pre-
dicted strain distributions improves as the truck is moved away from the

edge position. This was also the case for the single wheel loading.

The theoretical and experimental strain distribution factors are
summarized in Fig. 7.18 for the same three loadings shown in Figs. 7.15
through 7.17. Only the factors for the girders beneath each truck are

shown in Fig. 7.18.

There is no apparent pattern of an effect of skew in the distribu-
tion factors summarized in Fig. 7.18. Since no pattern is evident, the
maximum strain distribution factor over each girder will be used in dis-

cussing a design criterion. The AASHO load distribution factor, k, = S/C

A
(Eq. 1.1),is used for a design criterion. The value of C = 18/kGM for use

in the ratio S/C in the prototype is found using Eq. 7.11.

The current AASHO design recommendation for a single truck load is
S/C = $/6.0. The factor kA for the data in Fig. 7.18 is given in Table 7.4.

The largest value for each girder is shown, regardless of skew angle.

TABLE 7.4 SERVICE LOAD SINGLE AASHO TRUCK DESIGN CRITERIA

Load kGM Prototype AASHO
Location Girder kA Recommendation

A4-C4 A 3.91 S/4.5 Special Case*

B 3.01 S/5.98 $/6.0

C 2.28 S/7.9 $/6.0
B4-D4 B 2.38 S/7.55 S/6.0

C 2.49 S/7.22 $/6.0

D 2.00 S$/9.00 $/6.0
E4-G4 E 1.56 S/11.55 $/6.0

F 2.07 S/8.6 /6.0

G 1.83 S$/9.85 $/6.0

*The exterior girder is designed by applying to the girder the
reaction of the wheel load obtained by assuming the flooring to act as
a simple beam between girders. The fraction of a wheel load shall not
be less than S/5.5, where S is 6.0 ft. or less.
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The data in Table 7.4 indicate that the AASHO design criterion of
S/6.0 is in excellent agreement with the experimental factor §/5.98 for
girder B under the A4-C4 loading. The loading over B4-D4 results in a
ratio of §/C = §/7.22 for girder C. The loading E4-G4 results in a ratio
of $/8.6 for girder F. These factors indicate that, with the exception of
the two edge girders, the AASHO factor is 20 percent to 43 percent conserva-

tive and could be greatly relaxed for design of these interior girders.

7.4.5 Double Truck Loads. Midspan strain and deflection distribu-

tion factors for two HS-20 trucks in various transverse positions on the
bridge are shown in Figs. 7.19 through 7.21. The theoretical solutions for
the gross and gross-transformed solutions coincide for all practical pur-

poses at the scale used.

The theoretical solution for the right angle bridge agrees well
with the experimental data for the right angle bridge. The predicted
deflection distribution is in better agreement with the test results than
the strain distributions. The distribution factors for the three loading
cases in Figs. 7.19 through 7.21 are summarized in Figs. 7.22 and 7.23 for
strain and deflection, respectively. In each of these two figures only the
data under the truck with the largest distributions factors from each loading

are shown.

The AASHO distribution factor for the double truck loading is S§/5.0.
The value of the factor C = 9/kGM (Eq. 7.11) is used in determining an
experimental ratio for S/C. The strain distributions indicate that kGM = 1.37
is appropriate for use with any of the loading combinations shown. The
resulting S/C ratio is S$/6.56. The AASHO distribution factor is about 30 per-

cent conservative for this type of bridge with double HS-20 truck loading.
The bridges tested in this study were designed for two traffic lanes.

7.4.6 Triple Truck Loads. Midspan strain and deflection distribu-

tions for three HS-20 trucks are shown in Fig. 7.24. Deflections are essen-
tially constant across the bridge cross section. Strain distributions
indicate a factor kGM = 1,21 should be used for design. This is an AASHO
type factor of S/C = §S/4.96. The AASHO specifications use a value of

S/C = 8/5.0 for two or more truck loads. These are in excellent agreement.
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7.4.7 Effect of Skew. The data in Sec. 7.4.3 through 7.4.6

indicate that the midspan strain and deflection distributions are not
critically dependent on the angle of skew or steel percentage for the type
of bridge tested. This cannot be stated conclusively, due to scatter in
test data. It was felt that the effect of variation in skew would be more
apparent if actual absolute magnitudes of strains and deflections were com-
pared. Three similarly reinforced bridges were selected for comparison.
Data for the three bridges are shown in Table 7.5. Model SG-4 has less
reinforcement than SG-1 and SG-3, but was the only model available with an

intermediate skew.

TABLE 7.5 BRIDGE DATA FOR SKEW CCOMPARISONS

Model Span As f fé

Bridge Skew in P in.2 kzi .
. . psi
sG-1 0° 87.27 0.1920 46.6 3770
SG-3 450 95. 64 0.1964 57.3 4320
SG-4 260 91.09 0.1782 57.3 4750

Five typical loading cases are shown in Figs. 7.25 through 7.30.
Data points shown are for measured midspan strains and deflections. Theoreti-
cal curves for the 0° skew bridge based on thé discrete element solutions
using both the gross and gross-transformed sections are also shown for

comparison,

For these five loading cases the 0° skew bridge deflections are
closely predicted by the gross-transformed section theoretical curve. Strain
data are more erratic than deflection data, but generally fall between the

two theoretical curves.

Strains on the right angle bridge near the load are always near or
above the gross section solution while they are nearer the gross-transformed
solution values away from the load. This indicates the local cracking

effects near the load which are reflected in the strain measurements.
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The local cracking does not significantly affect midspan
deflections. Midspan deflections are affected by the state of cracking

along the entire length of the span.

No consistent effect of skew is apparent in Figs. 7.25 through 7.30.
While considerable scatter is evident it seems largely independent of skew.
The possibility of a skew effect is investigated further in Fig. 7.31. 1In
constructing Fig. 7.31 the average strain and deflection for all five
loading cases in Figs. 7.25 through 7.30 were found for each bridge. Then,
using the no-skew bridge as a basis of comparison, the relative average
strains and deflections for the skew bridges were computed. The data for
bridge SG-2 were not included in Figs. 7.25 through 7.30 because of the
large difference in absolute values. However, the averaged results for

this model are shown in Fig. 7.31.

Both deflection and strain data indicate no appreciable difference
among the similarly reinforced bridges. The difference in strains and
deflections between SG-1 (0O skew) and SG-2 (450 skew) are significant.

On the average the deflection for SG-2 (45° skew) was 73 percent of the

0° skew deflections.

The comparisons among the four bridges cannot be used to arrive at
a definite conclusion of any skew effect. It is possible that the true
measure of skew effect may be obscured by different states of cracking

among the models.

7.4.,8 Effect of Longitudinal Reinforcement Percentage. The effect

of varying longitudinal reinforcement percentage was investigated by testing
two 45° skew bridges SG-2 and SG-3. SG-2 was reinforced with four No. 2
bars and two SWG No. 11 wire (four No. 11 and two No. 5 bars in the proto-
type) of intermediate grade steel. SG-3 was reinforced with No. 2 bars
(four No. 11 bars in the prototype) of A-432 grade steel. The ratios of
steel areas should be 1.2, since the general design procedure would call

for the steel in SG-3 to be reduced by the ratio of the allowable steel
stresses (24 ksi/20 ksi). The actual ratio used was 1.1, since four No. 11
bars were assumed in the prototype rather than the more accurate reduced

quantity of two No. 11 bars and two No. 10 bars. The decision to use four
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No. 2 bars in the model was based on the desire to use available No. 2

deformed bars for the main flexural reinforcement.

Five loading cases are shown in Figs. 7.32 through 7.37. These
are the same loading cases used in considering the effect of skew. Since
both strain and deflection should be generally proportional to steel stress
and since the steel stress is usually thought of as directly related to
steel area, the strains and deflections in SG-3 might be expected to be
1.1 times as large as those measured in SG-2. However, as shown in Fig. 7.31,
the average strain in SG-3 is 1.58 times the average strain in SG-2. This

is probably due to somewhat more cracking in SG-3.

Referring to Fig. 7.2, the full dead load moment brought SG-3 to a
marked cracking stage, while SG-2 was barely showing cracking effects. The
ratio of (DL + LL)/DL is 1.29 for one AASHO truck and 1.57 for two AASHO
trucks. Since the ratio of steel areas is 1.1, model SG-2 should also dis-
play marked cracking effects under these loads but will always be stiffer

than SG~3.

The observed deflection data for one AASHO truck in Figs. 7.32
and 7.33 do not show much difference between SG-2 and SG-3, although SG-3
(less AS) shows somewhat larger deflections. The data for double trucks
(Figs. 7.33 and 7.34) indicate a larger difference in deflections. The
triple truck loading in Fig. 7.37 shows still larger deflections for SG-3.
The strain data in Figs. 7.32 through 7.37 show the same trend.

Again, in Fig. 7.31 the average deflection for SG-3 is 1.3 times
the average for SG-2. This confirms the effect of cracking on the higher

stressed SG-3.

Model SG-2 (45o skew) shows a pronounced skew effect in Fig. 7.31
which reduced strains and deflections when compared to model SG-1 (no-skew).
Model SG-3, which differed from SG-2 only by having 8.5 percent less steel
area, does not show any significant skew effect at service loads. It was
suggested in Sec. 7.4.7 that the effect of skew was obscured by different
states of cracking among the models. The data in this section comparing
models SG-2 and SG-3 (Figs. 7.32 through 7.37) support this idea, although

no quantitative conclusion can be reached.
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7.4.9 Transverse Strains. Magnitudes of transverse strains

measured on the transverse mat reinforcement were small at service loads.
An indication of the magnitudes of these strains is shown in Fig. 7.38a for
an AASHO HS-20 truck at B4~D4. The transverse reinforcement size was the

same for the four bridges tested (SWG No. 11).

At service loads, regardless of loading, the mat steel strain never
exceeded a measured value of 30x10-6 in./in. This is a stress of 870 psi
which indicates that the mat steel stress is so small that it is insignifi-
cant. This is reasonable if the concrete is uncracked, since the steel is
at the midheight or neutral axis (in the transverse direction) at the thinnest

portion of the slab.

The transverse midspan moments obtained from the discrete element
solution are ghown in Fig. 7.38b for an AASHO truck at B4-D4. The cracking
moment for the transverse concrete slab system is also shown in Fig. 7.38b.
The cracking moment was obtained by multiplying the split cylinder tensile
strength by the section modulus for each discrete element slab segment. The
comparison of the discrete element moments and the cracking moments indicates
that the slab system is uncracked. This indicates that transverse moments
are not critical in de s ign criteria for this particular type of bridge

and level of load.

7.5 Moderate Overloads

The overload truck described in Sec. 3.5.2 is the most severe loading
allowed on the type of bridge tested and it is allowed only with special
permits. Only one vehicle at a time is permitted on the bridge. Data are
presented for a level of 1.0 overload plus impact. This is a load of 350 1b.
per wheel on the model (10,582 1b./wheel on the prototype). The wheel lines

are positioned over girders B and D.

7.5.1 Deflection and Strain Distribution. Deflection and strain

distributions are shown in Fig. 7.39. The theoretical and experimental
results are in about the same agreement as for the AASHO loadings. The

experimental results do not show any clearly defined effect of skew angle.
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The strain distributions indicate that the three exterior girders
may be designed using a load distribution factor S/C = S$/7.85. This is a
somewhat more favorable design factor than the S/7.2 obtained for an HS-20
truck similarly located (Fig. 7.16) and a substantial improvement over the

AASHO design criterion of S$/6.0.

The theoretical strain distributions for the HS truck (Fig. 7.16)
and the overload truck (Fig. 7.39) differ markedly in the area of the wheel
loads. 1In particular the overload truck does not exhibit the double peaks
under the wheels indicated for the HS loading. This is apparently due to

the interaction of the five closely spaced axles of the overload truck.

7.5.2 Effect of Skew and Steel Percentage. The actual magnitudes

of deflections and strains are shown in Figs. 7.40 and 7.41, respectively.
Theoretical curves are shown for the right angle bridge for comparison,

using the gross-transformed and gross section properties.

Deflections in Fig. 7.40 are predicted accurately by the discrete
element solution, using the gross-transformed section in the vicinity of
the load for the right angle bridge. This same theoretical solution also
is a good indicator of the deflection for SG-2 and SG-4. However, the deflec-
tions for the 45° skew bridge with low steel percentage exceed those of the
right angle bridge SG-1. These deflections were about the same for the

AASHO loadings.

Steel strains in the right angle bridge, SG-1, are of about the same
magnitude as the theoretical solution using the gross section. This indicates
increased cracking at midspan when compared to the AASHO HS-20 truck stress

levels.

No clearly defined effect of skew may be observed in the strain or
deflection data. Two changes are evident over the AASHO loadings. Bridges
SG-1 and SG-4 still have about the same magnitudes of strain and deflection.
However, SG-2 now has strains and deflections that are much closer to SG-1
than for the AASHO loadings. Deflections are now almost the same (previously
73 percent) and strains are about 85 percent of the right angle bridge strains
compared to a previous average value of about 65 percent. On the other hand,
the data for the more highly cracked model SG-3, whichwere about the same as

for SG-1, are now about 30 percent greater in the area of the load.
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The two 45° skew bridges with different amounts of longitudinal
reinforcement behave about the same as under the AASHO loadings. No sig-

nificant differences are readily apparent.

7.5.3 Transverse Strains. Measured transverse strains were small

with the overload truck in the position shown in Fig. 7.42. The maximum
strain observed was on model SG-4 on crown BC. The observed strain was

-6 . .
45x10 in./in. or a stress of 1300 psi. This indicates that the transverse

steel stress is not a design problem at this load level.

7.6 Ultimate Load Behavior

7.6.1 1Introduction. The closely spaced multiple axle overload

vehicle was used in the ultimate load tests for bridges SG-1, SG-2, and SG-3.
The use of this loading in the ultimate tests was recommended by the Texas
Highway Department, since it is the most severe loading allowed on this

type bridge, even though a special permit is required.

The primary ultimate load position selected for SG-1, SG-2, and SG-3
was with axle 3 at B4-D4. Service load data indicate that an edge loading
is the most severe transverse truck position. Clearance requirements from
the face of the rail would make it very difficult to position the vehicle
over A4-C4. A truck position over AB4-CD4 is just possible, but it was felt
that the driver of such a heavv vehicle would drive nearer the center of the
bridge. The position B4-D4 was a compromise between the most severe edge
loading and the feeling that the truck driver would tend to stay away from

the edge.

Load placement for secondary tests on SG-2 and SG-3 was selected
based on an evaluation of the remaining structure following the failures

during the primary ultimate load tests.

The ultimate loading selected for S5G-4 was two H-20 trucks, the design
vehicle for that bridge. It was felt that no significant additional informa-
tion would be obtained by using the overload vehicle on this last model tested.
The load positions selected were based on trucks traveling in two lanes. The
intent was to obtain data on whether or not all girders could be yielded with

more than one truck on the bridge.
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7.6.2 Factor of Safety. The overall factor of safety, FS, for

each of the bridges is computed from

FS = ¢ +UIELL ¥ 1) (7.12)
where
UL = wultimate load = DL + X(LL + I)
DL = dead load
X = npumber of (LL + I) units
LL = 1live load
I = impact load = 0.30 LL

In view of the generally low LL/DL ratios used and the relative
certainty of dead load calculations, the live load plus impact factor of
safety, X, should be of substantial interest as the primary measure of

overload capacity.

7.6.3 hkﬂelSG-l,OOSkew. Model SG-lwas tested to failure using the

wheel pattern of the overload truck. Axle 3 of the test vehicle was placed
at midspan with the wheel lines over girders B and D as indicated in the

top of Fig. 7.43. Wheel loads were increased monotonically until failure
occurred. The load increments were multiples of 350 pounds per wheel, repre-
senting 1.0 overload truck plus impact of 30 percent, 1.0(OL + I).* Readings
were taken of all strain gages and both midspan and support dial gages after
each load increment. In addition, dial gages located at the quarter points

were read every other load increment.

Midspan live load deflections are shown in Fig. 7.43 at intervals
of 1.0(0L + I)(350 1b./wheel) until failure. Data taken between these
intervals are not shown. Girder deflection data are shown with a solid

circle before yield of the longitudinal tensile steel.

Midspan strains observed during the test are shown in Fig. 7.44.
The strains at zero live load are dead load strains immediately before

starting the ultimate load cycle.

%
OL + I = overload truck plus impact.
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The allowable steel stress in this model was 20.0 ksi. At a load
of 2.0(0L + I) the total stress (including that due to dead load) in girder B
at midspan was 19.6 ksi. At 2.3(0L + I) the steel stress in girders A, B,
and C had exceeded the allowable steel stress. The steel in girder D
exceeded the design stress at 2.7(0L + I). Only the steel in these four

girders yielded at ultimate load.

The dead load strain on gage E was subject to significant drift
during the course of the test. This gage indicated a compressive strain at
the start of the ultimate loading and probably should be discarded. The

actual dead load strain should be much nearer that of girder F.

Deflections increased rapidly when the steel yielded in girders A.
‘B, ¢ and D. The deflection increase may be observed in Fig. 7.43 by com-
paring data taken at 4.38(0OL + I) with data taken at 4.25(0L + 1), the pre-
ceding load level. Strain gage readings do not clearly indicate yield of
steel, although it was determined that yield had occurred by observation of
crack widths. A massive longitudinal break through the slab, progressing
from quarter-point to quarter-point, occurred between girders D and E at
4,38(0L + I). This crack is shown in Fig. 7.45. The formation of this
crack prevented the further transfer of any significant load to other girders.
Close examination of this longitudinal break indicates that it is predomi-
nantly due to shear-diagonal tension rather than torsion or transverse
bending. The formation of this crack or break occurs as a secondary failure

in the general mode of failure.

The formation of the slab break between girders D and E caused a
sudden drop in applied load. 1In order to obtain meaningful deflection data
the load was allowed to drop slightly rather than maintaining load. This is
probably the reason the strain in girders A through D do not show clear vield-

ing of longitudinal steel, since they were taken while the load was dropping.

An investigation of strain data in the girder steel indicated that
gage E registered unusually low strains, even when considering a shift in
dead load strain. If the curve for gage E is moved to have the same starting
point as gage F, then the strains are about the same as for gage F. It is

felt that the true strain should lie between girders D and F. If E is
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Fig. 7.45. Loangitudinal Crack between
Girders D and E, Model SG-1.
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assumed midway between D and F, then the tensile steel in girder E reached
70 to 80 percent of the yield strain. This is thought to be closer to the

actual case.

The complete crack patterns for the top and bottom of the bridge
are shown in Fig. 7.46. The ten small rectangles are the load connections
near midspan of the highly loaded girders rather than being more uniformly
spaced over the girder length. This is considered to be the result of

using smooth bars for the main flexural reinforcement in this bridge.

The measured total factor of safety against failure at 4.38(0OL + I)
is 2.25 for this bridge and loading.

7.6.4 Model $G-2, 45° Skew. Model SG-2 was tested to failure under

two loading conditions, both using the wheel pattern of the overload truck.
In the first test Axle 3 was placed at midspan over girders B and D for a
flexural test. The second test was conducted with the truck placed near

the support for a shear test with the wheels over girder J and L on the
relatively undamaged side. 1In both tests wheel loads were increased
monotonically until failure occurred. The load increments were multiples

of 350 1lb./wheel representing 1.0(OL + I). After each increment of load

was added, readings were taken of all strain gages and both midspan and
support dial gages. Dial gages located at the quarter-points were read every

other load increment.

Midspan deflections for live load are shown in Fig. 7.47 for the
first ultimate load test. Deflections plotted with an open circle indicate

that the steel in that location has yielded.

Midspan strains observed during the test are shown in Fig. 7.48.
The strains at zero live load are dead load strains immediately before
starting the ultimate load cycle. The allowable steel stress in this model
was 20.0 ksi. This stress was exceeded in girders B and C at a load of
2,0(0L + I). At a load of 2.5(0OL + I) the design stress was exceeded in
girders A, B, C, and D. Girder E exceeded the design stress at 3.0(0OL + I).
The steel in girders A, B, C, and D yielded at failure, while the steel in
girder E reached 93.5 percent of yield.
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Bottom View

Top View

8$G-1 Crack Pattern.

Fig. 7.46.
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The first yield of steel occurred at a load level of 4.75(0L + I)
in girder C. Referring to the crack pattern in Fig. 7.49, the cracks in
the bottom of the crown between A and B and B and C were formed at the same
time. The cracks from A to F were formed by the first ultimate test, while
the cracks from G to H were formed by the second ultimate test. The crack

between F and G was a combination of both tests.

As indicated in Fig. 7.47, the yielding in this bridge was more
gradual than the yielding in model SG-1. Numerous cracks began to form in
the top of the slab at 5.25(0L + I). Instrumentation ind{cated that failure
was close, so a second set of readings was taken. Both sets of data are

shown in Fig. 7.47.

A massive longitudinal break formed in the slab between girders D
and E at 5.25{0L + I) preventing further transfer of load to other girders.
This was similar to the break in model SG-1. Girders A, B, C, and D yielded
at failure. A fifth girder E was at 93.5 percent of yield. The factor of

safety against failure was 2.42.
The complete crack pattern is shown in Fig. 7.49.

The second ultimate test was intended to represent maximum shear
loading and was conducted with the wheels of the overload truck located as
shown in Fig. 7,49 with the wheels as close to the support as possible
while still having all wheels on the bridge.l The maximum moment due to live
load occurs under the fourth axle from grid line zero. General yielding
between grid lines three and four was indicated by flexural cracking. Midspan

deflections and strains are shown in Figs. 7.50 and 7.51, respectively,

The failure was a flexural type with the steel yielding in girders
H through M. The sequence of yielding is not known, since the strain gages
at midspan were not at the position of maximum moment. They were the nearest
gages to the points of maximum moment. An ultimate load of 6.25(0L + 1) was
reached in this test. This load was not maintained long enough for deflection

and strain readings to be obtained. The overall factor of safety was 2.63.

The purpose of this test was to see if shear in the girders was a

design problem., Except for being closer to the support, this test was
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Fig. 7.49. SG-2 Crack Pattern.



Midspan Deflection, inches

Shear

OL Wheel Pattern

Loading

A B c D E F G H J K L M
0 »
F 4
s D
8 T w 4 _
0.1 b R «3,_0_<g§,t_1>4
R N
Q Tw N4, O(OL + I)’
\ \ "‘--0-"'"( I
- L SN
0.2 AU N5.0(0L + I)
NN e
vy »
0.3 \\ \ / ]
\\\ \\ /
\
ol AN QS(OL+I)' R
Ao \
* \\ %—-’J I’
w /
\ ’
B \ S ’ -
0.5 \\ ( ->-ao-4d
v'5.75(0L + 1)
0.6 ‘\ 7
\ A
0.7 \ ’
S "\G.O(OL + I)/’
| .. ’
0.8 - Skew 45° halun -
A, in.2 0.2152
s
- f , ksi 44.9 —
0.9 y i
1.0 7
1.1 .
1.2
Fig. 7.50. Midspan Deflection for SG-2 during Second Ultimate

Load Cycle,

143



144

o
x..
.

‘.l|-D.||.Onl»..D.. LR « SR <)

e e St * T PR VD S

BT T - SO,

Yield Strain

1800 2000 2200

1600

1400
x 106

1200

..u
- N =
l/ — 3
>\ B

- Nl
3 x o
A /]
- > " X -
. ~
e ~ —— T <
LN N S &
ek S SV S W)
3 B ~F K../ — o i
I/L// /( F— L o
N\ “
« L e
b , w? // b © ~
) a n
1951
\ L
~ — -
x L« B
L. - by
@
~
il
b Iy -~
2
[+
—
. —
- < -

800 1000

600

Total Steel Strain, in./in.

Midspan Steel Strain for SG-2 during Second Ultimate Load Cvcle.

7.51.

U} i,
— NN ey
— . ]
L e
T
-
e e ~— —_—
. T —— et N, . -
/G JM ﬂ/a A/A k.lt:f
//%MVWAUP/
N
- e ]
IS ”./
ST .
TENRNNE .
- :U/M// -
@ - uvmtr
it S Rt
®— R
L O B gy —— B
Rt N TR e @
[
" O~ e
P Y .
L R S
i
U= g
i i { i 1 ] | ! L ! | { L
o vy o wy < wy o vy ﬁw [l es] vy o 2l o
3 . . .
.~ o 0 w ) - - I ™ o o~ —~ —~ o

s37Un pRo(I + 170)30 Iaquny

400
Fig.

200



145

similar to the ultimate load test with the truck placed over girders B and D.
Based on the results of this test, it was concluded that if punching did not

occur the bridge would not fail in shear before failing in flexure.

7.6.5 Model SG-3, 45° Skew. Model SG-3 was tested to failure under

two loading conditions, both using the overload truck wheel pattern. Axle 3
was placed at midspan with the location varying transversely. Load incre-

ments and recorded data were as described in Sec. 7.6.4.

Midspan deflections for live load are shown in Fig. 7.52 for the
first ultimate load test with wheel lines directly over the centerlines of

B and D. Strains are shown in Fig. 7.53.

The allowable stress in this model was 24.0 ksi. This stress was
exceeded in girders A. B, C, and E at a load level of 1.5(0L + I). The
companion bridge SG-2 with more steel (allowable fS = 20 ksi) did not exceed
the allowable stress until 2.0(OL + I) under identical loading. This is
probably due to the advanced state of cracking in model SG-3 as observed,
even at service loads, by larger strains and deflections in SG-3. Under
1.0(0L + I) the observed strains for SG-3 were about 1.3 times those for SG-2.
The load level 2.0(OL + I)/1.3 is 1.54(0OL + I). This is felt to account for

the somewhat earlier excess over design stress in SG-3.

The steel in girders A, B, C, D. and E yielded at ultimate load.
The steel in girders F, G, and H exceeded the design stress but did not

yield at ultimate load.

First yield of steel occurred at a load level of 4.25(0L + I) in
girder C. The steel in girder C also yielded first in model SG-2. Referring
to the final crack patterns in Fig. 7.54, the crack in the top of the slab
between E and F also formed at 4.5(0L + I). The cracks from A to F were
formed by the first ultimate load test, while the cracks from G to M were
formed by the second ultimate test. The crack between F and G was a combina-
tion of both tests. A crack was noticed in the bottom of the crown between
A and B at 5.0(0L + I). The steel in girders A through E yielded at 5.5(0L + I).
As the load was increased to 6.0(0OL + I) deflections increased rapidly with
the remaining cracks in Fig. 7.54 forming at that time. The last crack to

fomwas the typical diagonal crack observed in previous tests to the right
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Bottom View.

Top View.

SG-3 Crack Pattern.

Fig. 7.54.
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of the line of wheels over girder D. At this point the load could not be

maintained so the test was discontinued.
The factor of safety at the ultimate load of 6.0(0L + I) was 2.69.

The second ultimate load test was performed by locating the wheel
lines of the overload truck pattern over crowns HJ and KL as shown in the
top of Fig. 7.55. Dial gages were read only for girders G through M. Other
data were recorded as described previously. Observed deflections are shown

in Fig. 7.55 and strains are shown in Fig. 7.56.

For this loading the design stress was exceeded in girders H and K
at a load of 1.5(0L + I). At a load of 2.0(OL + I) the design stress was
exceeded in girders H, J, K, L, and M. First yield of flexural steel
occurred in girders J and K at a load of 4.5(0L + I). At ultimate load the
steel had yielded in girders H through M. The crack in the top of the slab
(Fig. 7.54) between G and H occurred at a load of 5.0(0OL + I), as did the
crack in the bottom of the slab between K and L. The remaining cracks
formed at failure. At a load of 5.5(0L + I) girders H through M had yielded.
At a load of 6.0(0OL + I) girders H through L failed in shear. The shearing
crack shows through the deck in Fig. 7.54 as the crack near the quarter-
point and extends around the wheels continuing down the crown IM. The

factor of safety at the ultimate load of 6.0(0OL + I) was 2.69.

7.6.6 Model SG-4, 26° Skew. Model SG-4 was tested to failure using

the wheel pattern of the H20 design truck. Two H20 trucks were placed on

the bridge as shown at the top of Fig. 7.57, with Axle 2 at midspan. Actual
wheel locations are shown in Fig. 7.60. Wheel loads were increased monotoni-
cally in the proportions for an H20 truck until failure occurred. Load
increments were in multiples of 689 1lbs./wheel of Axle 2, representing the
load on one rear wheel of each H20 truck plus 30 percent impact. This is
abbreviated as 1.0(H20 +I). Strain gages and both midspan and support dial
gages were read after each load increment. In addition, dial gages located

at the quarter-points were read every other load increment.

Midspan deflections for live load are shown in Fig. 7.57 and Fig. 7.58

to a smaller scale. Data for deflections in a girder are shown with a solid
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circle before yield of flexural steel and with an open circle after yield.
Strain data for girders A through F are shown in Fig. 7.59a and in

Fig. 7.59b for girders G through M.

The allowable stress in this model was 20.0 ksi. At a load of
2.0(H20 + I)* the steel in girder K slightly exceeded this value. At a
load of 3.0(H20 + I) the steel in girders C, E through K, and M exceeded

the design stress.

Before discussing yield of steel and ultimate load data, attention
should be called to the type of steel used in this bridge. The design
criteria called for two No. 11 and two No. 10 bars of intermediate grade
steel in the prototype. This amounts to two No. 2 bars and two SWG No. 4
wire in the model. No. 2 deformed bars with a yield point of 57.3 ksi were
substituted for the intermediate grade steel which was only available in
smooth bars. It was considered desirable to use deformed bars where pos-
sible. Smooth SWG No. 4 wire with a yield of 35.8 ksi was used for the
second layer of steel. These changes affect the ultimate flexural strength

(increasing it) but should not affect service load performance.

The instrumented No. 2 bars indicated yield in girders E, H, and K
at a load of 5.75(H20 + I). The steel in girders C, E, H, J, and K had
yielded at 6.00(H20 + I). Yielding then progressed until the steel in all
girders yielded by 7.75(H20 + I). First yield for intermediate grade steel
(fy assumed at 40 ksi) would have occurred at 5.0(H20 + I) in girders
C, H, J and K.

Load continued to increase over the yield load to a maximum of
9.50(H20 + I). Deflections were large, as may be observed in Fig. 7.61la.
The rear wheel position H-4 punched through the structure around the loading
pad at 9.5(H20 + I) (Fig. 7.61b). The model wheel load was 6546 1b., repre-
senting 198,000 1b, on the prototype. The wheel was located directly over a
girder, Cracking had penetrated well into the slab at this point, leaving

only a thin slab depth to carry the load.

*x
This is the load per truck.

AN
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The ultimate flexural capacity, neglecting strain hardening, should
be taken as 7.75(H20 + I), due to the large deflection increase in going
from 7.50 to 7.75(H20 + I) (Figs. 7.57 and 7.58).

The total factor of safety for 7.75(H20 + I) is 3.50. The total
factor of safety for 9.50(H20 + I) is 5.16. These large safety factors
are due to the steel in the central girders having entered strain hardening

when the first girders yielded.

7.6.7 Deterioration of Deflection and Strain Distribution. The

experimental distribution of strain and deflection as shown in Fig. 7.39
remained reasonably constant for each bridge until the design stress was
exceeded in one or more girders. At this point the ability of the bridge
section to transfer load to unloaded girders was altered. This alteration
resulted in the most heavily loaded girders carrying a larger percentage
of the total load than previously. Thus, the ability of the bridge to
transfer load deteriorated. Table 7.6 has been prepared to show that the
deterioration of strain and deflection distribution occurred at the same
load level which caused the steel to exceed its design stress. These load
levels were larger than the usual design service loads and moderate over-
loads. This observation further justifies the use of AASHO-type factors in

the form of S/C for service loads and moderate overloads.

TABLE 7.6 DISTRIBUTION DETERIORATION

Design Deterioration
Bridge Skew As fy Stress Egg??gid of Strain and
in.2 ksi ksi Stress Deflection
Distribution
sG-1 0°  0.1920 46.6 20.0  2.0(0L4I) 2.0(0L+I)
SG-2 45°  0.2152 44.9 20.0  2.0(0L+I) 2.0(0L+1)
SG-3 450 0.1964 57.3 24.0 L.5(¢0L+1) 1.5(01L+1)
SG-4 26° 0,1782 57.3 20.0 2.0(B20+1) 2.0(H20+1)

e ———
o—— — ———

7.6.8 Effect of Skew. No well-defined effect of skew was observed

at ultimate load levels. Observed data were of the same order of magnitude
for the same loads in the skew and no-skew bridges. The 45° skew bridges

did appear somewhat more ductile than the no-skew bridge., This ductility
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was exhibited in the form of gradual yielding of girders and plentiful
warning of the formation of a failure mode. The formation of a failure
mode in the case of the no-skew bridge was rapid and occurred shortly after

the yield of flexural reinforcement.

7.6.9 Effect of Steel Percentage. As expected, the strains and

deflections for the two 45° skew bridges varied, due to different steel
percentages. The difference was smaller than at service loads. For
instance, at a load level of 5.0(0L + I) the deflection of girder B for
SG-3 was 1.1 times the deflection for SG-2. (The ratio of longitudinal
steel areas was also 1.1.) This indicates that near ultimate the two

bridges were cracked about equally.

7.6.10 Transverse Strains. Transverse strains were small until

the bridges were very close to ultimate load. Table 7.7 has been prepared
to illustrate this. As shown in Table 7.7, the transverse strains do not
exceed their service load design level until at least 80 percent of the
ultimate load. However, there is no assurance that the increase in trans-
verse stresses is linear through the ultimate load. These do justify the
conclusion that transverse moments are not ciritical for service loads. It
is thought that the transverse moments do not play a critical part in the
failure mode. This is felt to be substantiated by the majority of the data
in Table 7.7, although the data for SG-4 indicate that transverse moments

might be important at ultimate.

TABLE 7.7 TRANSVERSE STRESSES

Bridge Exceeds Design Stress Exceeds Yield Stress
SG-1 At ultimate load No

SG-2 At 95% of ultimate load No

SG-3 At 80% of ultimate load No

SG-4 At 80% of ultimate load At 90% of ultimate load

7.7 Ultimate Load Calculations

7.7.1 Introduction. Ultimate load calculations based on elastic

distribution factors may be of little value, due to redistribution of loads
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and moments. It is important to be able to assess the ultimate load
capacity of a bridge in order to determine the actual factor of safety of

the structure under specific loadings.

Rowe40 suggests dividing a slab and girder type of bridge into a
grillage of T-beams interconnected by diaphragms. The ultimate load capacity
of the grillage may then be computed using a method described by Reynolds,
who has reported a procedure for calculating the ultimate strength of
grillages. He uses a procedure similar to the limit analysis of frames.

That is, the grillage capacity is computed for various collapse mechanisms
consisting of torsion and moment hinges. In this manner he arrives at a

collapse mechanism.

Because of the predominance of longitudinal flexural action the
procedure suggested by Rowe did not seem applicable to the type of bridge
tested. Instead, an ultimate load procedure based on observed failure

mechanisms is described in Sec. 7.7.2 and Sec. 7.7.3.

7.7.2 Basis for Hypothesis. A general failure mechanism was

observed in the models tested, which suggests an ultimate load calculation

procedure. These observations are outlined below:

(a) Longitudinal Flexure - The primary mode of failure was by
yielding of tensile steel in certain longitudinal girders. Based on
detailed observations of the bridges tested in this study, a distribution
zone boundary inclined 30° from the horizontal is proposed, as shown in
Fig. 7.62a. The main longitudinal tension steel will yield or be very close
to yield in all girders in which the tensile steel layers are enclosed
within such a 30° cone. This is referred to as the yield zone. The load
causing yielding of the girders within the yield zone is referred to as the
yield load P

The ultimate load, P, is the sum of the yield load, P

Y. U, Y)
plus the load, PT’ which is transferred to girders outside the yield zone.
Tests on SG-1, SG-2, and SG-3 indicate that the amount of transferred load
is limited by the slab shear capacity in the transverse direction, unless

the remaining girders yield before the shear transfer capacity is reached.

(b) Transverse Shear Transfer - Shear diagonal tension failure at

the edge of the wheel rather than flexure is the observed mode of transverse
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Fig. 7.62. Failure Concept.
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failure. Consider the system in Fig. 7.62b. 1In this figure three thick
slab sections are connected by thin slab sections. The center thick section
is loaded. Consider the thick portions to be replaced by stiff springs and
the thin sections to be replaced by flexible springs. The thin sections
cannot significantly aid in carrying load, since the loaded thick section

is so stiff. Thus the center portion carries essentially all of the

applied load. Once the loaded section reaches its yield load at a load PY’
any additional load must be carried elsewhere unless a collapse mechanism
is formed. 1In this case the weak springs must absorb the increased load
while assisting in load transfer. Any increased load, PT’ must be trans-

ferred across the weak springs.

In this analogy the stiff springs represent the girders and the

weak springs represent the crowns.

Test results indicate that a crown length approximately equal to
the load length plus twice the total girder depth is effective in trans-
ferring the increased load PT outside the yield zone. The failure zone and
shear transfer length is illustrated in Fig. 7.63. The minimum crown

thickness is used as the critical depth in the shear transfer computations.

(c) Transverse Moment - Test results indicate that for these sections
transverse bending moment is not critical in transferring load outside the

yield zone, hence it will be neglected in this ultimate load procedure.

(d) Punching - Test results indicated that punching of a single
wheel is not a design problem, hence it will be neglected in this ultimate

load procedure.

7.7.3 Proposed Calculation Procedure. The proposed calculation pro-

cedure is an ultimate load method for a given or assumed bridge. As such

. .2 : . .
the AASHO Specification” does not apply, since it refers only to service
loads. The ACI Code3 contains specific ultimate load recommendations. There-

fore, the ACI Code is used as the basis for ultimate load procedures.

The ACI Code contains recommendations for basic strength equations.
The basic strengths are then reduced by @ factors which are intended to

account for material variations and uncertainty about the basic strength
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equations. A @ factor of 0.9 is presently used for flexure and 0.85 is
presently used for shear in the ACI Code. The proposed calculation proce-
dure makes use of flexure and shear equations in the failure model. The

P factors are taken as unity, since the material properties are known. In
design the @ factors should be used along with appropriate load factors.
The determination of both @ factors and load factors that should be used

are beyond the scope of this study.

The Bureau of Public Roads46 has recommended load factors of 1.35
and 2.25 for dead live and live load, respectively. The ultimate live load
factors from these tests are compared with the Bureau of Public Roads

recommendations in Sec. 7.7.6.
The proposed calculation procedure is outlined below:

(a) Divide the structure investigated into a right angle grillage
consisting of an appropriate number of longitudinal girders (twelve for

the bridges of this investigation).

(b) Estimate the number of girders within the yield zone with a
boundary defined by lines inclined 30° with the horizontal from the loaded
area.

(c) Compute the service live load, PS, and service live load moment,
M

SLL"®

(d) Compute the live load capacity per girder, MYLL'

(e) Compute the live load yield capacity of the yield zone, PY'

(f) Compute the transferred load, PT.
(g) Compute the yield 1load, PR’ of the girders outside the yield

zone in (b).

(h) Check to see if the transferred load, P is greater than the

T)
load capacity, PR’ of the remaining girders.

(i) 1f PR<: P then the ultimate capacity is simply the product of

T’
the number of girders times the live load yield moment.

(j) 1f PRJ> PT, the ultimate load PU is the sum of PY and PT. The
ultimate live load moment is the product of the ratio PU/P times the live

S
load yield moment.

The above steps are summarized in Fig. 7.64.
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Determine Number of Girders, N, in Yield Zone

Compute Service Live Load, PS’ and Service Live Load
Moment, MSLL

Compute Live Load Moment Capacity per Girder, MorL

!

Compute Live Load Yield Load, P

P, =(Ps)( Nqﬁ{LL)

Y

'

Compute Transferred Load, P

PT = VuhStc

T

!

Compute PR of Remaining Girders

Is P, Large Enough to Yield Girders Outside Yield Zone?

T
| No Yes
Compute Ultimate Load, PU Compute Ultimate Live
Py=By t Py Load Moment, M, -
Compute Ultimate Live Load MULL = (MYLL)
Moment, MULL (No. of Girders)
P
= U
MULL (E—)(MSLL)
S

Fig. 7.64. Proposed Calculation Procedure.
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7.7.4 Application to this Study. Six ultimate load cases are

available for comparing with the failure hypothesis. The quantities needed

for ultimate calculations for these six cases are summarized in Table 7.8.

Truck positions are shown in Fig. 7.65 for estimating the girders
lying within the yield zone. Shear transfer lengths for the overload truck

and the H20 truck are computed in Fig. 7.66.

The six ultimate load cases calculated are:

(a) Model SG-1 (0° Skew)

{(b) Model 5G~2 (45o Skew), Ultimate No. 1
(c) Model SG-2 (45° Skew), Ultimate No. 2
(d) Model SG-3 (45° Skew), Ultimate No. 1
(&) Model SG-3 (45O Skew), Ultimate No. 2

(f) Model SG-4 (26° Skew)

(a) Model SG-1 (0° Skew)
Load
Overload Truck Wheel Configuration, Axle 3 at B4-D&
Yield Zone
The yield zone consists of girders A, B, C, D, and E (Fig. 7.65a)

Service Live Load, PS

The service live load is 1.0 (OL + I).
PS = (10 wheels) (350 1b./wheel) (Table 7.8b)

PS = 3500 1b.

Service Live Load Moment, MSLL

M L= 4.84 kip-ft. (Table 7.8b)

SL
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TABLE 7.8 QUANTITIES FOR ULTIMATE LOAD CALCULATIONS

(a) Bridge Properties

Yield £! 2 Ve
Bridge Moment ¢ ¢
kip-ft. psi psi
girder
SG-1 3.90 3770 123
SG-2 4.11 4040 127
SG-3 4,87 4320 132
SG-4 3.78 4750 138
(b) Load Data
Maximum Dead Load
Live Load Load per Moment at
Moment for Wheel for Point of
One Live One Live Max imum
Load Unit Load Unit Moment
Service
Bridge Live Load Load kip-ft. 1b./rear kip-ft. Ultimate
Unit Location wheel girder Load No.
SG-1 l1oL+1 B4-D4 4,84 350 0.69 1
SG-2 1 0L+T1I B4-D4 5.45 350 0.89 1
1 0L+1I J-L 4,67% 350 0.86%%* 2
near support
SG-3 1 0L+1 B4-D4 5.45 350 0.89 1
10L+1 HJ4-KL4 5.45 350 0.86 2
SG-4 2(H20 + 1) C4-E4 5.65 689 0.80 1
H4-K4

*At fourth axle from support.
*¥At fourth axle.
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Yielded Girders Are Shaded.

{(a) Truck at B4-D4.

{(b) Truck at HJ4-KL&.

{¢) Truck at C4-E4 and H4-K4.

Fig. 7.65. Estimating Girders with Steel Yielding at
Ultimate.
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Live Load Moment Capacity, MYLL

Yield Moments, MY (Table 7.8a)
Dead Load Moment, MDL (Table 7.8b)

3.90 kip-ft./girder
0.69

ML

Yield Load, P

3.21 kip-ft./girder

a)
a)

Y
N
P, = (ps)( ZYLL - 3500 ¥ X321
SLL )
PY = 11,600 1b.
Trans ferred Load, PT
PT - vubstc
u 123 psi (Table 7.8
s = 48.70 in. (Fig. 7.66
t, = 0.82 in.
PT = 123 x 48.70 x 0.82
PT = 4910 1b.

Capacity of Girders Qutside Yield Zone,

Fr

Live Load Moment Capacity = (12-5)(3.21 kip-ft./ girder)
= 22.5 kip-ft.

22.5
3500 x % 84

Pe

16,250 1b. >'PT = 4910 1b.

Ultimate Load, P

U

Py

Py

Ultimate Live Load Moment, MYLL

PY + PT

16,510 1b.

11,600 + 4910

(2o} o )3(16,510
Mo P ) MsiL 3,500
My, = 22.8 kip-ft.

(4.84)
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Calculated Factor of Safety, FSc

"o * My | 12(0.69) + 22.8
M, F Mg, | 12(0.69) + 4.84

F§ =
c

FS = 2.37
c

Measured Factor of Safety, FSm

Maximum Measured Load = 4.38(QL + I)

Maximum Live Load Moment = (4.38)(4.84)
= 21.20 kip-ft.

12(0.69) + 21.20
12(0.69) + &4.84

F§ =
m

FS, = 2.25
m

Ratio FS /FS
m ¢

F§
m

[}
1]

{)095

Ratio of Calculated and Measured Live Load Capacity

Measured MULL 21.20

Calculated ML T 22,80

= 0.93

The difference between calculated and measured live loads is not
considered serious in view of the overall factor of safety of the bridge
under this particular loading, This is the only ultimate load case for

which the calculated load was larger than the measured ultimate load.

(b) Model SG-2 (45° Skew), Ultimate No. 1
Load

Overload Truck Wheel Configuration, Axle 3 at B4-D4.



Yield Zone

The yield zone consists of girders A, B, C, D, and E
(Fig. 7.65a)

Service Load, P

S
The service live load is 1.0 (OL + I)

PS = (10 wheels) (350 1b./wheel) (Table 7.8b)
PS = 3500 1b.

Service Live Load Moment, MSLL

MSLL = 5.45 kip-ft. (Table 7.8b)

Live Load Moment Capacity, MYLL

4.11 kip-ft./girder
0.89

Yield Moment, MY (Table 7.8a)
Dead Load Moment, MDL (Table 7.8b)

Morr = 3,22 kip-ft./girder
Yield Load, PY
N My
LL 5 x 3.22
P, = (P (—j= 3500 x 2=
Y ;) MSLL 5.45
PY = 10,350 1b.

Transferred Load, PT

PT - vubstc
v, = 127 psi (Table 7.8a)
bS = 48.70 in. (Fig. 7.66a)
t = 0.82 in.
c
PT = 127 x 48.70 x 0.82
PT = 5,070 1b.

Capacity of Girders Qutside Yield Zome, P

R

Live Load Moment Capacity (12-5)(3.22 kip-ft./girder)

= 22.6 kip-ft.

_ 22,6
PR 3500 x 545
Pg = 14,500 1b. > P = 5070 1b.
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Ultimate Load, PU

PU = PY + PT = 10,350 + 5,070
PU = 15,420 1b,.
Ultimate Live Load Moment, MULL
Py 15,420
= — = Pt B it
MyLL P (Mrp) ( 3,500) (0+4)
MULL = 24,0 kip-ft.
Calculated Factor of Safety, FSc
ps - DL+ ULL _ 12(0.89) + 24.0
c MDL + MSLL 12(0.89) + 5.42
FS = 2,15
¢

Measured Factor of Safety, FSm

Maximum Measured Load = 5.25 (OL + 1)
Maximum Live Load Moment = 5.25 x 5.45 kip-ft./OL + 1
= 29,6 kip-ft.

12(0.89) + 29.6
12(0.89) + 5.45

FS =
m
FS = 2,42

Ratio FS /FS
m C

FS
moo. 242y g,

FSc 2.1

W

Ratio of Calculasted and Measured Live Load Capacity

Measured MULL 29.6

Calculated M o T 24,0

The agreement between the measured and calculated safety factors

is quite good.
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(c) Model SG-2 (45° Skew), Ultimate No. 2

This test was carried out on a relatively undamaged portion

of the structure remaining after the first ultimate load test.

Load

Overload Truck Wheel Configuration, near support with wheels
over girders J and L

Yield Zone

The yield zonme consists of girders H, J, K, L, and M
(Fig. 7.65a, mirror image of B-D loading)

Service Load, P

S
The service live load is 1.0 (OL + 1)

PS = (10 wheels) (350 1b. /wheel) {Table 7.8b)
PS = 3500 1b.

Service Load Moment, MSLL

MSLL = 4,67 kip-ft. (Table 7.8b)

Live Load Moment Capacity, MYLL

Yield Moment, MY (Table ?.Sa)
Dead Load Moment, MDL (Table 7.8b)

4,11 kip-ft./girder
0.86

MYLL = 3,25 kip-ft./girder

Yield Load, PY

N My

LL 5 x 3.25

P, = (P (—————;) = 3500 x —5——"
Y ( 53 MSLL 4,67
PY = 12,200 1b.
Trans ferred Load, PT
P.. = 5,070 1b. (From S$G-2 Ultimate Load No. 1)

T
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Capacity of Girders Qutside Yield Zone, P

R

(12-5) (3.25 kip-ft./girder)
22.80 kip-ft.

Live Load Moment Capacity

PR = 3500 x z%f%%

PR = 14,600 1b. >PT = 5070 1b.
Ultimate Load, PU

PU = PY + PT = 12,200+ 5,070

PU = 17,270 1b.

Ultimate Live Load Moment, MULL

P
) 17,270
MyLL ( )(MSLL ( 3 500) (4.67)

23,0 kip-ft,

ML

Calculated Factor of Safety, FSC

os - ooty | 12(0.86) + 23.0
c Mo F Mo 12(0.86) + 4.67
FS. = 2.22
c

Measured Factor of Safety, FSm

1

Maximum Measured Load 6.25 (OL + 1)

Maximum Live Load Moment = 6,25 x 4,67 kip-ft.
29.2 kip-ft.

b = 12(0.86) + 29.2
m 12(0.86) + 4.67

FS_ = 2.63
m

Ratio FS_/FS
m ¢

FS_/¥S = 2.63/2.22 = 1.19
m ¢

Ratio of Calculated and Measured Live Load Capacity

Measured MULL ) 29.2
Calculated MULL 23.0

= 1.27
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The calculated and measured capacities do not agree as well as in
the case of ultimate load No. 1 (ratio of 1.13). This is believed to be
due to the possibility of some steel entering strain hardening. This is
not known, however, since strain gages were not actually located at the

point of flexural failure.

(d) Model SG-3 (45° Skew), Ultimate No. 1

Load
Overload Truck Wheel Configuration, Axle 3 at B4-D4

Yield Zone

The yield zone consists of girders A, B, C, D, and E (Fig. 7.65a)
Service Load, P

S
The service live load is 1.0 (OL + I)

PS = (10 wheels) (350 1b./wheel) (Table 7.8b)
PS = 3500 1lbs.

Service Live Load Moment, MSLL

M = 5,45 kip-ft. (Table 7.8b)

SLL
Live Load Moment Capacity, MYLL

Yield Moment, MY (Table 7.8a) 4.87 kip-£ft./girder

Dead Load Moment, MDL (Table 7.8b) = 0.89
MYLL 3,98 kip-ft./girder

Yield Load, PY

v = (%) (?'EXL%)

? -
ML
_ 5 % 3.98
PY = 3500 x 545
P = 12,800 1b.
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Transferred Load, P

T
PT - vubstc
v, = 132 psi {Table 7.8a)
bs = 48,70 in. (Fig. 7.66a)
t = (0,82 in,.
c
PT = 132 x 48.70 x 0.82
P, = 5,270 lb.

Capacity of Girders Qutside Yield Zone, P

R
(12.5)(3.98 kip-ft./girder)
27.8 kip-ft.

i

Live Load Moment Capacity

_ 27.8

PR = 3500 x 4%

PR = 17,850 1b. >-PT = 5,270 1b.
Ultimate Load, PU

PU = PY + PT = 12,800 + 5,270

PU = 18,070 1b.

Ultimate Live Load Moment, MULL

P
U 18,070
(E’) Msrp) (3 500) (5.45)

S

MULL

M 28.1 kip-ft.

ULL

Calculated Factor of Safety, FSC

"o * Moy | 12(0.89) +28.1
Mo Fh | 12(0.89) + 5.45

FS_ = 2.40
c
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Measured Factor of Safetx,F'Sm

Maximum Measured Load = 6,0 (OL + 1)
Maximum Live Load Moment = 6,0 x 5.45 kip-ft./OL + I
= 32,7 kip-ft,

. 12(0.89) + 32.7
m  12(0.89) + 5.45

FS

FS_ = 2.69
m

Ratio FS /FS
m ¢

FS_/FS = 2.69/2.40 = 1,12
m' "¢

Ratio of Calculated and Measured Live Load Capacity

Measured MULL 32.7

Calculated MULL 28.1

= 1.16

(e) Model SG-3 (45° Skew), Ultimate No. 2

This test was carried out on a relatively undamaged portion of
the structure remaining after the first ultimate load test.

Load

Overload truck Wheel Configuration, Axle 3 at HJ4-KL4

Yield Zone

The yield zone consists of girders G, H, J, K, L and M
(Fig. 7.65b).

Service Load, PS

The service load is 1.0 (OL + I)

PS = (10 wheels) (350 1b./wheel) (Table 7.8b)

Py = 3500 1b.



180

Service Live Load Moment, M

SLL

MSLL = 5,45 kip-ft. (Table 7.8b)

Live Load Moment Capacity, MYLL

Yield Moment, MY (Table 7.8a) 4,87 kip-ft./girder

Dead Load Moment, MDL (Table 7.8b) = 0.89
MYLL 3.98 kip-ft./girder
Yield Load, PY
N M, )
LL 6 x 3.98
P = P (— = 3500 x —F——
Y ( S) MSLL 5.45
PY = 15,350 1b.
Trans ferred Load, PT
PT = 5270 1b. (5G-3 Ultimate No. 1)
Capacity of Girders Qutside Yield Zone, PR
Live Load Moment Capacity = (12-6)(3.98 kip-ft./girder)
= 23.9 kip-ft.
_ 23.9
PR = 3500 x 545
.PR = 15,300 1b, > PT = 5270 1b.
Ultimate Load, PU
PU = PY + PT = 15,350 + 5,270
PU = 20,620 1b.
Ultimate Live Load Moment, MULL
Pu) 20,620
= | —= = [£2a2087
MuLL (PS (Mg,1) (3,500) (5.45)
MULL = 32.1 kip-ft.
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Calculated Factor of Safety, FSC

Yo * M 12¢0.89) + 32.1

————————

c My +Mors 12(0.89) + 5.45

FS

FS = 2.65
c

Measured Factor of Safety, FSm

Maximum Measured Load 6.0 (OL + 1)

Maximum Live Load Moment = 6.0 x 5.45 kip-ft./OL + I
32 [ 7 kip"ft -

ps = 12(0.89) + 32.7
m  12(0.89) + 5.45

FS = 2.69
™

Ratio FS_/FS
m C

FS_/FS = 2.69/2.65 = 1.02
m c

Ratio of Calculated and Measured Live Load Capacity

Measured MULL 32.7
Calculated M - T 32

[}

1.02

The agreement between calculated and observed values is excellent.

(f) Model SG-4 (26° Skew)

Load

Two H20 Truck Wheel Configurations, Axles 2 at C4-E4 and
H4-K4

Yield Zone
The yield zone consists of girders B through L (Fig. 7.65¢)

Service Load, P

S

The service live load in each position is 1.0(H20 + I)
(689#/rear wheel, 1/4 x 6894#/front wheel)
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P, = (2x 689+ 2x 1/4 x 689)(2 trucks)

PS = 3444 1b., for both trucks

Service Live Load Moment, MS

LL

MSLL = 5,65 kip~ft. for both trucks (Table 7.8b)

Live Load Moment Capacity, MYLL

3.78 kip-ft./girder

0.80
2.98 kip-ft./girder

Yield Moment, MY(Table 7.8a)
Dead Load Moment, MDL(Table 7.8b)

ML

Yield Load, P

N My
LL 10 x 2,98
P = P) (—-—-)-—-' 3444 g e——
Y ( S MSLL 5.65
PY = 18,200 1b.
Trans ferred Load, PT
P = v bt x 2 crowns
T usec
v, = 138 (Table 7.8a)
bS = 43,92 in. (Fig. 7.66b)
tc = 0,82 in,
PT = (138 x 43,92 x 0.82) x 2
PT = 9,950 1b,

Capacity of Girders Outside Yield Zone, P

R

(12-10) (2.98 kip-ft./girder)
5.95 kip-ft.

Live Load Moment Capacity

_ 5,95 _ 5.95
Pp T Pg X 555 3444 x THL
P, = 3630 1b. < P, = 9,950 Ib.

Therefore, girders A and M may be counted as yielding.
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Ultimate Live Load Moment, M

ULL
(12 girders)(2.98 kip-ft./girder)
35.8 kip-ft.

MyLL

MULL

Calculated Factor of Safety, FSC

s - oL Mwn _12(0.80) +35.8 | 45.4
c M * Mg 12(0.80) + 5.65  15.25
FS = 2.98
C

Measured Factor of Safety, FSm

The measured factor of safety for this bridge should be viewed with
judgment. Strain measurements indicate that at least four and possibly six
of the interior girders had entered the strain hardening regions before all
of the girders reached yield strains. Based on the ultimate load of 9.50(H20 + I)
the factor of safety is 5.16, compared to the computed value of 2.98.
Deflections at this load were on the order of three inches. Examination
of the deflection plots (Figs. 7.43, 7.47, 7.50, 7.52, and 7.55) for previous
tests indicate that the deflectiom over the most heavily loaded girders was
on the order of 0.6 to 0.8 inches when failure occurred. Based on these
deflections and the fact that all girder steel had yielded at 7.75(H20 + I)
(deflections or the order of 0.75 in. under the central girders), the load
level of 7.75(H20 + I) is taken as the practiéal ultimate load. Even at

this load the steel in several girders had entered strain hardening.

Assumed Ultimate Load Capacity 7.75(H20 + I)

7.75 x 5.65 kip-ft.
43.8 kip-ft.

1]

Maximum Live Load Moment

pg - 12(0.80) +43.8
m 12(0.80) + 5.65

FS = 3.50
m

Ratio FS_/FS
m c

FS_/FS = 1.17
m - c
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Ratio of Calculated and Measured Live Load Capacity

Measured MULL

Calculated MULL

~
w
0]

= ——= = 1.22

w
w
co

This is about as accurate as for model SG-3 (ratio of 1.17).

7.7.5 Conclusions on Ultimate Load Calculations. The data obtained

from the ultimate load calculations and ultimate load measurements are sum-
marized in Table 7.9. The adequacy of the failure hypothesis may be seen
by comparing the ratio of the measured factor of safety to the calculated
factor of safety (FSm/FSC) and the ratio of the measured to calculated live
) in the last two columns of Table 7.9.

ULL
The calculation procedure yields conservative results in five of the six

loads (Measured MULL/Calculated M

tests. The test on SG-1 is slightly unconservative (FSm/FSC = 0.93).

The edge loadings, as expected, have the lowest factors of safety

but these are still adequate.

The factors of safety in Table 7.9 are for bridges which have been
designed in accordance with present AASHO design criteria. These safety
factors would change if the design criteria for this type of bridge were

revised, based on service load or ultimate load distribution factors.

7.7.6 Live Load Factors. The Bureau of Public Road346 recommends

load factors of 1.35 and 2.25 for dead load and live load, respectively.

The test live load factors are compared with the Bureau live load factor

in Table 7.10. The comparison is made by multiplying the known dead load
moments by 1.35 and subtracting the increase from the measured ultimate live
load moment. As indicated in Table 7.10, the test results indicate live

load factors ranging from 3.78 to 7.15. This indicates that the bridge design
based on present AASHO service load distribution factors is overconservative.
Test live load factors are 1.68 to 3.18 times as large as the Bureau live

load factor. The largest difference occurs for model SG-4, which was

loaded to failure using two H20 design truck wheel patterns.

7.7.7 Ultimate Load Distribution Factors. Ultimate load distribu-

tion factors should be based on the "yield zone" and the transferred load,

PT’ described in Sec. 7.7.2. However, the transferred load is difficult to



TABLE 7.9 ULTIMATE LOAD DATA

Calculated Measured

Factor of Factor of FS_ Measured M

Ultimate Loading Load Safety, Safety, m ULL

Bridge Skew As’ in.2 fy’ ksi Test Pattern Location FSC FS.m FSC Calculated MULL
SG-1 0° 0.1920 46.6 1 1 OL+I B4-D4 2.37 2.25 0.95 0.93
SG-2 45° 0.2152 44.9 1 1 OL+1 B4-D4 2.15 2.42 1.13 1.23

2 1 OL+I J-L* 2.22 2.63 1.19 1.27
SG-3 45°  0.1964 57.3 1 1 OL+I  B4-D4 2.40 2.69 1.12 1.16

2 1 OL+I HJ4-KL4 2.65 2.69 1.02 1.02
5G-4 26° 0.1782 57.3 1 2H20+1I  C4-E4 2.98 3.50 1.17 1.22

H4-K4

*Shear Loading

C81
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TABLE 7.10 COMPARISON OF BUREAU OF PUBLIC ROADS
AND TEST LIVE LOAD FACTORS

Bridge Ultimate B.P.R. Live Test Live Test Live Load Factor
Test Load Factor Load Factor B.P.R. Live Load Factor
SG-1 1 2.25 3.78 1.68
SG-2 1 2.25 4.56 2.03
2 2.25 5.47 2.43
SG-3 1 2.25 5.32 2.36
2 2.25 5.32 2.36
SG-4 1 2.25 7.15 3.18

evaluate generally, since it is dependent on load position and loaded length.
For simplicity, conservative ultimate load distribution factors may be based
on the girders within the yield zone and neglecting any transferred load.
Consider the three load positions in Fig. 7.65. A single truck positioned
near the edge, as in Fig. 7.65a, has a yield zone consisting of five girders.
Each yield zone girder carries 0.4 wheel loads, which is an S/C value of
S/7.5. A single truck positioned near the edge, as in Fig. 7.65b, has a
yvield zone consisting of six girders. Each yield zone girder carries 0.33
wheel loads, which is an S/C value of §/9.0. The double truck loading in
Fig. 7.65c has a yield zone of ten girders. Each yield zone girder carries

0.4 wheel loads, which is an S/C value of S/7.5.

The ultimate S/C values range from S/7.5 to $/9.0 for the loadings

considered with S§/7.5 being critical for design (neglecting PT).

For comparison, the service load test results for a single truck
indicate that a distribution factor of S$/5.98 can be used for the first
interior girder, §$/7.22 for the second interior girder, and $/8.6 for other
interior girders. Test results indicate that S/4.5 can be used for the‘
exterior girders. Service load test results indicate that S$/6.56 can be
used for a double truck loading. Most of the service load values are con-

servative when compared to the ultimate load distribution factor neglecting

transferred load.

It is felt that the most realistic design approach is to consider

the general failure mode consisting of the yield zone and transferred load.
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For simplicity, conservative ultimate load distribution factors based on

the yield zone and neglecting transferred load may be used.

If service load distribution factors are used they should not be
smaller than the ultimate load distribution factors, unless a design check
based on the general failure mode shows that the service load design is

also safe for ultimate loads.

7.8 Secondary Tests

Two secondary test series were performed. The first series was to
determine the punching capacity of the slab crown. The second series was
to determine the effect of the deck girder system end diaphragm in adding

to the bent cap capacity.

7.8.1 Punching Tests. A serias of three punching tests was carried

out on model SG-3 (45° skew) after completing the two major ultimate load
rests. The punching tests were located in an undamaged portion of the slab
shown by an "X" in Fig. 7.54. The three tests used different size loading
pads. Load response for the third and most severe punching test is shown

in Fig. 7.67. The two tests not shown had loading pads 1.82 in. and

3.64 in. wide. The test shown was discontinued after reaching a load level
of 17.0 overload wheels plus impact (350 1b. per overload wheel plus impact).
This was a final wheel load of 5950 1b. (180,000 1b. on the prototype). If
it is assumed the load is distributed along a 45° line, as shown in Fig. 7.67,
it can be concluded that the wheel load will not punch through the crown.
Instead, several girders must be punched out. Because of this it was felt
the test would be influenced by the cracking caused by the previous flexural
tests. Hence, the test was discontinued with no sign of distress in the

slab crown.

A better idea of the punching capacity of the slab was obtained
during the test of model SG-4., The rear wheel located at H-4 in Fig. 7.61
(and 7.60) punched through the slab and girder at a wheel load of 6546 1b.
(198,000 1b. on the prototype). This occurred after the steel in all twelve
girders had yielded. Flexural cracking had penetrated well into the slab,.
Some crushing of concrete on the slab surface had occurred. One other wheel

at E-4 was also very near punching through.
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BT T T 7T 7T 7 7T T T 17
— 17(0L + I)(=5590 1b.)—= -

16 — Test Stopped without -
| Failure _

Number of Wheel Loads of Overload Vehicle
plus Impact (1.0 OL + I = 350 1b./wheel)

1
0 4 8 12 16 20 24 28 32

Deflection, inches x 10_3

0.91" (by 1.82" long)

6.0"

Fig. 7.67. Punching Test.
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Based on these tests it was concluded that punching is not a problem

in the design of this bridge system.

7.8.2 Bent Cap Tests. The substructure for model SG-4 (26O skew)

was tested by loading the cap of one bent with a series of concentrated
loads (simulating uniform load). The loads were increased until failure
occurred. The remaining bent was then loaded to failure by applying the
same load configuration through the deck girder system end diaphragms to
determine their stiffening effect. The two bents are shown in Fig. 7.68.
The end diaphragms were obtained by sawing them from model SG-4. These
tests were carried out by Repa34 as a part of the work on another project
and are fully described by him. Details of the cap and end diaphragms are
given for the prototype structure in Figs. A.6 and A.7. This was a three-
column bent with a clear column height of 10.5 ft. on the prototype (1.91 ft.
on the model).

The load response for the two cases is shown in Fig. 7.69. The
indicated loading produces maximum positive live load moment in span BC.
This was determined by Repa to be the critical design load. The failure
mechanism for the two specimens was identical. The bent tested with the
diaphragms in place carried 2.60 times as much live load as the bent tested
without diaphragms. The factor of safety with end diaphragms was 6.8 and
the factor of safety without end diaphragms was 3.1. Based upon these tests
it was concluded that the end diaphragms should be considered in the design

of the bent caps, perhaps considering noncomposite beam action.
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(b) Loading of Cap with Diaphragms,

Fig. 7.68. Bent Cap Tests.
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CHAPTER VIII

CONCLUSIONS AND RECOMMENDATIONS

8.1 Summary of the Investigation

The research project covered herein is a study of the behavior of
pan-formed concrete slab and girder bridges. The technology used to fabri-
cate, test, and interpret results of the primary research tool used, the
direct structural model, has been summarized.16 Four accurate models were
tested at service loads, moderate overloads, and ultimate load levels in
order to document fully the behavior of the structures for the complete
range of load conditions. Patterns of load distribution were obtained
using both strain gages and deflection measurements. The main variables
in the investigation were angle of skew, load level, and grade and quantity
of reinforcement. The model tests were supplemented by full-size testing15

as well as analytical procedures.

8.2 Conclusions

Although this investigation was restricted to a particular bridge

system, the following conclusions are warranted:

(1) The AASHO service load distribution factors are overconservative

when compared to the service load test results, which indicated:

(a) Single Wheel Loads - There are no specific AASHO recommenda-
tions for a single wheel load. Test results in Sec. 7.4.3
indicate that a distribution factor of S/5.5 can be used
for an exterior girder, S/9.0 for the first interior girder,

and S/10,0 for other interior girders.

193
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(b) Single Truck Loads - The current AASHO specifications use
a value of S/C = S/6.0 for interior girders for a single
truck load. Test results in Sec. 7.4.4 indicate that a
distribution factor of S$/5.98 can be used for the first
interior girder, S/7.22 for the second interior girder,
and S/8.6 for other interior girders. AASHO specifies
S/C = §/3.0 for the exterior girders when the load is

directly above. Test results indicate S/4.5 may be used.

(c) Multiple Truck Loads - The current AASHO specifications
use a value of S/C = §/5.0 for two or more vehicles on the
bridge. Test results in Sec. 7.4.6 indicate this factor
to be correct for triple truck loads. However, test results
in Sec. 7.4.5 indicate that a factor of S/6.56 can be used

for a double truck loading.

These service load distribution factors are valid regardless of
skew angle or percentage of longitudinal steel, within the range of variables

included in this study.

Service load distribution factors may not be valid at ultimate load.
Design based on service load distribution factors smaller than ultimate load
distribution factors should be checked using the general failure mode for

safety at ultimate load.

(2) Ultimate load distribution factors should be based on the 'yield

zone' and the transferred load, P However, the transferred load is diffi-

cult to evaluate generally, sinceTit is dependent on load position and
loaded length. For simplicity, conservative ultimate load distribution
factors may be based on the girders within the yield zone after neglecting
any transferred load. Ultimate load distribution factors based only on the
girders in the '"yield zone" indicate that $/7.5 is critical for single and

double truck loading.

(3) Test results indicate that the transverse steel rarely exceeded
the design stress until failure occurred. At failure the steel usually

yielded as a secondary effect.,
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(4) Under both maximum moment and maximum shear loadings the bridges
exhibited a primary mode of failure by yielding of tension steel in the most
heavily loaded girders. These girders are defined by a distribution zone
boundary extending from the edge of the loaded surface and inclined 30° from
the horizontal. The main longitudinal steel will yield or be very close to
yield in all girders in which the tensile steel layers are enclosed within
such a 30° zone. This is referred to as the yield zone. Increased load
will be transferred to the remaining girders. The transferred load is
limited by the slab shear capacity in the transverse direction, unless the

remaining girders yield before the shear capacity is reached.

(5) A shear test on model SG-2 (45° skew) resulted in the same
failure mode described in (4), indicating that girder shear is not a design

problem with the percentage of web reinforcement used.

(6) Punching tests directly over the crown indicate that single

wheel punching is not a design problem for this section.

(7) Tests on the substructure indicate that the girder end diaphragms

double the bent cap live load capacity.

(8) An ultimate load calculation procedure based on the failure
mode described in (4) showed good accuracy resulting in the ratios shown

in Table 8.1.

TABLE 8.1 ACCURACY OF ULTIMATE LOAD CALCULATIONS

, Ultimate Measured FS Measured M
Bridge Test Calculated FS ULL
Calculated MULL
SG-1 1 0.95 0.93
SG-2 1 1.13 1.23
2 1.19 1.27
SG-3 1 1.12 1.16
2 1.02 1.02
SG-4 1 1.17 1.22

(9) The overall factors of safety ranged from 2.25 to 3.50. The

live load safety factors were rather large, ranging from 4.38 to 7.75.
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(10) Using the Bureau of Public Roads46 load factor of 1.35 for
dead load, the live load factors ranged from 3.78 to 7.15. These latter
load factors are 1.68 to 3.18 times as large as the specified live load

factor of 2.25.

(11) The use of the present AASHO service load distribution factors
results in the excessive live load factors indicated in (10). The use of
the ultimate load distribution factor given in (2) as §/7.5 is in the direc-

tion of reducing the excessive live load factors obtained in this study.

(12) The discrete element mathematical model of an orthotropic slab
using gross-transformed section properties is an adequate predictor of

service load behavior for a right angle bridge.

8.3 Implementing Research Results into the Texas Highway
Department Operations

8.3.1 AASHO Load Distribution Factors. The AASHO service load

distribution factors currently used are excessive for this type of bridge in

the case of single and double truck loadings.

An ultimate load approach is felt to be the most realistic design
method for this type of bridge. It is recommended that design be based on
the ultimate load distribution factor (neglecting transferred load) of S/7.5
for single and double truck loads, unless a more accurate analysis is made

based on the general failure mode.

Recognizing that some engineers may wish to continue to use only
service load design, recommendations based on service load tests are also
made, although these will not lead to the most realistic design of the bridge
system. Service load test results for a single truck load indicate that
S$/8.5 can be used for design of interior girders. This has been changed to

S/7.15 to be in agreement with the ultimate load criteria.

Test results indicate that the following service load distribution

factors may be used for single truck loadings:
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(a) Exterior girder S/C =8/4.5
(b) First interior girder S/C =8/6.0
(c) Second interior girder S/C = S/7.0
(d) Other interior girders S/C = S/7.5

Test results indicate that S$/6.5 may be used for all girders in

the case of double truck loads.

8.3.2 Benefit from Implementation of Revised Load Distribution

Factors.
(a) Single Truck Loading - Use of the revised service load

distribution factors presented above would reduce the
average design load to be carried by the girders by 23 per-
cent, resulting in substantial reinforcement savings, even

if present standard cross section dimensions are maintained.

(b) Double Truck Loading - Use of the revised load distribution
factors presented would reduce the average design load to
be carried by the girders by 25 percent in service load
designs and 33 percent in ultimate load designs. Substan~
tial reinforcement savings would occur even if present

standard cross section dimensions are maintained.

8.3.3 Substructure Design. The bent cap should be designed consid-

ering its interaction with the end diaphragms as a noncomposite beam. This

will significantly decrease bent cap sizes.



This page replaces an intentionally blank page in the original.
-- CTR Library Digitization Team



APPENDIZX A

PROTOTYPE BRIDGE PLANS



This page replaces an intentionally blank page in the original.
-- CTR Library Digitization Team



“§* Wood Filler ot closed

3 JE( Bent &

Provide tempordry
sodcer blocks o6

Is Exterror Forms

40-0"

ELEVATION
95 barr with ¥ end bol’s, swe Detai/ Sheet of

Interior

Siob & Gincter Span (8ors Mr)

= e}

—

De v/ of end of ext forms
where pouring dganst o).
S ot Exparsion Joinrt

interior Form

¢ JM.JG”’.“*’;% :

Jomits oniylie. both spens
Fixed). Onit ot § joint
tnalin Sy S— | Sl Sl Si— o | Am— S S S ‘it S-S S S . n §§
s
B T ; H ggg
’ B | i R Y
e el e + 13
i i : 2
134
N i T i H I 1 5 §
R L w—t Y SR SN VNS S Uty SN A .
-1 r — it T 7+ v T —~— Y +
H { 1 H H H ; R S
L L L 1 - - 1 o P ™ ~End Forms 0 !_k X
o y - - . i 17 (o8 Desired by | ..Qt!
F i B E ; ! j i Contractor). l . zg! €
O LT LT E TR AR N -;;T-_-_-;_ - : = } RS N | . ga:,&
: i i f : y . )
s i S ' - J— A D ‘,_ R N &l l@r
- ¥ . “Block”
H T
1 i 1 i i E M I U —
" 5‘ A E HIN ‘: B H N A fi y A i ~~Chamrer
i i i i I ; | R
4 — - ! o
- ] E N E o o i -7 : F 6 Timbars—. 4-2‘-.9‘50/*4
S B Ty i L b + § ol F i W+ R o/e) wit —
. = - - ! A | Sufv05" 0 Wessrers or other
; - 1 —‘%’ " : Y 4 : suifabie anchordge.
[ —— - ——— ILLToy— p— . .
1 — — I —r — - . —1 — SECTION B-8 SECTION C-C
|: ——5e¢ Detei/ Sheei of Skeband Girdler Span for Anchor Rods, (Bars i) — h N € JoOrrh SENERAL NOTES:
& PLAN : 1,\3‘ (- Concrete previously The merhods of forming &hown on
(Berts & Suypport.rg members not shown) Exa JF bbaPY poured, forms thase sheets Ire ntended as suggestions
Far deta/ of hokes Mrovgh sisb see Jatai/ of Interior Stee! Forms E”:‘ o K stripped. only. The Contrector , with the
; < ’?:- goprovd/ of the Toxas Mg Dapart-
R, - I - - orms ment, provicke oy Ilterndfe merthod.
I ——p—" e ST Sy SN SIS il W WS T SN G = sy Borre souts be Robrosted with
" ot T 7T F + 1 T Jroomber,
; 1 |
'
' LD L L L t
- - “me
¢ Joint ¢ Bert & & Jo,,,,!"al_j DETAIL AT A

) o
g Jr SELTE ., § < 2
_.{ ' ¥ "“ . Cha;n‘ar |
I Strip *
Ocrc i< : f e
Wodpas— . o o TEXAS HIGHWAY DEPARTMENT
= e el B STEEL FORMS
. % Sla|Wie: % Exrarior F U 17 § Wood Filer & 40-0" CONCRETE
SE Timber R .o el Tined jourt oy SLAS & GIRDER SPANS
«.r SECTION b-D
. .
] Csant Cap. ' Q T T ..usm.f_./-:,.z -
SECTION A-A : e ;
3 — e ] =
N
o
-

Fig. A.1l.

Steel Forms for 40'-0" Slab and Girder Spans, Sheet 1 of 2.



-58 4-Spaces ® 2-3f - _9-3" : 4- Soaces ® 2-3f° - 9-3° 7/ Spo]
Sym abr e— 8 i '-Y';"_ 3-Spaces @ 29" - a' jE" 3-Spoces @ 2-3" - &-3 4 ’.:,
m. & - 3 o (§s0/
Il ﬂ dvan (-6 .
P b/ /. F dxf StFFf e
ermissible Selice——""] 5 jﬁ H’] o 6'33.‘2 d j‘ 523. J’ /lléaﬂ A itt b a‘;ﬂ
0 ~ ~B ~B -—B PR rt id [ - e pS— v
A — —_— - Sy L -1 [ g | | | i P o
R = ~ NS e = T : et
N N x [ SR Y
g é g ! g £ é S ! Df fD ‘éﬂ e ] \ o A,l, N _n L] Lo a:
. = — | L™ ~dx ¥ Fill 2% 7 247 )
° o ! 3| fz'é“ - s e “7%
) Ny
J 3 - vyt =t ¥
et et — | r{ sz[ad”' H<J ‘- jrz s, i\L’/’ e ] o — ’ HE‘QF
é b b b b b rad_ o "6 Open Holes ~ 24-Sidces @ 9 . i
i B ) “rs 7 &5 (sw?ﬁfs" ~s247) - . -5 1577 Sow.~ 474" S
- g —— - - e : ?t 7 % ;f“% L __i 191 ’
: HALF PLAN ' .J ! HALF ELEVATION Symmufrvcc/ - wbaut
I G- of Span-—
| ¢ . S e St iyt i
Ir ] T 1 L ] 1
3{_7‘ 234 __ 3107 — 3-/0 210" -—— - “fvgct Fimaensiany ~do NOT vary 5]’4_‘4'&& S ECTlON K K
| Enled?’/'am ~de - Anterior Digtrams— —- (Use ir skewes sparic ardzioate., "‘ b [ 6xih =
B e A - I — Al _5,2’(,
-
;'\ . _ z i—z—5-3'
q - e - ZiTEr
I Spiice-- <o L~Grind smocth i R
! :é ovde face ™ W 13
. o —I"'"“L“f‘-l—“-‘!"“'-‘-\’* FI;,}____ & 53 o ~ : b S / . ‘439]{
Vg2 frxar- ; - A 38 > .
4/*} 2 A Open Holes ~ 24-Spaces @ 9 = 18-0"* i S‘:L"!SSMLN ;ng_’_k *’a Le ;ﬁ X :
E » . :
HALF ELEVATION coted with o max of S I B
Note. 4 23Ppe section mdy Tgp of Skab. ~voy _ four Shap Solices. :‘:‘?F E et ﬁ: =
be 36t over the pipe sieeve 265t Pre g T Z2f 0§ rissran iRyt R
Yo provide o hoke i the sisb - canti shab Of‘*vl We it wirad fo ppe JoStt Ppe ® e o § ? l '3
through which cabias fndyb' bptional)—— ", E éwo-r St Ppe 1980t welded bt o TR e & |
insertad for lowerng ~ 10-Ga R SHeli~ ; 3 ¢ only. fo warsner: - 240t @ Y Su’/l M e v .
the metal forme— . - Wererar ' : 3 \\ - }&
TEMPORARY SUPPORT - ‘\ - i
P SECTION PIPE SLEEVE T =
DETAIL ® & FOR, B PIPE SECT oM e « DIAF. & i~ f 50
St e o e ‘3 LA \ ”"“.;37;3” 4 g
Jabodest- Sy -2 el PEa — SECTION G.G SECTION H-H  SECTION J-J
4. 24 . Grnd ssrface r EXTERIOR FORMS
’/‘R "is R Shel: "5 g‘gA,l/Ch ‘2 i *T A3 shown or &8s required by specis!
¢ altachmen! dewce.
pée.
|
s JH 4 e
- —Block vertical 31 aR v o~
D e °”°”3/" SR ) ‘ 4 TEXAS HIGNWAY DEPARTMENT
i;ha" WA P

STEEL FORMS

onge

{?";“;J Nddowa iu: T 40-0* CONCRETE
i , | SECT CC  SECTION DD N
‘ rof L rok END DIAE  INT OIAF SLAB & GIRDER SPANS
t 21 Exact) :1 21 (Exact) -
SECTION A-A SECTION B-8 - Sheet 2 of 2. -
INTERIOR FORMS -é.fo.‘:;‘.‘l._:‘:,‘mn.?::‘ ot mbstet e
| s o I_Il;l;l: el

Fig. A.2. Steel Forms for 40'-0" Slab and Girder Spans, Sheet 2 of 2.

0



1 or-9° £/ %4
Bor M- 3 9 2 &g Spo -35- . < .
Sooe. B -~ & ¥ ~ 2 Z7] /TR 342280
s = FIITaT L ¥ =~ 130T LA 84708 qu:
------ R - R ——3 g o = . i o 2 :; "1 ade ]
= iy ~7 $-17] /
i *"1 K v ” /i X g ,%-‘
oA [ < e L BERE o oL
v ¢ 7 I3 17
e I — b B3 130 H—y?:
A a A {4/ Anl/ 5
s |BEE A ieRn o
: X - 3 ~ <=/ 7, =~ (427 7
W IPf | 0% o[ 38 o -8 ]
.
- Ae ~ 3%t 777}
£ e il & o I T AT
3 2 307
3 [ Tetal W (ke | [ Totol W¢ Los 114 Toto! (16503
¥ . : . . > DTt Wt [ ESTIMATED QUANTITIES T ESTWIATED QUANTIT/ES ESTIMATED QUANTITIES ]
N €T el of & ol Bars w. efﬁy/_m‘_’-.”.q’ ol &!' 5 /- 3 Item unit ng Ttem _ [Unit [Quant Item i ort
: yo cG - ® ,9[ 2 V| [C7 A& Concrete Cqul\ i- CrA Concrete [Cuvos| 718 |CTA zg_%%t Co Vi 5. O |
3 G -C-35- 40 CG-0-35-40 (|4 02) éy_sw ! Spacey « & 40 1% J— ;o ¥ [Leinfores %fl. s Peinforcing Stee’ | Lbs_| /4, e:n7orciry e/ L 74803
3 oy - ling n Fe. 600 Poiling Lin PL A ailinA n ¥t B2 S
/3 ~/f -
'y 29Eq5pa < 25 WY 57T Do 853 Bor M PR O 35 40 @6-34 [
R ,4._93&.,‘._5& . - : G0 354 5%y | C5-0-35 -40 (45~
N, iow w, Type'a” se~17 7 - TSipenignaen L AR ORCIN LT i) ™~
, t LT *_I . Premonies Evp oo od Ch AT lvsart [Bor [ No 5. 2
v Se Fittar N Tope AN 24 %/ | ~ [42-3| 33 E (24 (% | - |8 552:
R B 7,51" LA ERE X5 1 F |24 1O | =~ | 35707
K . 4 AR ) SRR &1 Hi %3 15rn| &7 5 ]
I FCromfer<] He Shnl 6 7 ZAN-" Mt BLLY: W TN WA
P "< K | o €69 | /78 1K |[Ga 1= &~ /7
) ¢ L 147 =~ [47-0Y 75 1 s |~ (4785 /97
N Mo. *2 [5hn a 77, Ma, /7 1% _|Bhr| 37X 4,
L > 4 *% 15h 77 VS Eho| /9L 1597
: ¥4 ap o e NF Arsnort BoalEntre nngls IR G R e e T T T L 3,
™ end of Cop under outs e of cap ) brg seot mithE0gro [ D | 24 | Y€ - &2 150 F g | ¥ - - ?,
& M N Cocter oot ont B meca) £ 000y POV CoOE of ronceradgrophse| Bal 27 | % |~ [E- 771 07 [ Ra|zg (4 |~ |7/ 776 |
X~ 4 a°Exost Motsrial(Ert.ra S [2 |5 ~ (472 .3 s 2 = =7 97
X ~. th of cap) M LBVTALL R
g —mens e 1 .. T eR T Exe ¥ BRI eno eral W mo s eI 17 (WIS et st
- I e at L,
* 1l 2ormSpoc ~ oY 2964 Spos 23| 8" ' Spac=; ‘£q Spo »32° U_.,,/... ofwr) Fotol Wi Lhs A2 fal Wi ibs 176
Bars W 49 Fouel Spoces=400" || 13 o Bersw-51Ep Spm - a2-3° n:l,- '. - Freid banc rart ESTIMATED OQUANTITIES ESTIMATED QUANTITIES
A . ' \ LA st/ B Clnsr cbvrr/ Tten unit O ont wnf
CG -0-35 40 (36°52) ) CG-0-35-40 (85 ~00)0e hormatcromn [ Cancrete Tovas] 787
2(n shewad 3000 3 O ly . . [Ze nforcraSteel [Lbs Peinfore.nd 76. 'GQ
*S when skaw s Areoter thon '8°00" Bare 2 for 45" skam only TaBs E of- ./AE DIMS e A€ H CPAZ zamm nFr 555 1PoitinA R L 877 |
A _ o et L jEEsersspoc Q2 €22 o ‘ ‘
S orp %, Atradity . -7 ||femeTabres FLYY 5 SECTI N eartn HIIOGT Loacting i occordance with A4 SHO 196!
T - = Sym e S®e mzlfmﬁz “"’;"ﬂ‘z’x e ESCHﬁgg ::RU Storaard Specificotione, infenm mrisions Merers £ PPN 201 wec 9C
- % 3 &7 il By Y A1) concreta shall be Closs 4 Cramfer o/ aroosed corners
@ ¢ - i $' cxcent o8 noted
3 ";‘ 2-74 Dimers:ons to ~ainforcing stee/ are tc canters of pors
= 2 ] Des.gr etress for re~forcirg steel » 2G0COP 8
i ]1| - T = © e bend ooca Catoraanomn are o egnt B g Sxan eavarss for
L HalF Lanath Bor F P ror bl L@t Forword Skew
r’.‘_‘ndoblgro’ o e arath Bar or m”;:;’g’,:/ seecrer ocove Datorls of matal farms are ovo lable on requaat
HALF GIRDER SECTION AT € RDWY. . e
/8- 7}:¢" Sor s
7 7T T
I RS :
Face o Ra’l g4 Per Fe¢ - : ol o‘é E‘T
x f’/’CTOTUID/AGEAM /l}r/ur vy othereire 12 I iy .)1 '_‘1
. Bor 1 44T My ‘Nr‘. o lagout) P { HS 20 44 LOADING
o]~ [——— . ‘o DETAIL "a” Iy |« TEXAS HIGHWAY DEPARTMENT
—Sym »b; )
| Lt (Tym of! seewec so0s BARSF r 40-0"' CONCRETE SLAB
hd # | b e
% cowsrauction wores: o ] 7 AND GIRDER SPANS
i NEractor mMust pro. (e 00O Ote /NeaNs 2 noorting OUtS de Forme during "—‘Er b oan
i F000 (YD) ocament of concrate B savare Spens 0y re DE3T GNCROr BO/tS (See m0nS & 75T , 35-0" ROWY. 0'CURBS
3 2 Spoces ® 3-0°« ,_., O" COLOI/S, MOy CE wa/ded tn BaraM or o used far botr PUrPOSEs On 0/ Skewed 0O, - - - HS
16~ 108" ] v@ "UL OF CO./ L@ ONCHOr MOy O¢ we/ded to Bora M as o Ferm Support on'y, CG O 40 C 20)
k- DrOviced of 1808C ICONCrErs COrar (8 DOV Over 8uCh OF Chor s ACEQUOCE €X L8O/ BARS M -—} - |
bracing or Suooorts will be occeptoble.on all 3pane. T —ar. s [
HALF TYPICAL TRANSVERSE SECTION Borms Moy D8 SuODOrted rom-Dant Cape 0N’y ~her spac: ed or pent detaile feviser= Maren. 1968 -— Potue g
i

Fig. A.3. Texas Highway Department Plan Sheet, CG-0-35-40,

0r4



%0¢

Cortrecter rmay naich énd o cao #7 172147 LL OF CONST. GEINF. ST | ] 1 CING ST .
/.2 For oaser farm reeroval. Seated ¢ INT. BENT T A
- Y e d [ v LA B
1 1754 Eoge of ¢ —¢ Cao ats —Ta: 2
17 - 54 -7 bl € o) o 3
7 4F e Girdar. TR | . — \ Cel 2 791~ 10 6 723
o ‘4 ‘ol 29 Bore @ 414" A Spoces & 2 O /60 o 1] 3 ps g1 36 |
! ¢ Poodwoy | .insda face of Abut Backmall d « Spac S SO is.‘
00 M K senin s Y| g or Drotiea Shorts © . _HALF BENT PLAN_ 3 [ 2TV B K125 2]
a:k Typ for o!/ bents 17008 e ‘
NG L — 75y . 5% zof§ w4 F7 - 180] 65 24)
L - P ® n <4
Q A 7‘:1 “Oowe/ baro 16 Spoces @ [2-0" 320" Donat Wé/, (2 Baro s T An w3 1 _ Foir L sa51
N - ad T o = T —LE.[: K
— g2 B CTTTIT T 17 . B/LL OF VARIABLE RENF ST.
E— 7 R (000 0 g Lt 3 COL. INTERIOQ BENT
P N ! ) \A- TNV 260 5002 14 3 iy - |59 2 —
b 28 p2fna dors B _PLAN -2 sees 3;1 4 1:3’154@;9“3'/ C_s S >3 %
Cantorms to £no Bors C. 9 500 ;! S
Boounoy Cronr f*“”z‘raf. Sy e -kLLﬂ if S Ny PILE BENT T8 - 150
= £ * Asoement — _ — Tﬁ -
: == v ,—fﬁ e e T T I N _
i * — 4 T e e ) —Ar As —
= ol -
R E EaEES ia 1t
L s o 2 ot - ~ g _ - i =+t — P =+
Lgd‘._[ = ! | 2 Ar ﬂaw ~4 * S CTEYR TR L7 Totol Lbs 1077
14" 73:6° S 1Y Siiisiig ot ST S Ed =
s Ery 5 . 2£qs, y X FOOTINGS GNE INT BEN
Dors O 1‘1? < s "" = M*{%@%# <425 2 A HALF 7 pi NT FooruG PRESSuRES € || ESTIMATED QuANT,
Seocg -- * DRILLED SHAFT ABUTMENT @ Swr Loncrete Pip iy Daresss £EB4A0Y 17 ESTIMATED QUANTITIES CAPS 3 COLS
= N (F (ncluded 1n project) for abwrrmen ! 374 0 7o roe |5 z¢ Mnsure R Cassa[eye [Cross 2 B'mf
L onforms ta ELEVATION rragd s Ficatioms 2 2 ay =P o e £ Trtd s; qrmzcv ‘e (v /
freamay crenn T ol el pb - $8tea =2 siTt 5 =]
L — ~ 952N $ L H ~— £ lf’/ ERE-T AN A
T 1 1] Zro Dr e - +
T Triq I 2 WF1./40) TB BiLLOFatine STEEC I8 | ﬂg,:_lﬂs,L,‘_i%g Fogf 9 73 /24
= = 2:;_3;_»:)&‘7 CALF V.50 7 5 PILE BENT R T M S AW 7 |/ N TAWE 1/
LI &J L/‘l— N —l‘t %L . : _HALF - B e T | RS P ek [ ANE 370G {63/
Bors i~ zf;;-i 16226 Spa - 640 16156 or- 6011 b’ﬁ“ﬂ’”'ﬂ‘il 37 Gors Oy Y T yn ﬁs“’*ﬁ';“;% 80 oge e S i 5o ia T ia¢ —gas]
Soociné gl 79" X 7-9° 7:9" T 7-9° 'f/l‘ pacing s 1 Endt&_}i&‘ 71 4.2 % = 1359 o e <3 8 s 17 7 773
U ‘ E . N Ptnd # ' YTy e
was T _b - 34 X% $hn| 7107 {7 TS 17 | (4] (84
1£8-F L —P\L‘Q&C‘E#ngN “Doubie Bore O when ge ""’C'; E%?m Fl7 sl lao i [t tment Bond e vy | IR I T
_ELEVATION | both enas of 20078 00 14T ~ d ﬂ_—j/ 7 % Sho|l67 B N mert 7 T T
e bent ore Ficad R / o T
f . Teeadg s A, N8 =i S Gl LE BEY
BARSF 2 | - L0 o BiLL OF QEINF STEEL Trerm €3 L. AP Abet 50k €Ee
tIee H s 2 8 PiLe BENT Doccnakel 06 88 57 T3/ (31
e T A - Ze~*Steq) |io: (354 [/OT/
5“*95 ¥ A ™M ~Ctaal M piling erterd HALF v NT OncTSinct Fcodly l;:'i ~ ~ 1~ <
P RARa A N m,,, For uSw0! Kot el c‘nlmlo—v{n;u’hcm oras ~—
00, ’ wirara
o (.Tr D‘Q W’ a;pm/r:::-:hm ::;'dau Tt reed 25" 3% Fag| 1eg] CENETAL MO I
) - I!—*M Tor colomr bumts,or 20 for irestia pom benrs 13 ;’ AT - Nesign ! HSA0-#¢ Loo g i occortbnce with 425l
R +  Camtormny tre 7B lewing s Se piing . Ee % 397 522 Scac, T Beyseins W ol PR D4 S 4L
i corcrete S0 1] rr3 Leal -,
‘ QOrdla Quinforcad Concrele: /5 spuonca 4 :
BAQS E BArzs r] Bate p . N PART PLAN QF CAP Basigswed Comrere I sgere ¥ __Towi 23] rorrersta o ./;: ’;;::r:,,:;;:./: wtoceters of oo
” it g . T R 2t Dol Bl 4 i to & 4
T » s S/ cwing Stea "' Long Sraas N Pung £ BLIS M:;’o’;:;' ahown ALL OF TEINF STEEL Desgmstrass ton e ceaer r 200000,
0 - . . T
Pororal to Rodanay Grode ” M OPe oy varer ™ o508 cotumne . 7 . Qereons of 7 PILE BEN
e \ 2 & N ¢ reoler col s el r 4 60' Comtractor moy crmit o/tarnote vertica) dr.11ed
‘L{j’ A o) T:;/l/.bz’z;:.d s: 5 4 /5 Shaft bors from 5 T pelow ground /ing £o
SECT C-C \ COLSECT. [ §rarinmator corms| ® 7] sotcomor oreg spare
| [ ¥ gnens anaen . S HIGHWAY DEPARTMENT
o S R Vgt othurwse om Ar = - TE XAS H ! -
R ¥ e Ssie ] BENTS FOR 40-0° CONCRETE
PR M| yorevod for SLAB AND GIRDER SPANS
SN g i $horts i
Y . " e g3 Yoomictorss for T 350"ROWY 0" CURBS
¥lghe : S 8 racd FIas 8, Ao. LITP
S~ § N - BCG -0 ~-35-4Q(HS 20
T A > 8, miieof Struch K ICEIN alam] e amma ] W
BARS M W . B S Excavaton For PECT
WINGWALL ELEVATION (Dritied Shoft Acuﬂ Epm Abut.) . poymen : w Maran Mef = [1-@1 E | =
s & e By urofoasepﬁ HAFT FILAT T e .

Fig. A.4,

Texas Highway Department Plan Sheet,

BCG-0-35-40.



g

X ik A e i
&ordet) O -;b ‘ |
cow i g I L el . .
3%] £y -503"
"3 (IR A g

Conkoms fo Rofwiy Crowm om skaw.

i -

€ Aov/mmnt
~f

WA Sy Camery bu Bip Bup Luiwe is DOSO0PY
LIF 10 a1 1y s 1) o i ovmtrnt

msdifications

£ Reoduay - L 4 B i b . _—
{’ rog 4 T AT Egl o T
ey = i ¥ N - s
—_ Tal= ey B/ e
(6 51~ 30 }_ T
2 Y o 2E3 € b [
L R By 3 -~ 19 W I [oRCF A ¥
Sione e of cup te con! ,_93 74 [ ol ; T
o Bowsisy crowe ar tupcal forait buws T2 1L 6L = K Rl &
N 5 781 se 1|21y ) AU N i K7
Col FPRT- L £ - IR ARA pT]
7 Fl23 "€ PP 5§ * T ¥ 4
A v % A L3 7'
mi OF vaziasie cewr o7 Ho Ko ’0. 3}-—‘ g 3
4 Counremor eent [ e STy BN W]
Y & 7% 1 > 7 ] E“m" T 37
- £ T b - e 4d]
i N o -
73 o Thi v e .
i3 Y I T G - 40| 48
i 37 (48 -
i F"i]" —r
JEZIF 7. | M h—
Cirds alid | : !
7 ae 19 T i I R
¥ e Tcta/ Lbx Forar it
G N powrte 7 se i FOOTINGS OnE [WT, BEMT
L , 77 FCOTING PRESSURES £ EBTIAATEE (RIANT
- Bara b ESYINATED 0 AT - T185 ZARPY 4 COLS
s - — Tt Praseore % I oysd T mas W Gt
i % wow S xe g N e core A <
veee } '™ EPL AN 3 A
L. e P 47
: - I R R el s
: vy 7
FO L% | 224 w7t
ik OF GRINE STEP pet
e e e - w0 Tap [ e o2
e O
N o wﬁ ;
A rw‘ s - );4'9' $37/
1
W
E T
P12 % T ¥y
C 124 76 I 6" -
; e e’
Bl OF QEME 5T aNTEs PO
. ;s
9 BILE AENT i LI A
S LG M Gl w180 8 ;mr: Stee? gpai {@ B
vy m-rm‘ G C’m(o copl foe B0l 30 G conatructon conditora, farms e TSt e ""’1 oid hand
ey BE SuEpOT e From ks of bent zop alwea -

nma!e( oF bunt abovs
o COkwnrt Lmnts, or

LA e AT et
+ E i
CART PLAN OF CAP

ek LG A Gt )
PS"O #é £ Rooawcrn, Varas of Outmde Cwe

i
WINGWAL L ELEV

Fig. A.5.

Texas Highway Department Plan Sheet,

oy

t

v'e

4

> Shott

2

3 S Sha

Liur Bart iy

e Moodeay

o
% yes

%\:

coes nof gicees 75
For (raatin piin Deres
cam-ama the &;.‘/o-m! NN S STl
Dratrmry &«q/:fz‘d(‘mmm-fs m
“‘csfw Comrate = 4"
Seew, A Ay, 12 BO33 of armd OF Ny

NOTES

7

Bortions of Z P

v
TIELIOr COREE

2 0bOve grovd

7 Skl g Formed
! s;,p: —atar Formy
LriEss $hOwr

E Oth g el Or
L loyout sneec

. price td For

3 Soreod &ta s,
KIX S NE N

Aten

Z7

e
Ore

TGl 5wt

it T smak s,
,5, Omit Bors § Ffor

GENERAL NOTEE”
Twagn: M I0OAE Looong «1 cccorance win A ASKE
S5k Stct Sowc, Inferire 06 s s Hherett snd PR 804 Sec. 4]
8 cuecewie Yr3. e sz AT Cromier 0 gxposed
v ormacy Y inigay ctracwise ~oted

Zimengigrs me:oting o r€ ~f Star/ 2ra tocatars of bary

legn atruss ¥or ~erf stael v 20000pm

I etnes Brown ore for mgrt fo-ward skew @ever se For]
Rt Forword skew

Lontractpe may st DILernote ver tica/ O ikd
sraft bars Crom 50 telow groond in O
LOLtam OF Gr./eo 5HofL.

HS20-44 .0ADNG
TEXAS MIGHWAY DEPARTMENT

BENTS FOR 40-0 CONCRETE
SLAB AND GIRDER SPANS

350 RDWY 0"CURBS
-0 -38 -4 _(9500)04520 ]
=TT
winke Marru WEE Lo E'—‘ﬁ' —
— -3 .

| I .

BCG-0-35-40 (45°-00"').

50¢



a3 D
— ar-9" ) . 57, aht
/7 EgSpa [0” 30 Eq Spo.r 24-9/4° 3"~ Bdrm 2 ==
' < 2% - Spoc. 77T~ 4~ 260_]
— F F 2%_1 70 | ~ [ 2250 7
— = e . i, (T n] 6 09|
———= He 66 (23 1onnl 61| /37
Mels I\ -~ Z K |68 (%3 10" 6-9°| /73
C [a4 — |37 /
E.’:c ﬂ“" i Mg de, (37 %5 [Shn /155“_
- Ng [Mcrgl 36 Shint?-iias]| 675
] L ’p‘ Ne 4| ~ (47" € 4.
LT = b IoaT=e I~ [g=2 4o
Vi W Bl % |~ [5-&
0 s 2% [~ (e 77
£2c — I
: W |88 "4 [/0' 367 729
. P I |
% - Totol Wi Lhs | /2018 Tato! Wi Lbg. |/2,350 Tolol WE LBs /3,570 |
®L A = == = .. W T e f} | E5TIMATED QUANTTIES | FSTMATES QUANTITIES | ESTIMATED QUANTITIES
~ « &5 Bars w48 mousl Speces-3%6° 8" i . “Ttem Uni€t _[Quont. Ttem Unit Yy ITtem Unie [Ovont |
z Tyorcel of ol! spam ‘”‘—-—"—ﬁ—s‘u;‘k‘. e Lar {753 4 N Er et Teoren] §20 (O coete o] B0 oo et leveal 75
v CG -0-3340 CG-0-33-40 {14°-07) 84| Bors w: 40 Equar Spaces  40-4" [ ® ' [Esinoreing Stestl Los 7500 (BeinforcingStacl | Lbs Zeindorcing Steel |Lbg. 173,570
3 por o 6-5b a3 10" : o et oiling inFEt! 840 |Pailing Lir REL &7, Di7ingk AN LXK
NI 0 ) R — - Y - y CG -0-33-40 26-34) \
g e EqgSpo.r /T-6M), 8" tor M fpo 2. 36Eq Spp. - F0-27 07 18 £ - 3~ Bor M Spoc. 6 -0 334003655 TG-0-33 -40 (85~
- e Type ‘a* ¢ S e ga%rf—o—‘—g?zgm‘
» L w, | i ype ~ . TLL OF BETAFORCIA /A [-27%N 1 IFORC NG STEEL
- / e i Bor  vo Bzel L 2 At A€ 7o J5ixe) ght ]
=i~ % e 2e (9] =~ Taz-8 FLE |0d |77/ | ~ 43475525
~ 124 | ~ 134-0°[ 3577 | £ (24 %0 “O% 3615
303 [SAR 67 i?é i, [330,%3
M1 “Cromren <] e L AL K Y e =
Lk Me——TT| I, X 2 T Tk [ca %3
' i Mes i VR N T T R R N
o 1 A AR LD 03 T3 |74 1>
bl * .73 Shnl7; 74 |%:
Y " ' ﬁ'lvp.-/f orT oS e "Aspreit Boord{Bntire iength = ~ &) /4 AI? L
S - b / bbl-rsind S o, | of cap)On beg aeat wih G oil | Br] ERT - W F2 5
¢ A —=- e ovoty (Fin € Eings $ecie., N PPy Py COUt of pomcradgrastute] Zal 2F R Al ST T A
N =z 2 4 2ot mots ol Entie S 12 |* ~ #4727 86 [s5 12 |[%5
e - \ lergth of cop) W {106
Ryl ven EXTGIRJT EXRJT  EXPJT  END BRG{Y. o7 36T F3E (7 [ad ¥
M.
» Ttol Wt Loy 173,903 Totol We ubos 114753
ESTIMATED QUANTITIES | ESTIMATED QUANTITIES
o+ 0 oy Tten Unit 2. Tiem Uit 3
CG -0-23-40(36*52) T A Cancrete = 8 |C/ N Concrate  [Cuvds| A2
£ skewsasoors oty . . ww, 78,335 [Eainforcirg sieer | Lbs. (74, 7BY]
* 5 wher skaw s greccer thon 15°00" Bars 7 for 45° skew only. ; A; HSPAG 0ilind. AEC 85,5 [Poilind LinFL] 877
P "o Py -9 a2 9 g8
. a g . c D!E fﬂsar:.s'ac Vi W b TR -
5 0r M, ey AH2 Bl N — M e Tob/e) Ll Deeign N2 — 44 Loading i occordonca itk AASHO 196/
T L s R s s el il it TS Ty Syr ot & 7/@ 7 Stondard Specifications. and Inferim ravsions “Hereo
* . H T I 11 B P 2l 4Ail concrate shoil bk Closs & Chomfer 0! Broared Cormers
> i [ e = e 4 : o o #1/‘ y ¥ exceot ae rotea.
~ % w w2 : Ed LYYl WX S8 I Dumersions to reinfoercing Steel are to center- e of bors.
— — —- — - _ Ons-g4n SIre:s For ra: ~forcing siee!/ *2C0COp & ;.
“—[ 1 oV cermtn Bar 2 + o Aar 1@ 4 of Oirder " [k bend bars Datie shav ore For €ant Sorword Skem Rave-se For
- IE Lary - " rewde, Tt Forvord Ske:
5 For spon langth /0n 260 Lot Forao ~
; g e o S anath Gar T s ot el " 200Te Oatorls of mais! <orms are ovo-lobit o, ~equest.
P | — Pay Quariity o Chass 4 Concrara will ba Piar: Quant:Ay
__HALF GIRDER SECTION AT t RDWY, o P which incluckes comnorake repuired fiv- Screed! Carmbur
— Rad Sorm Lo
IF % 5" _ "
M)
. $rarFe GE.? N
Face offart | I'§Y) TS CROWA DIAGRAM (Urles shoms oRerem ~ [ :l
M ~ o7 daspew P = | o — o H2( — 44 LOADING
e = e DETAIL "A" S8 |2s818 l2] TEKAS HIGHWAY DEPARTMENT
', N P2l 'K : -Syrn e '\ —
ﬂg . _ > o B o) _BaRSR _pagse 4C-0' CONCRETE SLAB
P f .
m b Y S CONSTRUCTICN NATES: AND GIRDER SPANS
3 ! L 2o ’ Cantroctar must nrovics OoRaOte reons OF 3 ~oc Ling outs.oe Forms duing o -
o 2t3d e e e * P T90)  ocament of concrate. On Souore 30ons Srly,renl OC3: anchor bolts(3ee roiing o’ ‘,;ao. 33'-0  ROWY. O CURBS
L/ 5 _"g';,‘,c‘. $3-0°«15-0" v j 2 cRtnig) Moy D& we/Ted (O BarsM an used fOr bOth purposes. Gn o/ Stewed S00Ms, .
L 6= 108" 27—t © 3/6ave ~ul O cOvl ti@ ONEACr MOy L woided €0 Bors M ag o Form support anly, CG -0-33 ‘40 —
- Provsded ot 16aE! I°CONCrate Cover /8 Proviowd over 3UCh Onchors. Adey: ote extema BARS M - ] e | A
| F - . brocng or Suaoorts wit be occeptobie-on ol Spons. — o Joume
HALF TYPICAL TRANSVERSE SECTICH Forms moy ba Suoror ted fr o bent Cops Only wren speciFied on Dent Jeta!s. 4 1 ] l-.-{-"‘l& -
XS | 1

Fig. A.6. Texas Highway Department Plan Sheet, CG-0-33-40.

902



Fig. A.7.

CamIroctoc may rnofch wow o putsite Gorder * ST, Bill OF CEWFORCING STEEL, =
oF Caps W R wasiar faewn sken MTCAP FT adot | b T
: — o3 2421 ~ EXATDE) -
o3gs N Fa t Cop 7‘\ Cr B 7« 23 AR TAL B /s
o & { TS Do Bor © o ‘ql t 5s~-cf’/a_g_
& ; & o or O[3 & Soos 207 ME° £ KR ANN- K P RFEL AW,
K - /omafAmcooch Sooe HALF BENT PLA ve PR IERUBEE AT <1 % b 5 3
d - P 3 < &% 3
£ & Pinpor Driiad Shafis Ty o o1 DAt s A §3 CRERC AEN7r il L Z
o' 7 ;T A ) EA Y -~ T " b;p AT R gy 2§ as *: AT WL
~ Y—<77 2= L_Lg ™ r z ] 3 i T CACEANT] ™Y DAk AT abe W o
® T 15ioad -Dowa’ Bar & 16 Soocds® 2.0 3207 Dowe’ Sor & 3é A £y i gz,») Totol (b1 7IOZ] | Jxl & |75 0 52 A = 2 fﬁ
> 4, - * I M >
e o 84 % LIARINERRACABRRRE ERES S KRN SN Bii OF vaguesLE Gemr ST) Lok 2ALIe SO e
1 38 7% SALEE . LER ey AI s coL nTeRior Bent | T .
2t Soe 4 ) Tap Ne 7 Pe 27 re| &
PLAN . ) [l g arsCinite e ,
Conforms to Qooawoy 50" End Bor € -3 (&3] i
Cromn an shan < e g O g EE S 1 b
| 37 LESENSCY Yy M Abutment * ; 32 -
| s B e ek = — S7lezll
R i T I et T r)
. I H V- - et _45_& e .
-—ﬁ%F: == ¥ A BRI i ™ 2 | - e - poe -
R Seee & HI I e Vs a EZITTEA| SN S S  reed
7 — L o P
T~cs o G N fG) e o £ O & J "% 220 500 o T ; ; et T T Yot Lk
o L rEREC gy ~Ci s : P 48N P s FOOTINGS ONE TNT BEUT
<% 35 2] ELaud Sooes =9-1 6] - 42 ES Y-221833] FOOTIMG PRIESSURES & ESTHAATED QUANT,
= «3-’4; ) ;“}‘ S 7 ;ﬁ %;— ESTHAATED QUM TITIES CAPAND 3 COLS
wue ORILLED SHAFT ABUTMENT 080 Ser Canrre o o rdwis £OE : e T Etagare K asa Ry v Toves 5 Geirt
VATION LB Y S i bt w5 o0 pwc ) RS + woe 1S re R e O} o LY. Stee!
R R R bt rrvers P rornl Fhom S ti__ I T s — —
Sromr o Skew - . ;; , E M Lo P % 1 3%
N bt Soulment h BLETETT 35 % W B T97 /507
F = L N ki LY 77 S (95 | /536
¢ | T s : : 4 :
- i R R T TTE Ty - BiLL OF QEIE STERY
T T e T PERRE MY, RE— St mewr
G AT LA S
- ] -0 AR A G g L. M LA M. | roroe A2
& spa's*-rEf/qu.ws-amsfospb:’-r/é'_fcqéo_a-ﬂfé‘gQ[{fqaewa'?‘vﬁ?!%,_ 112 Fal~ ¥
5
‘“—gjgm TR
SN *#s  DILING ABUTMENT .—\@ e _g;__% T T
¢ Fon -3l "%ﬁm IR
Slgl At ] T
B OF RENJPF. STELL
J PILE BENT AT ren eyl LN
R 4N Vo S/ 7 Scemi ipa] T3
~Seens M pilirg (axtend HALE ELE - 1 i) St 5 'm% e
\ D v of Gt com) Pae sl s ood ] LI e -RED _Qg; —
- . b 30 R md:"h;:m a:':; Sy 7 8 T~ e ryeperre
P o) of dant cowve grownd coes evcan. 4 e o wrte AL G
"J‘—'IL_ e Ar":dnm bunrs, an 2O for lrartie pit ants ez RO, 44 Loadok D orormonse min
£ s o § " 186 50 Souch it erim Aevisrons Tire
3 tovs onsivg tha KoNewsng mirniowuwr rae piivy 5 rercrete At - egCuwst Cremfe- @it arzoaed
PART PLAN OF CAP Gty Aanforced Cunemie -3 1o trrars %’ oo eas = tre-mse rctas o
T . S . - i : = e g OF rg N & ~f 5008/ 0T b cartars = bor s
Browrg Steal " o e ST 4" g < 12 B39 o arvanres o shosn ;z:ﬁsg,"ﬂﬂw B cewar o P00CODS .
P 8 * otz cowmry i o3 Bert o of et sz sre Yo - ANt forword skew Qever se ford
o aroiiel o Raw, Grace T e e (ANl - > IR AL Fpran d shgw
: ) NS . Db V,,. ,-;Dnd\ F Cor troctor moy ot 2'tarate var ticat o~ red
VVVVVVVVV T e c;ww' formea | SPoFt bars from 5 beiow grovnd hire 1O
If\ COL SECT /\s with ~wto: form3 Lot o oF df"‘;f{on'y‘.s:nftv -
:’ U E :»::::';“ TERAS HIGHWAY DEPARTMENT
o P % voue 3ot BENTS FOR 40-0 CONCRETE
& o &‘Wrudau’mwl R SPANS
B Al Yoo SLAB AND GIRDER SPA
i MG INOFLS. 2 et >
T 3 g’sm.taovssfor -3 33-0"ROWY 0" CURBS
¥ E N k g § Sereod Frars, 5 . 34)
Congt g . 3 Q{x!(‘ ] > - - = -
Aosrit R 3’ o S famue—-rs:u—z b I 5 1 3 T
WINGWALL ELEVATION ‘M(Dmﬂcdsf?ft Abnty X et o 1 1 - Feiaisla
' P e peror st on ey TREEPR ppoe i~ = e,

Texas Highway Department Plan Sheet, BCG-0-33-40 (26°-34"),

L0¢



This page replaces an intentionally blank page in the original --- CTR Library Digitization Team



BIBLIOGRAPHY



This page replaces an intentionally blank page in the original.
-- CTR Library Digitization Team



10.

11.

12.

BIBLIOGRAPHY

Aldridge, W. W. '"Ultimate Strength Tests of Model Reinforced Concrete
Folded Plate Structures,'" unpublished Ph.D. dissertation, The Univer-
sity of Texas, 1966.

American Association of State Highway Officials. Standard Specifications

for Highway Bridges, Ninth Edition, 1965.

American Concrete Institute. Building Code Requirements for Reinforced
Concrete (ACI-318), Detroit, Michigan, June 1963.

Ang., H. H., and Lopez, L. A. '"Flexural Analysis of Elastic Plastic

Rectangular Plates,'" Conference Preprint 478, ASCE Structural Engineering

Conference, Seattle, Washington, May 8-12, 1967.

Best, B. C., and Rowe, R. E. "Abnormal Loading on Composite Slab
Bridges,' Cement and Concrete Association, Research Report No. 7,
October 1959,

Guyon, Y. '"Calcul des ponts larges a poutres multiples solidarisees
par des entretoises," Annales des Ponts et Chaussees, No. 24,
September-October, 1946,

Guyon, Y. "Calcul des ponts dalles,' Annales des Ponts et Chaussees,
Vol. 119, No. 29, 1949,

Hendry, A. W., and Jaeger, L. G. The Analysis of Grid Frameworks and
Related Structures, Chatto and Windus, London, 1958.

Hetenyi, M. "A Method for Calculating Grillage Beams,'" S. Timoshenko,
60th Anniversary Volume, New York, 1938.

Hudson, W. R., and Matlock, H. 'Discontinuous Orthotropic Plates and
Pavement Slabs," Research Report 56-6, Center for Highway Research,
The University of Texas, Austin, May 1966.

Hudson, W. R., and Matlock, H. '"Discrete-Element Analysis for Discon-
tinuous Plates,' Journal of the Structural Division, ASCE, Vol. 94,
No. ST10, Proc. Paper 6157, October 1968.

Lazarides, T. O. '"The Design and Analysis of Openwork Prestressed
Concrete Beam Grillages,'" Civil Engineering and Public Works Review,
Vols. 47 and 48, June 1952.

211



212

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Lee, C. E. "A Portable Electronic Scale for Weighing Vehicles in
Motion,'" Paper prepared for presentation at the 45th Annual Meeting
of the Highway Research Board, January 17-21, 1966.

Leonhardt, E., and Andra, W. Die veremfachte Tragerrost berechnung
(The Calculation of Grillage Beams). Julius Hoffman Press, Stuttgart,
1950.

Leyendecker, E. V., Armstrong, T. A., and Breen, J. E. "Field Testing
of Concrete Slab and Girder Bridges,'" Research Report 94-2, Center for
Highway Research, The University of Texas at Austin, September 1968.

Leyendecker, E. V., and Breen, J. E. '"Structural Modeling Techniques
for Concrete Slab and Girder Bridges," Center for Highway Research,
The University of Texas at Austin, August 1968.

Lightfoot, E., and Sawko, F. '"The Analysis of Grid Frameworks and Floor
Systems by Electronic Computer,” The Structural Engineer, Vol. 38, No. 3,
March 1960.

Little, G., and Rowe, R. E. '"Load Distribution in Multi-Webbed Bridge
Structures from Tests on Plastic Models,' Magazine of Concrete Research,
Vol. 7, No. 21, November 1955,

Matlock, H., and Haliburton, T. A. YA Finite-Element Method of Solution
for Linearly Elastic Beam-Columns,' Research Report 56-1, Center for
Highway Research, The University of Texas, Austin, September 1968.

Massonnet, C. 'Methode de Calcul des Ponts a poutres multiples tenant
compte de leur resistance a la torsion'" (Method of Calculation of
Bridges with Several Longitudinal Beams, Taking into Consideration Their
Torsional Resistance), Surich, International Association for Bridge and
Structural Engineering, Publications Vol. 10, 1950.

Mattock, A. H., and Kaar, P. H. '"Precast-Prestressed Concrete Bridges.
6. Test of Half-Scale Highway Bridge Continuous over Two Spans,"
Journal of the PCA Research and Development Laboratories, Vol. 3, No. 3,
September 1961.

Morice, P. B., and Little,G. 'Load Distribution in Prestressed Concrete
Bridge Systems," The Structural Engineer, Vol. 32, No. 3, March 1954.

Morice, P. B., and Little, G, Analysis of Right Bridge Decks Subijected
to Abnormal Loading, London, Cement and Concrete Association, July 1956.

Morice, P. B., and Little, G. 'Load Tests on a Small Prestressed Concrete
Highway Bridge," Proceedings of the Conference on the Correlation between
Calculated and Observed Stresses and Displacements in Structures. Insti-
tution of Civil Engineers. 21lst-22nd September 1955.

Morice, P. B., Little, G., and Rowe, R. E. Design Curves for the
Effects of Concentrated Loads on Concrete Bridge Decks, London, Cement
and Concrete Association, July 1956,




26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

213

Newmark, N. M. "A Distribution Procedure for the Analysis of Slabs
Continuous over Flexible Beams,'" Bulletin No. 304, University of
Illinois Engineering Experiment Station (1938).

Newmark, N. M., and Siess, C. P. 'Moments in I-Beam Bridges,"
Bulletin No. 336, University of Illinois Engineering Experiment
Station (1942).

Newmark, N. M., and Siess, C. P. 'Design of Slab and Stringer Highway
Bridges," Public Roads, Vol. 28, No. 7, January-February-March, 1943.

Newmark, N. M., Siess, C. P., and Peckham, W. M. "Studies of Slab and
Beam Highway Bridges: Part II--Tests of Simple Span Skew I-Beam
Bridges,' Bulletin No. 375, University of Illinois Engineering Experiment
Station (1948).

Newmark, N. M., Siess, C. P.,, and Penman, R. R. '"Studies of Slab and
Beam Highway Bridges: Part I--Tests of Simple Span Right I-Beam
Bridges,' Bulletin No. 363, University of Illinois Engineering Experi-
ment Station (1946).

Panak, J. J., and Matlock, H. "A Discrete-Element Method of Multiple
Loading Analysis for Two-Way Bridge Floor Slabs," Research Report 56-13,
Center for Highway Research, The University of Texas at Austin, August
1968.

Pippard, A. J. S., and De Waele, J. P. A, "The Loading of Intercon-
nected Bridge Girders,'" Journal of the Institution of Civil Engineers,
Vol. 10, No. 1, November 1938.

Reynolds, G. C. '"The Strength of Prestressed Concrete Grillage Bridges,"
Cement and Concrete Association. London. Technical Report TRA/228.
June 1957.

Repa, J. V. "Flexural Stiffness Redistribution in Typical Highway
Bents,'" M,S. thesis in progress, The University of Texas at Austin,
September 1969.

Rowe, R. E. '"A Load Distribution Theory for Bridge Slabs Allowing for
the Effect of Poisson's Ratio," Magazine of Concrete Research, Vol. 7,
No. 20, July 1955.

Rowe, R. E. "Load Distribution in No-Torsion Bridge Grillages with
Various Support Conditions,'" Cement and Concrete Association, Technical
Report TRA /247, March 1957,

Rowe, R, E. '"Load Distribution in Bridge Slabs (with special reference
to transverse bending moments determined from tests on three prestressed
concrete slabs)," Magazine of Concrete Research, Vol. 9, No. 27,

November 1957.



214

38.

39.

40.

41,

42.

43,

44,

45,

46.

Rowe, R. E. !'"The Analysis and Testing of a Type of Bridge Suitable for
Medium Right Spans Subjected to Abnormal Loading,' Cement and Concrete
Association, Research Report No. 6, November 1958.

Rowe, R. E. ‘'"Loading Tests on Two Prestressed Concrete Highway Bridges,"
Proceedings of the Institution of Civil Engineers, Vol. 13, August 1959.

Rowe, R. E. Concrete Bridge Design (Design Curves), John Wiley and Sons,
Inc., New York, 1962.

Sokolnikoff, I. S., and Sokolnikoff, E. S. Higher Mathematics for
Engineers and Physicists, 2nd edition, McGraw-Hill, New York, 1941.

Spiegel, M. R. Theory and Problem of Statistics. Schaum's Outline
Series. New York: McGraw-Hill Book Company, 1961.

Stelzer, C. F., and Hudson, W. R. "A Direct Computer Solution for
Plates and Pavement Slabs,'" Research Report 56-9, Center for Highway
Research, The University of Texas at Austin, October 1967.

Texas Highway Department. Regulations for Qversize-Overweight Permits.
Austin, Texas, Revised September 1, 1965.

Timoshenko, S., and Woinowsky-Kreiger, S. Theory of Plates and Shells
(Engineering Society Monographs), 2nd edition, McGraw-Hill, New York,
1959.

U. S. Department of Commerce, Bureau of Public Roads. Strength and
Serviceability Criteria, Reinforced Concrete Members, Ultimate Design,
Washington, D.C., August 1966.




	Title Page

	Preface

	Abstract

	Table of Contents

	List of Figures

	Notation

	Chapter I Introduction

	Chapter II Direct Model Similitude

	Chapter III Model Technology

	Chapter IV Model Reliability

	Chapter V Mathematical Analysis

	Chapter VI Experimental Study

	Chapter VII Test Results

	Chapter VIII Conclusions and Recommendations

	Appendix A Prototype Bridge Plans

	Bibliography




