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ABSTRACT

This is the first of a three volume sequence as follows:
Vol. I - Design, Construction, Instrumentation and Loading; Vol. II -
Reduction, Analysis and Interpretation of Results; and Vol. III - De-
tailed Tables of Experimental and Analytical Results. In the present
volume a detailed study of the instrumentation, construction and testing
of a large scale, horizontally curved, two span, four cell, reinforced
concrete box girder bridge model is presented. The selection of the
model scale, the choice and location of instrumentation, and the system
of data acquisition are discussed; The reinforcement and the dimensions
of the model are given. A complete description of the experimental pro-
gram is presented. A loading schedule incorporating the various types of
loading, support conditions and stress levels is described. Results of

control tests on steel and concrete are given.

KEYWORDS

Curved box girder bridge; continuous box girder; reinforced concrete
model; large scale model; experimental study; dead load; live load;
overloads; ultimate strength; measurement of reactions, deflections and

strains.
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1. INTRODUCTION

1.1 Objective

The objective of the investigation was the construction, instru-
mentation and testing of a horizontally curved, continuous, two span, four
cell, reinforced concrete box girder bridge model, Fig. 1.1, so as to pro-
duce reliable experimental data on curved box girder bridge behavior, with
emphasis on load distribution among girders, and to compare these findings
with results from analytical studies to evaluate the validity of analytical
methods used for design. In order to ascertain the effect of the curvature
on the structural response,the results were also to be compared with the
experimental results from a similar straight box girder bridge previously
tested and reported on in detail [9, 10, 11]. The effects of several load-
ing and support conditions and the importance of a midspan diaphragm with
reference to Toad distribution characteristics were also to be assessed.

These studies were to be carried out for dead Toad,for point
loads placed over the girder webs at selected locations, and for vehicle
type loads. The point loads were to be applied after the bridge model had
been subjected to working Tload stresses as well as high levels of overload.
A final loading to failure was to be applied to study ultimate strength
behavior and modes of failure.

The adequacy of existing design procedures for box girder bridges
was to be evaluated on the basis of the results of the investigation and
suggested improvements were to be made in these procedures where deemed
appropriate.

The present volume is the first of a three volume sequence on
the "Structural Behavior of a Curved Two Span Reinforced Concrete Box

Girder Bridge Model." The material included in each volume is as follows:
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Vol. I - Design, Construction, Instrumentation and Loading.
Vol. II - Reduction, Analysis and Interpretation of Results.

Vol. III - Detailed Tables of Experimental and Analytical Results.

1.2 General Remarks

Bridge systems of various types are extensively used in the high-
way network of California, the United States and elsewhere. The reinforced
concrete box girder or hollow girder type of bridge began to be employed
some thirty years ago in Europe where materials, as opposed to labor, were
then relatively expensive. The use of intricate formwork enables the con-
nection of plate-like elements to obtain a cellular or box-like structure,
Fig. 1.2, that is rigid and has a high resistance fo torsional moments.
Through extensive use, the box girder bridge has become economically com-
petitive and is at the same time aesthetically attractive in appearance.
The Tatter fact is of importance especially when freeways énd highway
systems penetrate populated industrial and residential districts. The box
girder bridge is a smooth, functiona] structure with the added asset of
providing space within itself to carry utilities safely. It also can easily
be adapted to the complex geometry required from the design of the highway
itself.

As a natural development of all these qualities, the use of box
girder bridges in reinforced and prestressed concrete has increased tre-
mendously, particularly throughout California where contractors have acquired
familiarity with their construction. In the span ranges between 60 ft. and
100 ft., reinforced concrete bridges are used, while for the Tonger spans
becoming more prevalent today, post-tensioned prestressed bridges are used
extensively. In terms of the total bridge deck area built in California

each year, the percentage for cast-in-place, reinforced plus prestressed,



box girder bridges was 66%, 66%, 78%, 84% for 1968, 1969, 1970, 1971 respec-
tively. |

A typical concrete box girder bridge, Fig. 1.2, consists of a top
and bottom slab monolithically joined to each other by vertical webs to
form a box-Tike or cellular structure. Most box girder bridges are also
provided with transverse diaphragms at the ends and at points of interior
support. Other structural characteristics include interior diaphragms
between supports and sloping or rounded exterior webs. Plan geometries
may be straight, curved, skew or of an arbitrary nature to adapt to the
highway alignment.

Continuous bridges are often improved in appearance by the pro-
vision of single column bents at the interior supports.

A study of over 200 box girder bridges in California [1] reveals
that the majority of the bridges had a depth-span ratio ranging from 0.050
to 0.065, a top slab-thickness of 6 to 7 in., a bottom slab thickness of
5 1/2 in. and web thicknesses of 8 in. Typical cell widths were between
7 and 9 ft., with most bridges possessing 3 to 9 cells.

In spite of the variety of box girder bridges in use, most design
calculations for these bridges depend on simple empirical formulas that do
not always reflect the true behavior of the structural system. Thus, cur-
rent design methods for continuous box girder bridges of the type built and
tested in this investigation are based on considering either typical repeat-
ing units of the cross-section as independent continuous beams or the entire
cross-section as a whole unit. For transverse and longitudinal slab moments,
as well as for the study of wheel Toads on bridge decks, empirical expres-
sions are used. The effect of the curvature in the horizontal plane is in
many cases neglected, or included by using approximations or engineering

judgement only.
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In view of the above, it is evident that for considerations of
efficiency and economy, theoretical and experimental work dealing with
curved box girder bridges is necessary to improve the design of this

important bridge type.

1.3 Previous Studies

Because of their widespread use in California, a continuing
program of research on box girder bridges has been conducted at the Univer-
sity of California at Berkeley for several years. A systematic plan was
initially developed to study successively straight, simple and continuous
bridges, skew bridge and curved bridges. For each of these configurations
the approach has been to: (1) study the available literature; (2) develop
analytical methods and general computer programs; (3) perform experimental
studies on elastic models to verify the analytical methods developed if
deemed nécessary; (4) make analytical parameter studies; (5) test large
scale reinforced concrete models or prototypes; and (6) develop recommended
design procedures. The results of this research have been reported in a
series of research reports [1 - 16] and technical papers [17 - 27].

Of particular interest to the present study are references 6, 7,
8 and 12, which describe analytical methods and computer programs which can
be used to analyze curved box girder bridges. Reference 8 presents a
comprehensive study of the analysis and design of curved box girder bridges.
It describes the following subjects: (1) bridge geometric parameters as
governed by highway design; (2) methods of analysis; (3) computer pro-
grams for analysis; (4) structural behavior of curved box girder bridges
based on the analysis of bridges with various parameter changes; and
(5) tentative design recommendations. Reference 16 presents the results

of a detailed experimental study of six small scale aluminum models of a



four cell curved box girder bridge. Several spans and midspan diaphragm
conditions were investigated. Experimental results from these elastic
models were compared with analytical results to verify the methods of
analysis previously developed for uncracked homogeneous systems. In the
present study, a large scale curved reinforced concrete model was

tested to evaluate the validity of these same analytical methods in pre-
dicting the structural response of an actual structure, which experiences
cracking and is non-homogeneous, being composed of concrete and steel rein-
forcement.

Few comprehensive experimental and analytical studies of rein-
forced concrete box girder bridges have been made to date. For straight
bridges, results presented by Davis et al [28], and in the work by Scordelis
et al [9, 10, 11], which preceded the present investigation, gave valuable
information on the behavior of straight box girder bridges both at the
working stress level and at failure.

Because of the large increase in highway construction in the
United States during the past decade, an extensive nationwide program of
research on the structural behavior of various types of bridges has been
undertaken at a number of other institutions in addition to the University
of California. Investigations at various institutions have tended to con-
centrate on bridge types common to the local state or area. A comprehen-
sive investigation of curved girder bridges (primarily steel) is being con-
ducted by a Consortium of University Research Teams (CURT) consisting of
Syracuse University, Carnegie Mellon University, University of Rhode IsTand,
and University of Pennsylvania. No attempt will be made herein to review
the many excellent publications that have resulted from these investiga-

tions since they are not directly pertinent to the subject of this report.



1.4 Present Design Methods

The present method of box girder design for live loads employs
the AASHO standard HS 20-44 truck with a width of 10 ft. For the purpose
of most studies, the spacing between axles is taken as 14 ft. to produce
maximum stress. In each span of the box girder bridge, one HS 20-44 truck
is placed per traffic lane in a position that will produce maximum stress.

The 1973 AASHO Specifications [29] specify a design method where-
in a box girder bridge is considered to be made up of a number of identical
I-shaped interior girders plus two exterior girders that lack half a bottom
flange each, as in Fig. 1.3. According to these specifications, each girder
is designed as a separate member by applying to it a certain fraction of a
single Tongitudinal Tine of wheels from the standard truck. This fraction,

known as the number of wheel loads NWL , 1s given by the relations

|

NWL = S/7 for interior girders (1.1)

and

Ny = Sq/7 for exterior girders (1.2)

S is the flange width in feet of the interior girder, which
is also equal to the average width of the cell, and S] is the top flange
width in feet of the exterior girder, which is also equal to half the cell
width plus the cantilever overhang.

In December 1967 the State of California put forward a design
specification in which the distinction between S] and S was abolished
and the total value of the distribution factor NuL for the "whole-width

unit" was given by

Ny (total) = Deck w1d;h in feet (1.3)
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These changes were indications of the recognition of the struc-
tural efficiency of the box girder section, but they also called into ques-
tion the whole process of bridge design based on distribution factors.
Scordelis and Meyer [3] have pointed out that the most important variable
not taken into account by the AASHO specifications is the number of traffic
lanes on the bridge, and have demonstrated that a two-lane box girder bridge
of conservative design could be changed into an unconservatively designed
three-lane bridge by minor adjustments in the widths of the barrier curbs
alone. Other factors such as span, total width, number of cells and con-
tinuity or fixity at the supports also influence the load distribution and
should be considered. A tentative empirical design formula incorporating
these factors for straight box girder bridges was proposed by Scordelis and
Meyer [3] based on the analysis of a large number of bridges for which
important parameters were varied.

A comprehensive study of the distribution of wheel Toads on all
types of highway bridges has been made by Sanders and Elleby [30]. Their
study was restricted to straight bridges of short to intermediate span
length (20 to 130 ft.). For concrete box girder bridges, they used the
computer programs developed at the University of California [1, 2] to
analyze a large number of straight box girder bridges in which the follow-
ing variables were studied: (1) span length; (2) overall width; (3) over-
all depth of the cross section; (4) number of girders or cells; (5) number
of transverse diaphragms; (6) thickness of webs and flanges; and (7) edge
conditions. On the basis of these studies they have recommended that the
present AASHO formula for live load distribution, Eq. (1.1), be replaced
by a more realistic, but more complex, empirical formula incorporating many

of the parameters described in the preceding paragraph.
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It should be noted that the AASHO design specifications do not
make any distinction between straight and curved box girder bridges. The
effect of the curvature on the transverse distribution of Toad to each
girder must therefore be decided by the designer, based on a more exact
analysis, approximations or engineering judgement.

Both analysis and design find their ultimate confirmation in the
behavior of a real structure. The shortcomings of the design procedures
for concrete box girders having been briefly touched upon, some considera-
tion must also be given to the present state of the analytical methods.
The theoretical approaches referred to earlier incorporate highly sophisti-
cated analytical models, which necessitate the use of large capacity elec-
tronic computers to obtain solutions for displacements and internal forces
and moments.

The analytical model, however, assumes that the plates forming
the box girder are elastic isotropic and homogeneous, and that a linear
relationship between forces and deformations exists. The true response
for a concrete box girder bridge is highly complicated, and involves a
non-homogeneous structure made up of two materials, concrete and steel.
Under increasing load the concrete cracks and stress redistributions occur.
Time dependent effects such as shrinkage and creep in the concrete also
affect displacements and internal stresses and are a function of the
environment of the prototype.

Only by experimental observations of the behavior of actual
reinforced concrete box girder bridges under controlled conditions can it
be ascertained if the proposed analytical methods, based on the assumed
analytical model described above, adequately predict the Toad distribution

properties, the magnitudes of displacements, internal forces and moments,

and the effects of interior diaphragms.
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For curved reinforced concrete box girder bridges, however, no
experimental data is available at the present time. It is therefore the
purpose of the present investigation to provide such experimental data
that will permit the structural behavior of this class of bridges to be
more fully understood under loadings in the elastic, inelastic and ulti-

mate ranges.

1.5 Scope of Present Investigation

This investigation was concerned with all phases of a large
scale,horizontally curved, continuous, two-span, four cell, reinforced con-
crete box girder bridge model including the planning, construction,
instrumentation and testing. The bridge model had two 36 ft. spans and
thus had a total length of 72 ft. measured along the center line. It
was 12 ft. wide and had a depth of 1 ft. 8-9/16 in. The center line
radius of curvature in the horizontal plane was 100 ft. The model to
prototype geometric scale was 1:2.82. Therefore, the prototype bridge
had two 101.5 ft. spans and overall dimensions of 203 ft. long, 34 ft.
wide , 4 ft. 10 in. in depth and a radius of curvature of 282 ft.

The prototype chosen was a typical two-lane bridge with a single
column bent at the center providing interior support. Many reinforced
concrete box girder bridges of this kind are in actual service in Cali-
fornia as part of the highway network, and span distances of up to 200 ft.

In order to study the history of the bridge model from the dead
Toad condition through service loads into the ultimate load range, the
model was instrumented during construction. Steel tensile strains were
measured by 144 weldable waterproofed strain gages and concrete compres-
sive strains were registered by 72 concrete strain meters. For the

measurement of loads and reactions, 20 load cells were used, and 24
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Tinear potentiometers measured vertical deflections of the bridge at
various locations.

The proper simulation of prototype dead load behavior was
accomplished by the placing of steel billets of the required weight with-
in the cells of the box girder model. The variation in strains and
reactions prior to the removal of shoring was monitored by means of SR-4
indicator boxes and switching units. This procedure allowed an evalua-
tion of the effect of differential shrinkage and creep during the construc-
tion and curing phases.

The Toading schedule for the box girder bridge model consisted
of loading patterns to provide information on different aspects of struc-
tural behavior. Live Toad distribution properties of the box girder sec-
tion were evaluated by point Tloads singly and in several combinations at
each girder. Scaled-down models of trucks and heavy construction vehicles,
and a moving load were also used. Multiple and symmetrical loads were
applied to test the validity of the principle of superposition. Special
attention was paid to the successive deterioration of the structure under
phases of Toadings inducing stresses higher than the allowable design
stresses. Loading of the box girder bridge model to failure was also
studied.

For the application of the live loads, two load frames were
designed and constructed. Subsequently, one was assembled at each mid-
span and enabled 1live loads to be applied by means of jacks in various
combinations.

For each of the above loading cases, signals from the measur-
ing gages and meters were fed into the S.E.S.M. Low Speed Scanner, con-
sisting of a portable computer of 8k storage, a digital voltmeter unit,

a teletype and four terminal boxes. Each terminal box contained dummy
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resistors to balance the gage circuits, as well as a channel to which a
standard resistor of invariable resistance was hooked to provide a check
on the system. V

The portable computer was programmed for strain, deflection and
reaction calculations so that at every loading step each gage or meter
was scanned five times and the readings averaged. The data difference
from the pre-load condition was obtained in print through a teletype and
also recorded on punched paper tape. A total of 450 sets of scanner
readings was taken during the experimental program.

The data reduction operations consisted of organizing and edit-
ing the measured values of strains, reactions and deflections by means of
computer programs before quantities of interest, e.g. moments, forces
were calculated systematically.

The comparison of these quantities with theoretical values based
on existing analyses was carried out, and discrepancies were studied.

The accuracy and extent to which the bridge model simulated
the prototype was examined. Independently, crack propagation and time-
dependent effects were also observed.

Underlying the present investigation in all its aspects was the
desire to interpret all the information from the point of view of better

design, or at least to obtain the information for this goal.
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2. DESCRIPTION OF MODEL

2.1 Advantages of Model Testing

Model testing of structures in the laboratory is superior to the
testing of prototypes in several ways. Large scale models (between quarter
and half scale) are particularly useful because their behavior can duplicate
prototype behavior to a high degree of accuracy.

The testing of a box girder bridge model in the laboratory elim-
inates the uncertainties and lack of precision that characterize field
testing. Temperature and humidity conditions are stable, and there is no
interruption from traffic or other sources.

Smaller live loads are required to produce large stresses in
models, and because testing models to destruction is normal routine, the
behavior of the structure in the post-service range, its deterioration
and ultimate load characteristics can be observed. O0ften the construc-
tion and testing of a model is more economical when all factors are con-
sidered than the instrumentation and testing of a prototype.

As opposed to these advantages, the simulation of the dead 1oad
effects of the prototype requires the addition of a large amount of extra
dead weight to the model if the response under working Toad conditions

with simulated live loads is to be studied.

2.2 Dimensional Analysis

For the dimensional analysis of a structure, the independent or
basic dimensions must first be selected. Al11 significant variables are
then represented in terms of these dimensions.

For problems of structures where static loading and testing are

involved, the force dimension F and the characteristic dimension of
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length L are usually chosen as basic dimensions. Other variables of

interest can be tabulated thus:

Variable Notation Dimension in Terms
of F and L
Deflection $ L
Strain € 0
Poisson's ratio v 0
Elastic Modulus E FL2
Moment of Inertia I ' L4
Area A L2
Unit weight of material Y FL3

It is to be noted that depending on their significance in the
model study, variables may be added to or omitted from the above list.

According to the Buckingham Pi theorem, dimensionless terms
formed from the above variables must be equal for both the model and the
prototype if a true model is to be obtained. In the present case the

dimensionless Pi terms are as follows:

_ _ 4
T §/L Ty = I/L
T, = € T T A/L2
my o= v o= /(F L)
n = E/(FL?

The condition for true representation of prototype properties

by the model can therefore be stated in the form

Tim = "ip where i = 1,2 ... 7
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2.3 Selection of Scale and Design of Model

The box girder bridge model of the present investigation was a
"direct method" model with a Tinear scale relationship Lm:Lp = 1:2.82,
where the subscripts m and p stand for model and prototype respec-
tively. The direct method model allows the determination of forces,
moments or stresses in the prototype under a certain Toad directly from
a study of the model, the Toad on the model in this case being, of course,
appropriately scaled down. The "indirect method" of model testing commonly
uses distorted models and only the elastic behavior of a structure can be
fully investigated. The direct method is especially suitable for the
determination of the ultimate load carrying capacity of the prototype
structure, as the behavior of the structure in the elastic and post-elastic
states can be examined.

The Tinear scale of 1:2.82 was chosen for the box girder bridge
model so as to enable the use of standard high strength steel deformed
bars as reinforcement, in place of annealed wire commonly used in small
scale models. The scale was determined by replacing the standard longi -
tudinal reinforcement of an actual box girder bridge, i.e. a No. 11 deformed
bar of nominal cross-sectional area 1.56 sq. in. by a No. 4 deformed bar of
nominal cross-sectional area 0.20 sq. in. in the model. Then the relation
Lm:Lp = /ﬁ;: %K; provided the scale 1:2.82,

An advantage of using standard reinforcing bars in place of
steel wire is that bond behavior is realistically represented by the rein-
forcing bars. Bonding in reinforced concrete is a complex phenomenon
based on adhesion and the resistances to slip produced by the Tugs on a

deformed reinforcing bar. In some models where steel wire is used to

represent deformed reinforcing bars, a process of corrosion is employed
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to obtain a pitted surface on the wire, but this is a costly and unsatis-
factory process.

A reduction in the number of reinforcing bars is often made in
models when the reinforcement becomes very fine. In the present case this
was not adopted, the attempt throughout being at a scaling down of an
actual box girder bridge.

The large scale enabled the use of concrete rather than a mortar
mix as the model material; the emphasis, once again, being on an accurate
simulation of the prototype. It was thus possible to satisfy the rela-
tions Em = Ep and Vo T vp for the model and prototype to a reason-
able degree.

It can be observed that the equations connecting the chosen

variables for the box girder bridge model and the prototype were the

following:
8 = 6p/2.82 Im = Ip/64
€n = ep Am = Ap/8
Fm = Fp/8 Yy T 2.82 Tp

Given all the above conditions, equal strains and stresses would be
obtained at homologous (i.e. corresponding) points in the prototype and
the model.

The only difficulty in satisfying these relations lay in having
to make the unit weight of the model equal to 2.82 times that of the proto-
type while keeping the elastic modulus and Poisson's ratio unchanged. The
best solution was the artificial addition of extra dead weight which,
added to the weight of the model, would result in 2.82 times the weight

of the model itself. Various schemes of realizing this considerable Toad-
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ing (equivalent for the model bridge in the present study to an extra
weight of about 1.57 kips/ft.) were examined in detail. It was decided
that the most convenient and least expensive way of providing the extra
dead load for proper simulation of prototype conditions lay in renting
steel billets of approximately 9 in. x 9 in. x 65 in. dimensions from a
Tocal manufacturer and placing these suitably within the cells of the box
girder bridge model during its construction. This method had been used

successfully in testing a similar straight bridge previously [9].

2.4 Basic Dimensions of Prototype and Model

The box girder bridge prototype was a curved two-span structure,
203 ft. long along the longitudinal center 1ine, 34 ft. wide and 4 ft.

10 in. in depth with a radius of curature of 282 ft. It had four cells, a
center bent with a circular column support, two end diaphragms and a dia-
phragm at one midspan. The dimensions of a typical cross-section of the
prototype are given in Fig. 2.1. The basis for the selection of the pro-
totype lay in its being a typical two lane box girder bridge of the kind
extensively used in the California highway system.

The box girder bridge model was identical to the prototype in
shape but not in size, being 72 ft. Tong along the longitudinal center
line, 12 ft. wide and 1 ft. 8 9/16 in. in depth, with a radius of curva-
ture of 100 ft.

For convenience of access and observation, it was decided to fix
the height of the model so that the distance of the soffit from the level
of the test floor was about 5 ft. This was done to allow unimpeded views
of crack formations in the tensile zones, which could also be easily
marked, at any stage of the loading.

The abutments at each end provided for the simply supported end
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FIG. 2.1 DIMENSIONS OF TYPICAL PROTOTYPE CROSS-SECTION
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condition and if desired, for restraint against longitudinal movement.
Both the abutments and the square footing of the central column were

anchored to the test floor by means of prestressed steel rods.

2.5 Detailed Drawings of Model

A complete set of the detailed design drawings used as part of
the bidding documents for the construction of the model is given for refer-
ence in Appendix A.

The elevation, plan and typical section of the box girder bridge
model with relevant dimensions are shown in Figs. 2.2 and 2.3. These
figures also contain views of the end abutments and designations for sig-
nificant Tongitudinal and transverse sections. Thus, the girders of the
bridge model are identified as girders 1 to 5, with girder No. 1 taken to
be on the concave (inner) side of the bridge closest to the center of
horizontal curvature. For purposes of identifying locations at midbays
and quarter bays, longitudinal sections between girders had also to be
created. The Tongitudinal sections at the cantilever edge were identified
as 0 and 6 respectively.

Transverse Sections A and D are Tocations at sections of maximum
positive moment under the dead load, while Sections B and C on either side
of the center bent diaphragm are in the region of maximum negative moment.
Sections X and Y are the midspan sections, while Section Z is the bridge
centerline. Quarter span sections are designated in accordance with
proximity to another transverse section; thus QA is the quarter span sec-
tion nearest Section A. Sections E and W represent sections through the
East and West ends of the box girder bridge model. F denotes the square
footing of the interior support as a location.

The two spans of the bridge mode] are designated Span I and
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Span II respectively. Span I has a midspan diaphragh at Section X, while
Span II has no midspan diaphragm at Section Y.

The nominal specified concrete strength fé was 3000 psi. A
summary of actual measured properties of the concrete from control tests
is given in Chapter 6. These tests indicated actual 28-day fé strengths
ranging from 3500 to 4100 psi.

No. 2, 3 and 4 reinforcing bars with standard deformations and
No. 2 plain bars without deformations were used in the construction of
the model. The No. 2 undeformed plain bars were used because of the
limited available supply of No. 2 deformed bars.

The nominal specified yield stress for the No. 2, 3 and 4
deformed bars was 40, 60 and 60 ksi respective]y; while for the No. 2
undeformed bars it was 45 ksi. A summary of actual measured properties
of these bars from control tests is given in Chapter 6. These tests
indicated an actual average yield stress of 38, 61 and 70 ksi for the
No. 2, 3 and 4 deformed bars respectively and 47 ksi for the No. 2
undeformed bars.

The main Tongitudinal reinforcement in the maximum positive
moment regions consisted of 55 - No. 4 bars in the bottom slab of each
span, and the main longitudinal reinforcement in the negative moment
region consisted of 82 - No. 4 bars in the top slab over the center bent.
As shown in the schematic drawings, Figs. 2.4a and 2.4b, some of these
No. 4 bars were cut off at varijous distances from the midspan Section
X or Y, Fig. 2.4a, or the support Section Z, Fig. 2.4b. Some additional
No. 3 bars were added in the bottom and top slabs as shown in Figs. 2.4a
and 2.4b. Not shown in Fig. 2;4b are 12 - No. 3 Tongitudinal bars con-

tinuous over Sections B, Z, C which were added at the quarter points



23

between webs for strain measuring purposes. This gave a total negative
reinforcement over Section Z of 82 - No. 4 bars plus 12 - No. 3 bars.

Transverse reinforcement in the top and bottom slabs consisted
of No. 3 bars placed in top and bottom face of each slab. Web Tongitu-
dinal reinforcement consisted of continuous No; 3 bars, and the stirrups
were made from No. 2 bars, both deformed and undeformed. The No. 2
deformed bars were used for the stirrups in the zones along the span
where the shear forces were the highest.

Detailed drawings of all reinforcement placement may be found
in Appendix A. Schematic drawings for the reinforcement in the end,
midspan and center diaphragms are given in Fig. 2;5'and reinforcement

for the center column and footing are shown in Fig. 2.6.
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3. INSTRUMENTATION

3.1 Basic Measurements

In a large scale model, such as the box girder bridge model,
the number of measurements to be taken for a given load or support condi-
tion obviously have to be 1imited for reasons of expense and convenience.
The fundamental measurements in any study of a structural model are 1loads,
reactions, deflections and strains.

Reactions give a check on statical equilibrium, and their mag-
nitudes indicate the percentage of the loads on the structure taken by
each support. Deflections show the shape of the structure under load.

As the determination of the load-deflection relationship for a structural
system is of major importance, deflection readings are significant experi-
mental data, describing the ranges of elastic, inelastic and ultimate
response. Strains are a measure of the extent of deformation of the struc-
ture at a given location and are the starting point of all further calcu-
lations and comparisons of internal forces and moments.

In view of the large number of reaction, deflection and strain
readings envisaged during the testing of the box girder model from the
start of the experimental program to its destruction, it was decided at
the very outset to record measurements electronically.

In addition to external loading, environménta] factors play a
part in affecting the behavior of a structure. Foremost among these
factors as far as the box girder bridge model was concerned were tempera-
ture and humidity conditions. The box girder bridge model was built and
tested in the main test bay of the Structural Engineering and Materials

Laboratory [S.E.M.L.] where stable temperature and humidity conditions pre-
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vail to minimize environmental effects. As a check, temperature was

measured continuously throughout the construction and testing periods.

3.2 Choice of Locations to be Instrumented

Reactions were measured under each girder at each of the two
abutments of the bridge model, and at four locations under the central
footing. As this footing was to be anchored to the floor by means of
prestressed steel rods, hollow Toad cells were also fitted above this
footing to indicate the change of tensile force in each rod. The dif-
ference between the two load cell readings at each location represented
the net reaction at that point.

Vertical deflections of the box girder bridge model along the
length were measured at several locations by means of potentiometers.
These Tocations included transverse sections X, QB, Z, QC and Y, Fig. 2.2.
At each of these sections five potentiometers were placed, one under each
girder, except at Z, where the central column under girder 3 allowed
only four potentiometers.

Longitudinal strain measurement was confined to Sections A and
B in the span with the diaphragm and to Sections C and D in the other
span, Fig. 2.2. As has already been observed, Section A is in the region
of maximum positive moment in Span I and Section D is in the region of
maximum positive moment in Span II. Sections B and C are at distances
of 3 ft., respectively, on each side of the bridge center support, and
provide information on the negative moments at those locations. Measure-
ments of strain at each gaged section consisted of measuring devices in

the top and bottom slabs.
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3.3 Choice of Instrumentation

The selection of reliable Toad cells of 50 kips and 200 kips
capacity, Fig. 3.1, used for the measurement of support reactions and
linear potentiometers, Fig. 3.2, of 6 in. travel for the measurement of
vertical deflections at various sections of the bridge soffit did not
present any special difficulties. A decision had to be reached, however,
regarding the choice of instruméntation for the measurement of longitu-
dinal and transverse reinforcement strains, and for the compressive strains
in concrete.

On the basis of previous experience it was decided to use strain
meters, Fig. 3.3, for the measurement of concrete compressive strains, and
weldable waterproofed strain gages, Fig. 3.4, for the measurement of
strains in the steel reinforcing bars. The strain meter and the weldable
gage were known for their reliability in strain measurement, and also
eliminated the uncertain effects of laboratory water-proofing methods on
the final results.

In order to improve the reliability of the tensile strains
measured from the reinforcing bars and to reduce the influence of possibly
uncracked concrete in the immediate vicinity of the gage, a 1/4 in.
thick strip of masonite was inserted in the concrete section near the
outer surface in the same vertical plane as the strain gages at the
reinforcing bars. By this artificial weakening of the section, a crack
was automatically induced and the strain results more correctly repre-
sented the fundamental condition of a cracked section. The concrete
cover of the tensile reinforcement at Sections A, B, C and D was arti-
ficially weakened in this manner. The gages on the reinforcing bars

were also wrapped in cellophane to prevent bonding of the gages to the
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to the concrete and to provide a realistic strain value in the region of

each gage.

3.4 Description, Calibration and Installation of Instrumentation

After the selection of measuring devices and gages for the
measurement of reactions, vertical deflections and strain, these devices
had to be calibrated. A description of calibration and installation of
each item of instrumentation is treated separately in the following

sections.

3.4.1 Load Cells for Support Reactions

The box girder bridge model study required the use of 10

load cells of 50 kips capacity (five under each end diaphragm With one at
each girder location) and 8 hollow load cells pf 200 kips capacity at the
top and bottom surfaces of the square footing of the central column sup-
port. Two Toad cells, each of 50 kips capacity also served in conjunc-
tion with the Toading jacks to measure the magnitude of the applied loads
at any stage. Commercially available Toad cells were used in all cases.

Each load cell, Fig. 3.1, incorporated eight strain gages wired
so as to eliminate the effects of eccentric loading, and bending or tor-
sion effects. The gages functioned as a four-arm resistance bridge and
were temperature compensated. Other details relating to the load cells

are given below:

Height . . . . . . . . . ... 50 kips capacity, 3.12 in.
200 kips capacity, 7.12 in.

Diameter . . . . . .. . .. 50 kips capacity, 2.25 in.
200 kips capacity, 5.00 in.

Rated Output . . . . . | . . . 2% 0.50 millivolts/volt
Nonlinearity . . . . . . . .+ 0.25%
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Repeatability . . . . . . .. + 0.10%

Excitation Voltage . . . . . 10 volts D.C.

Least Reading . . . . . . .. 50 kips capacity, 12.5 1bs.
Least Reading . . . . . . .. 200 kips capacity, 50.0 1bs.

3.4.1.1 Calibration of Load Cells

A11 load cells were accompanied by individual calibra-
tion charts from the manufacturer giving millivolt/volt output for the
full range of load capacity. These charts were checked using a 400 kip
and 60 kip testing machine, and found to be accurate within the expected

load range.

3.4.1.2 1Installation of Load Cells

A photograph showing the typical installation of the
50 kips capacity load cells at one abutment comprises Fig. 3.5. Each
cell was placed between two plates. The top plate was 1 in. thick and the
Tower plate was 2 in. thick. The lower plate rested on a rocker, which in
turn was supported by a 2 in. base plate. To the base plate was bonded a
2/32 in. teflon pad that was free to slide against a similar teflon pad on
a stationary steel plate hydrostoned to the abutment. This reaction assem-
blage allowed horizontal displacements of the load cell in both tangential
and radial direction, and also sufficient freedom of rotation about the
radial axis.

In order to simplify the installation procedure, the entire reac-
tion assemblage was placed in position before the bridge model was cast.
Wedges and stiff styrofoam were used to support the rocker and top plate
in the proper position during construction.

The load cells of 200 kips capacity are shown in Fig. 3.6. These

'were hollow cells which had steel rods of 1 1/8 in. diameter prestressed
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to a force of 80 kips passing through them and tying the square footing

of the central column support to the floor of the laboratory. One Toad
cell above the footing and the other between the footing and the laboratory
floor allowed a measurement of the change of the reaction force at each

rod location. The four bottom load cells were placed in the formwork
before the footing was cast, such that no adjustments were necessary later.
The top Toad cells were placed after the footing had hardened, and the
steel rods were then prestressed to the prescribed load before the cellu-

lar part of the bridge model was cast.

3.4.2 Rectilinear Potentiometers for Deflection Measurements

A total of 24 rectilinear potentiometers was used for
deflection measurements of points on the bottom surface of the box girder
bridge model. The commercially available potentiometers, Fig. 3.2, con-
sisted of cermet resistance elements in a compact rectangular casing with
mounting brackets. FEach potentiometer had a rod-like plunger, the mechan-
ical movement of whose tip was converted into a millivolt/volt output.

Details of the potentiometer are given below:

Travel . . . . . o o o 0 v o 6.00 in.
Tolerance . . . . . . . . .. + 0.1%
Power Rating . . . . . . . .. 8.0 watts

Initial Actuating Force . . . 1.00 1b.
Least Reading . . . . . . .. 0.006 in.

3.4.2.1 Calibration of Potentiometers

Each potentiometer was calibrated by mounting it
alongside a scale and giving the plunger a series of movements of known

magnitude. The output for each of these movements were given in terms
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of inches by the Low Speed Scanner when an assumed calibration constant
was given. It was found that all the potentiometer outputs were not only
highly Tinear but also gave practically identical calibration factors in

terms of millivolt/volt per inch of deflection.

3.4.2.2 Installation of Potentiometers

Each potentiometer was mounted on a wooden board fixed
to a triangular stand fabricated from small structural angles as shown in
Fig. 3.7. Five potentiometers, one below the centerline of each girder of
the box girder bridge model at a transverse section formed a set that could,
if necessary, be placed at any location beneath the bridge. Five such sets
of potentiometers were made, enabling the deflections at different trans-
verse sections of the bridge model to be made simultaneously. In order to
take care of horizontal movement of the point of deflection measurement,
laterally flexible but vertically rigid mounting rods of about 3 in. in
length were used to connect the potentiometer plungers to the bottom sur-
face of the bridge model. The top end of each mounting rod had a small cir-

cular disk that was glued to the bridge soffit with epoxy.

3.4.3 Concrete-Strain Meter

This commercially available meter, Fig. 3.3, was a special,
recently developed miniature version of a type of strain meter extensively
used for the measurement of compressive strains in full scale concrete
structures. It donsisted of a cylindrical barrel with a flange at each
end, and the relative movement of the flanges resulted in a strain output
from the gage bridge inside the barrel. The barrel was wrapped in cloth so
as to prevent bonding to the concrete. Two versions of the gage were used

in the model. The data for gaged used in the top flange are as follows:
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Gage length . . . . . . .« . o o oo oo 4.06 in.
Body diameter . . . . . . . . . . ... 0.63 in.
Flange diameter . . . . . . . . . . .« . . . 0.88 1in.
Weight . . . . . . . . o oo 0.19 1b.
Range in Tension/Compression . . . . . . . . 3900 ue
Least reading . . . . . . < . ¢ o oo 6 ue

The gage used for the bottom flange was similar, but had the

following dimensions:

Gage length . . . . . . . . o o oo o 3.7 in.
Body diameter . . . . . . . . . ..o e . 0.50 in.
Flange diameter . . . . . e e e e e e e e 0.75 in.

3.4.3.1 Calibration of Concrete Strain Meters

The calibration constant of each concrete strain meter
as obtained from the manufacturer was corrected for temperature and Tead
resistance. Meters were then tested in a standard calibration jig in which
they were subjected to carefully controlied deflection increments of 0.002 in.
The output was given as millivolt/volt on a digital voltmeter, from which
the calibration constants in terms of microstrain/millivolt/volt were deter-
mined. The results of the tests agreed quite well with the calibration con-

stants given by the manufacturer.

3.4.3.2 Installation of Concrete Strain Meters

The strain meter needs to be placed in concrete in the
direction in which strains are to be measured. Care must also be taken to
ensure that its orientation and position do not change after it has been
covered with concrete, especially when the concrete in its vicinity is

being vibrated.
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Each meter barrel was therefore attached by means of thin
steel wire to neighboring reinforcement bars to ensure the flanges freedom
of movement. A close-up can be seen in Fig.3.8. After installation, the

resistance of each strain meter was checked on a DC ohmmeter.

3.4.4 Weldable Waterproofed Strain Gage

The commercially available gage consisted of a hermetically
sealed and mechanically protected nickel-chrome strain filament housed in
a small stainless steel cylindrical shell, Fig. 3.4. The shell had two
flanges allowing spot welding of the gage to a metal surface. The gage is
designed to perform under severe conditions of moisture and shock, the
filament being inherently shielded in the cylindrical shell by highly com-

pacted magnesium oxide insulating powder. Information for the gage is given

below:
Length of Gage . . . . . . . . . . . .. 1 3/32 in.
Width of each Flange . . . . . . . . .. 1/16 1in.
Diameter of Cylindrical Shell . . . . . . 0.03 in.
Strain Gage Resistance . . . . . . . .. 120 + 3.5 ohms
Rated Strain Level . . . . . . . . . .. + 6000 p in./in.
Gage Factor . . . . . . . . . . oo 1.8
Least Reading . . . . . . . . . . . . .. 5 u in./in.

The gage is temperature compensated over the range 0°F - 180CF,

and its fatigue 1life exceeds a million cycles.

3.4.4.1 Calibration of Weldable Waterproofed Gages

These gages had been previously used extensively [9,10,11] for
strain measurement in reinforcement bars, and had been found to be reliable

and accurate. No calibration tests were therefore made for these gages,
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and the manufacturer's calibration canstants were used throughout.

3.4.4.2 fnsta11ation of Weldable Waterproofed Strain Gages

The installation of a weldable waterproofed gage turned
out to be a much faster and less difficult operation than the mounting and
waterproofing of a conventional strain gage.

At each gaged Tocation, a reinforcing bar had two gages welded on
diametrically opposite areas on the bar surface to obviate bending effects
and to provide accurate measurement of axial strain of the bar. The bar
surface at these areas was prepared by grinding off the bar Tugs and sub-
sequently polishing the areas with an emery wheel. Degreasing was done by
cleaning the areas where the gages were to be welded with cotton swabs
dipped in acetone.

The welding of a gage to the reinforcing bar was accomplished by
allowing a Tow voltage current to pass through the point of welding. In
order to prevent overheating (or local fusion) the power source had to be
of the capacitor-discharge type. A special welding unit was used for this
purpose, and a supply of 10 - 15 watt-seconds was found to be adequate.
The unit had a hand probe with a pointed weldirmg tip which fired only when
a force of 2 1/2 1bs. was applied to it. Fig. 3.9 shows a series of
reinforcing bars in place with two weldable gages located diametrically
opposite to each other on two of the bars. This area was wrapped with
cellophane tissue after welding to prevent bonding of the gage to the con-

crete.

3.5 Deflection Measurements using Scales and Wire

It was not possible to install potentiometers for the measure-
ment of the box girder bridge model deflections prior to the removal of

shoring and formwork for the taking of dead load readings in view of the
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damage that might occur during the stripping of formwork. Level readings
were therefore taken before and after the removal of the forms, using a
high precision Tevel and scales graduated to 0.01 in. A total of 10 scales
were mounted to the two cantilever edges of the top flange at sections

X, @B, Z, QC and Y.

After the dead Toad phase of the testing was completed the
scales were used for a visual control of the deflection of two girders,
numbers 1 and 5. The scales were mounted on an aluminum angle and attached
to the same wooden board that carried the potentiometers, Fig. 3.7. Ten
targets, consisting of a piano wire stretched between two angles in front
of a mirror were mounted on the webs of girders 1 and 5 at sections X, QB,
Z,QC and Y. The targets moved with the bridge as it deflected, allowing
the displacements to be read on the fixed scales. By aligning the piano
wire and its image in the mirror the effect of parrallax was eliminated.

A typical detail of the wire and scale arrangement at a section of the box
girder bridge model is shown in Fig. 3.10.

Initial and final readings of the level of the wires relative
to the scales at each station resulted in the obtaining of the overall
deflection profile of the bridge model, and provided a useful check on

the bridge model deflection magnitudes at any stage.

3.6 Data Acquisition and Recording System

A11 readings for the box girder bridge model experimental pro-
gram except for the dead load [Phase 0] were obtained by means of a data
acquisition and recording system called the S.E.S.M. Low Speed Scanner.
The scanner comprised a portable computer of 8 k storage, a digital volt-
meter unit, a teletype and four terminal boxes, Fig. 3.11. The Tead wires

from each gage or measuring device were mounted to the terminals of the
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DEFLECTIONS
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four boxes. Each box provided 64 channels of electronic measurement in

8 rows and 8 columns. The total number of channels used during the test-
ing of the box girder bridge model was 192. Box 1 contained the channels
for the weldable gages, Box 2, the weldable gages and the Tinear poteniom-
eters, Box 3 contained the channels for the majority of the concrete meters
and Box 4 contained the channels for the remaining concrete meters and the \
load cells. This arrangement was used because different items of instru-
mentation needed different voltages, and also for convenience in recording
and spot-checks.

Dummy resistors were provided in each box to balance the gage
circuits. In addition, one channel in each terminal box was hooked to a
separate standard resistor such that the "drift" in the terminal box
could be checked.

The computer was programmed to convert gage readings to direct
values of strain in micro inch/inch, deflection in inches, and reaction or
load in kips. The calibration factors for each device were fed into the
computer to make those conversions.

The basic routine for the calculation and output was as follows.
After the bridge was loaded at any stage, the computer scanned each gage
or meter five times and averaged the readings. The output, in which each
reading was the difference from a datum established before each session of
loading, was obtained by means of the teletype on punched paper tape and
was also simultaneously printed on paper. As a simple check on the stabil-
ity of the equipment, the first four readings recorded the variation of
the standard resistors from datum readings taken for each session of
testing. The next two readings gave the values of the loads on the bridge
as registered by the load cells of the loading jacks. A1l these readings

were carefully scrutinized at each loading and unloading step.
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Fig. 3.17 shows the portable computer with the digital volt-

meter unit, teletype and terminal boxes.

3.7 Instrumentation Identification Code

The origin of coordinates for the box girder bridge model,
transverse sections and 1ongitudina1vsections have already been defined
and can be seen in Figs. 2.2 and 2.3.

The various types of measuring devices were specified as
follows:

W: Weldable waterproofed strain gage

K: Concrete Strain Meter

P: Linear Potentiometer

R: Load Cell Reaction

J: Applied Jack Load

With the above information, all measuring devices were fully
identified by means of a code giving each type, the longitudinal section
of Tocation, the transverse section of location and the number of devices
at that Tocation.

The location of all internal concrete strain meters, K, and
weldable strains gages, W, attached to the steel reinforcement are shown
for positive moment Sections A and D and for negative moment Sections B
and C, in Fig. 3.12. Note that all of these were placed in either the
top or bottom slab and that measurements of strain were obtained at the

end, quarter and midpoints in each transverse bay at all sections.
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4. CONSTRUCTION OF BOX GIRDER BRIDGE MODEL

4.1 General Remarks

The size and complexity of the box girder bridge model, and
the importance of completing the job in a minimum amount of time,
dictated that the construction of the box girder bridge model be put
out for bidding. As a result, the box girder bridge model was built
under contract. The structural design of the bridge model was done by
the California Division of Highways in an identical manner to that of
the prototype. Strict specifications, dealing in detail with the design
of the concrete mix, with formwork requirements and with the stringent
tolerances in construction dimensions necessitated by the scaled down
model used, were set by the investigators in consultation with engineers
from the California Division of Highways. Reinforcement was cut, bent
and placed by the contractor under supervision of the project staff.

A1l instrumentation was purchased, calibrated and installed in place
by the project staff. The box girder bridge model was located on the
tie-down test floor of the Structural Engineering Materials Laboratory.

The model covered the south-east quadrant of the laboratory test floor.

4.2 Chronological Record of Bridge Model Construction

Significant dates, all in 1972, dealing with the construction

of the box girder bridge model are given below:

March 22: End abutments cast.
March 24: Center column and footing cast.
March 27: Work started on shoring and formwork for bottom slab.

April 17 - June 26:Building Trades Unions on Campus on strike. No work

done on the model.
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June 29: Bottom slab, girder webs and diaphragms of bridge

model cast.

July 11-13: Inner forms for girder webs removed.

July 19-20: Sand and steel billets placed inside the cells of the
model.

August 8: Top slab of bridge model cast.

September 12: Soffit forms for top slab dropped.

October 5: Removal of shoring and bottom form. Readings for

dead load taken.

4.3 Details of Construction of Box Girder Bridge Model

A broad sheet of polyethylene was spread out to protect the sur-
face of the test floor during construction of the box girder bridge
model. The formwork of the abutments rested on thick asphalt-impregnated
paper so as to prevent bonding of the concrete to the test floor.

A11 forms were made of 3/4 in. thick Douglas fir plywood of
first class quality, with a Duraply exterior. The formwork was construc-
ted so as to hold displacements under load to a minimum. The support-
ing scaffolding had wedges that enabled adjustment of the height of the
supports which were spaced at close intervals to allow effective shoring
of the bridge along its length. A1l cross sectional measurements of
the structure and supports agreed with those in the design drawings to a
tolerance of 1/8 in. The alignment of the forms in the horizontal plane
was checked using two piano wires, one on each side of the bridge, from
which offsets were measured. The maximum deviation in the alignment bet-

ween design drawings and the model as constructed was 1/4 in.

The concrete used in the box girder bridge model was supplied
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by a Tocal company to the mix specifications set by the project staff,
with the maximum size of aggregate being fixed at 3/8 in. Detailed

information on the mix quantities is given in Chapter 6.

4.3.1 Casting of Abutments and Center Column

After the forms for the two end abutments and the center

column with footing were completed and the steel reinforcement placed
in position, the abutments, footing and column were cast. In order to
better evaluate the properties of the concrete mix specified for the
bridge itself, it was decided to use the same mix for the abutment
casting as well, although a larger size of aggregate could have been
used. The center column was provided with dowel bars to enable a strong
connection with the center diaphragm to be formed.

Each end abutment was divided into two similar parts by ply-
wood sheets so as to obtain manageable blocks of concrete at the end of

the test program to be used as supports in other experiments.

4.3.2 Casting of Bottom Slab, Girder Webs and Diaphragms

Figs. 4.1 to 4.6 show the sequence of construction up to

the casting of the bottom slab, girder webs and diaphragms. The sequence
of construction was similar to that used on prototype structures in
California.

In Fig. 4.1 the bottom slab forms have been completed. The
layout of the steel reinforcement is clearly depicted in Fig. 4.2.
Specially fabricated innercell forms were then placed in position,
Figs. 4.3 and 4.4. The forming was completed by placing transverse
supporting members across the width of the bridge at regular intervals,

Fig. 4.5. These members, in addition to blocking, were used to support
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the inner cell forms and also provided supports for longitudinal planking,
Fig. 4.6, which was used as a platform during the casting operation.

Three truck loads of concrete were used for the casting of
the bottom slab, girder webs and diaphragms. Concrete from truck 1 was
placed in the forms from section W to section QB; truck 2 from section
QB over the center bent diaphragm to section QC; and truck 3 from
section QC to section E. This casting sequence was chosen in order to
insure uniform concrete properties throughout the respective Tongitudinal
tension and compression zones in the bottom slab. The concrete was
delivered to the laboratory by transit mix trucks and was transferred
from these trucks by a concrete pump truck through a large rubber hose
for direct placement into the earlier wetted forms, Fig. 4.6. The
girder webs were filled first, the concrete being vibrated with a
small, flexible shaft immersion vibrator of frequency 10,000.v1brations
per minute till it emerged from the base of the girder forms into the
region of the bottom slab. Further concrete wa§ added til1l the girders
were full. Concrete was then deposited to cover the bottom slab rein-
forcement. No vibration was permitted in the vicinity of the gaged
sections. Concrete covering the instrumentation in the bottom slab was
placed and compacted by hand. Lead wires from the gaged bars were
carefully coiled and tucked away behind wooden covers nailed to the
outside of the girder web forms.

The concrete was worked into corners and around reinforcement
and screeded to obtain a uniform thickness. Subsequently the bottom
slab was finished with floats and trowels to obtain a smooth surface.
Excess concrete in the neighborhood of the forms was swept away and the

exposed reinforcing bars protruding from the top of the girder webs
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were wire-brushed to clear away dried concrete.

The bottom slab and girder webs were then covered with wet
burlap over which sheets of polyethylene were spread to prevent moisture
lToss. Water was sprinkled on the burlap daily. At the end of 12 days,
the inner cell forms were removed. Fig. 4.7 shows the cells of the bridge
with the center bent and span I diaphragms after removal of the inner

forms.

4.3.3 Placing of Steel Billets in the Bridge Model Cells

To allow for the placement of steel billets within the cells,
the 50, 75 and 100 ft. long lead wires of the gages and strain meters
Jocated at sections A, B and C, and D, respectively were first uncoiled.
Within each cell, these wires were bundled together and strapped with a
tie-gun. Each braid of wire was made to pass through holes which were
provided in the diaphragms for this purpose, Fig. 4.7. During its
passage to the west end of the bridge model, each braid of wire was
laid alongside a girder and attached to snap tie rods that protruded
from the girders at intervals along the length.

This allowed the cells to remain free for the placing of the
steel billets and also prevented the lead wires from damage through
shearing when the formwork for the top‘slab was subsequently pushed
down and made to fall on top of the steel billets.

In order to simulate prototype behavior, rented steel billets
of approximate dimensions 9 in. x 9 in. x 65 in. were placed in the cells
in the form of a uniformly distributed load over the length and width
of the bridge model. Six pairs of steel billets per cell per span were

placed end to end giving a total of 96 billets for the box girder bridge
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model. To provide for better distribution of the weight of each billet,
each cell had been earlier provided with a layer of sand of about 1 in.
thickness. Fig. 4.8 shows the bridge model cells with the billets in
place. The total weight of the steel billets and sand was 116.3 kips,
which compared favorably with the required extra load value calculated
as 116 kips.

As a final operation, each gage was checked for leakage

using a mega-ohmmeter, and damaged lead wires were replaced.

4.3.4 Casting of Top Slab

One of the problems associated with the casting of the top
slab in the box girder bridge model was to ensure that the formwork
holding the top slab in place did not adhere to the bottom surface of
the slab and provide unwanted added stiffness or longitudinal restraint.

The prefabricated top slab soffit forms were made in approximately 9 ft.
Tong sections, and consisted of 3/4 in. plywood sheets with 2 by 4 in.

strong backs. Thin steel rods suspended from overhead cross beams
carried the soffit forms, Fig. 4.9. Tackwelded washers on the rods on
top of the plywood allowed the forms to be forced down, making the
forms fall freely down into the cells of the bridge model.

After the two layers of reinforcement for the 2-1/4 in. thick
top slab were placed in position and the gages and strain meters check-
ed, Fig. 4.9, the top slab was cast in the same manner as the bottom
slab and girders. Two truck loads of concrete were used for the top
slab; one for each of the two spans.

The concrete after being pumped from the transit mix truck

to the top slab was leveled and vibrated, care being taken to stay
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clear of the lead wires and instrumentation. The concrete was jiggered,
screeded and troweled to obtain a uniform height and the surface was then
finished with a troweling machine.

The top slab was cured for 14 days in the same manner as the
bottom slab and girder webs by being covered with wet burlap and sheets
of polythene. Water was sprinkled on the burlap daily during this

period.

4.4 Removal of Formwork

The formwork on the sides of the box girder bridge model
was removed 3 weeks after the top slab was cast, and the formwork for
the shoring under the end diaphragms was removed after 4 weeks. The
rods with washers holding the soffit forms for the top slab were
forced down 5 weeks after the slab was cast. The exposed surfaces of
the bridge were then cleaned and whitewashed, and centerlines of the
girders and transverse sections were marked by means of masking tape,
Fig. 4.10.

The shoring for the bottom slab was finally lowered by
removing the wedges for the studs, and the formwork was removed. This
took place on October 5, 1972, approximately 8 weeks after casting the top
slab or 14 weeks after casting the bottom slab, girder webs and dia-
phragms. After all dead load readings were taken and the crack pattern
was recorded, the bottom of the bridge was whitewashed for further
crack observation.

Several views of the completed bridge model showing its clear

curving Tines are shown in Figs. 4.11 and 4.12.
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FIG. 41 BOTTOM SLAB FORMS IN PLACE

FIG. 4.2 STEEL REINFORCEMENT FOR BOTTOM SLAB AND GIRDER WEBS AND
DIAPHRAGMS
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FIG. 4.4 INNER CELL FORM PLACEMENT ALL COMPLETED
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FIG. 4.5 FORMS FOR BOTTOM SLAB, GIRDER WEBS AND DIAPHRAGMS READY
FOR CASTING OF CONCRETE

FIG. 4.6 CASTING OPERATION SHOWING CONCRETE TRANSIT MIX TRUCK AND
PUMP TRUCK
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FIG. 4.7 BRIDGE MODEL AFTER REMOVAL OF INNER FORMS

FIG. 4.8 STEEL BILLETS IN PLACE WITHIN CELLS OF MODEL
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Y U
FIG. 4.9 STEEL REINFORCEMENT AND FORMS FOR TOP SLAB READY FOR
CASTING OF CONCRETE

FIG. 4.10 BRIDGE MODEL AFTER STRIPPING OF ALL FORMS EXCEPT FOR
BOTTOM SLAB SHORING
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G

11 VIEWS OF COMPLETED BRIDGE MODEL

FIG. 4
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FIG. 4.12 VIENS OF COMPLETED BRIDGE MODEL
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5. EXPERIMENTAL PROGRAM

5.1 General Remarks

The experimental program was planned to accommodate a wide
variety of loading conditions at various stress Tevels. The main object
of the test program was to obtain information on Tload distribution in
reinforced concrete box girder bridges under conditions of working loads.
Working Toads would result in total stresses of 24 ksi in the tenéi]e
steel at the sections of loading. Bearing in mind, however, that the
tensile stresses in the tensile reinforcement at these sections due to
the self weight and extra dead load of the bridge model alone was about
12 ksi, it was decided to consider two levels of working Toads -- those
producing total stresses in the steel of 24 ksi, and those resulting
in total tensile steel stresses of 30 ksi at the sections of loading.
The advantage of the latter stress level was that 50% higher values of
1ive load stresses and strains could be registered for a total increase
in the bridge model stresses of only 6 ksi.

The experimental program was divided into two parts as
described below:

Part 1 - Dead Toad and Working load

Part 2 - Overload and loading to failure

In terms of the actual experimental data, it was convenient
to divide the experimental program into seven phases, from the dead
load condition [Phase 0] through the 24, 30, 40, 50 and 60 ksi
stress levels [Phases I to V] to the failure condition [Phase VI].

The box girder bridge model had a loading frame at each mid-

span enabling Tive loads to be applied at each of the five girders by
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means of jacks singly and in various combinations, Fig. 5.1. Each phase
of the experimental program for live loads comprised firstly the appli-
cation of equal loads on each girder at both midspans to produce the

same nominal steel stress at sections of maximum positive and negative
moment. These loads were termed "conditioning loads". Subsequently
after the removal of the conditioning loads, point loads were applied

in several combinations. The conditioning loads were chosen to produce
total steel stresses of 24, 30, 40, 50 and 60 ksi at the sections of max-
imum positive and negative moment, and to represent the successive dete-
rioration of the box girder bridge model due to the effects of overload.
The point loads however were chosen in all cases to produce stresses where
applied of the order of the working stresses, i.e. 24 and 30 ksi total
stresses in the tensile reinforcement.

The loading phase involving the application of the condition-
ing loads to produce the 30 ksi steel stress was chosen as the most
representative from the point of view of assessing actual box girder
bridge behavior for design purposes. The single and combined point
loads after the conditioning loads in this phase were applied to the
box girder bridge model for three different types of support condition:
simply supported ends, center bent restrained against transverse rotation
thus preventing torsional rotation of the bridge at that section, and
bottom of end abutments restrained against 1ongitudinal movement.

In addition to the point loads, scaled down truck and heavy
construction vehicle loads and a moving load were applied to the Bridge

in this loading phase.
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For the application of 1ive loads to the bridge in each span

as envisaged by the experimental program, two identical loading frames

were designed by the project staff and fabricated in the Structural

Engineering Materials Laboratory. Scaled down AASHO trucks, heavy

construction vehicles and accessories for loading, changes in support

conditions, etc., had also to be fabricated and assembled.

It was decided to apply live loads to the box girder bridge

model only at the midspan sections X and Y in view of the following

considerations:

(a)

(b)

(c)

Application at midspan of the conditioning loads - a
preliminary to each 1ive loading phase - resulted in nominally
jdentical stresses in the reinforcing steel in the maximum
positive moment region in the spans and in the maximum
negative moment region on either side of the center bent
diaphragm. As a result, an approximate uniformity of total
positive and negative stresses in the reinforcing steel at
the critical sections was obtained.

As Span I had a transverse diaphragm at Section X, whereas
Span II did not have a transversé diaphragm, the true effects
of the diaphragm on load distribution could be assessed more
readily when loads were applied at midspan than when applied
elsewhere.

It was desirable, in order to eliminate local irregularities,
concentrations of stress and possible damage to the gages and
strain meters, to have the location of the instrumented
sections in the spans, i.e. Sections A and D, at a short

distance from the sections of Tloading.
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5.2 Description of Loéding Frames

Each of the two identical loading frames, Fig. 5.1, positioned
above a midspan consisted of a W24 x 145 beam 18 ft. long, transversely
spanning the section at a height above the model deck sufficient to allow
for the placing of loading jacks, load cells, bearing plates and pads,
and scaled down trucks as required. Each end of the W24 x 145 beam was
held by a 2 ft. 5 in. Tong W10 x 77 beam which had two end plates of
dimensions 18 in. x 12 in. x 1/2 in. welded to it. These end plates had
four pairs of holes at 4-3/4 in. vertical intervals, which allowed the
wide flange beam arrangement to be bolted by means of 7/8 in. diameter
high strength steel bolts to two vertical columns of‘structural tubing
of 12 in. x 6 in. x 1/2 in. section at 3 ft. centers on each side of
the Bridge model.

The 24 in. deep wide flange steel beam was stiffened by means
of 1/2 in. thick stiffeners, located in pairs at the ends and at five
intermediate locations above the centerline of each girder of the box
girder model. The bottom flange of the beam had five steel rings tack-
welded to it at the stiffener locations to allow for proper positioning
of the loading jacks above the girder webs.

The vertical 12 in. x 6 in. x 1/2 in. columns of structural
tubing each contéined a 1-1/8 in. diameter high strength steel pre-
stressing rod which allowed the frame assembly to be fastened to a base
plate assembly which in turn was anchored to the test floor of the
laboratory. The tie-down floor had holes for anchorage purposes at

3 ft. intervals in two perpendicular directions.
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5.3 Loading}Arrangement'for'BOX'Girder‘Bridge Model

For point loads in various combinations to be applied at the
centerlines of the girders at midspan, the following method was devised
for convenience of loading:

Ten identical loading jacks, each of capacity 20 tons were
placed, one over each girder centerline, at both midspans of the box
girder bridge model, Fig. 5.1. The jacks rested on 5 in. x 5in. x 1 in.
steel plates which had neoprene bearing pads of the same dimensions
under them for uniform application of load.

The five jacks at each midspan section were connected by means
of hoses fitted with valves to a common manifold. Each of the two mani-
folds was connected by means of high pressure hoses to an air pressure
hydraulic pump system. Load cells were used to check that each jack
delivered an equal load when all valves were open. ‘Calibrations for
jack load versus pump pressure were made earlier, and confirmation of -
the load value in each case was obtained from load cells.

The use of ten identical jacks eliminated the need for
moving the loading jacks into position, and all that was necessary was
the opening or closing of the valves as the loading required.

For the Toading of scaled down trucks and construction
vehicles, the manifold system remained essentially the same but its
height above the bridge model top dgck had to be adjusted. The 24 in.
deep cross beams of the loading frames had to be raised for the loading
of the trucks and had to be removed for the application o% the moving

Toad.
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5.3.1 Modifications for Changes in Support Conditions

Most of the experimental program was carried out for the
bridge model with simply supported end abutments and the central column
support with its footing prestressed to the tie-down test floor.

In loading phase II, after the application of conditioning
loads to produce stresses in the steel reinforcement of 30 ksi at the
sections of maximum bositive and negative moment, the effect of alter-
ing the support conditions on the load distribution properties of the
box girder bridge model was studied. The application of point loads
at the girder centerlines was repeated for the case of torsional res-
traint at the center bent and separately for the case of longitudinal
restraint at the two end diaphragms.

The torsional restraint at the center bent was accomplished
by using similar concrete pedestals and screwjacks under girders 1 and
5 at section Z, i.e. the bridge centerline. Pressure meters between
the concrete pedestals and the screwjacks gave readings of the load
being taken by the torsional restraint. The torsional restraint, és
applied above, modeled a box girder bridge with a three-pedestal
center bent. Fig. 5.2 gives a picture of the screw jacks assembly
under girder 5 at the center bent.

The longitudinal restraint at the end diaphragms was accom-
plished by using three screwjacks and pressure meters at each end abut-
ment. The restraint was applied at girders 1, 3 and 5, where 1/2 in.
thick steel plates had been cast into the end abutments for this
purpose. The horizontal restraint-introduced at the bottom of the end

diaphragms modeled a box girder bridge with the end diaphragms cast
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e

FIG.5. CREW JACK ASSEMBLY UNDER GIRDER 5 AT THE CENTER BENT FOR
TORSIONAL RESTRAINT
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END DIAPHRAGM
OF BRIDGE MOCDEL

SCREW JACK

FIG. 5.3 END SUPPORT CONDITION FOR LONGITUDINAL RESTRAINT
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directly on immovable vertical piles. Fig. 5.3 gives a picture of the

longitudinal restraint.

5.4 Description of Scaled-down Trucks and Construction Vehicles

Schematic representations of prototype dimensions and wheel
loads for the AASHO standard HS 20-44 truck (total load = 72 kips) and
the proposed overload construction vehicle Class II (total load = 330
kips) are shown in Figs. 5.4 and 5.5. For the AASHO truck, the variable
dimension was taken as 14 ft. to produce maximum stress.

As suggested by the California State Division of Highways,
the wheelprint prototype area for the AASHO truck was a rectangle of 20
in. transverse by 10 in. longitudinal dimensions. For the overload
construction vehicle, the procedure was to divide the wheel reaction by
the tire pressure to obtain a gross wheelprint area. An elliptical
wheelprint of major to minor axis ratio of 1.25 was then calculated,
the major axis being in the direction of movement of the vehicle.

These calculations give a major axis of 40 in. and a minor
axis of 32 in. for a 65 kip wheel load, using the manufacturer's
suggested tire pressure of 65 psi.

The drawings for the scaled-down AASHO truck model (total
Toad = 9 kips) and the overload construction vehicle model (total load =
41.25 kips) are shown in Figs. 5.6 and 5.7. Al11 linear dimensions of
the prototypes were reduced by the scale factor 1: 2.82 and all loads
in the ratio 1:8 as necessitated by similitude conditions. For con-
venience, the elliptical wheelprints of the construction vehicle were
replaced by rectangular areas of about the same magnitude. 1 in. thick

neoprene pads were used at the six contact areas in the case of each
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16K

FIG. 5.4 WHEEL LOADS AND DIMENSIONS OF AASHO HS 20-44 TRUCK

65K

FIG. 5.5 WHEEL LOADS AND DIMENSIONS OF OVERLOAD CONSTRUCTION VEHICLE
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truck or vehicle.

Six AASHO trucks and two construction vehicles were fabri-
cated in the Structural Engineering Materials Laboratory shop. A
system of statically determinate beams was adopted in each case, the
resultant of the wheel loads being applied at one point by means of a
loading jack. On the bridge model deck, a truck or a construction
vehicle was always placed such that the point of loading was directly
above the midspan Section X or Y irrespective of the orientation of
the truck. The trucks and construction vehicles thus essentially
consisted of static loads. The number of trucks on the bridge deck
and the orientation of the trucks were changed as will be shown in the
loading schedule.

Fig. 5.8 shows a photograph with a three lane truck loading

on the bridge model deck.

5.5 Description of Moving Load

A fork 1ift with two concrete blocks on the fork as shown in
Fig. 5.9 was used as a moving load of about 10 kips. It had a spring-
1ike pointer poised immediately above one of the Tongitudinal masking
tapes showing the centerline of a girder. By keeping the pointer in
position the driver of the fork 1ift was able to follow a path parallel
to the longitudinal axis of the bridge.

The dimensions and wheel loads for the fork 1ift are given in
Fig. 5.10. Three passes were made from Sections W to E and readings in
each case were taken at 11 different transverse sections, in order to
obtain an approximately continuous record. Details are given in the

Toading schedule.
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FIG. 5.8 THREE LANE AASHO TRUCK LOADING ON BRIDGE MODEL DECK
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~ BRIDGE

FIG. 5.9 FORK LIFT USED AS MOVING LOAD

s
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DIMENSIONS OF WHEELS
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FIG. 5.10 DIMENSIONS AND WHEEL LOADS OF FORK LIFT
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5.6 Loading Schedule for Box Girder Bridge Model

The design stress for the tensile steel reinforcement at
locations of maximum moment in a reinforced concrete box girder bridge
is 24 ksi when the steel used has a yield stress of 60 ksi.

It is found in actual practice that within a short time of use
the stresses in various locations of a bridge approach the working stresses
for which they have been designed. In fact, during construction, bridges
are often subjected to heavy loads 1like those produced by construction
vehicles which may create stresses in excess of the working level. For
the determination of the live load characteristics of the box girder
bridge model, it was decided that any combination of live loads that in
conjunction with the self weight and extra weight for prototype simula-
tion produced stresses within the bridge of Tess than 24 ksi was of Tittle
interest. The schedule of Toading for the box girder bridge model was
therefore based on the evaluation of box girder bridge behavior at the
stress levels of 24 and 30 ksi in the tensile reinforcement at the sec-
tion of loading. In addition, the bridge was loaded to higher levels of

stress and finally to failure. The complete schedule is described below.

5.6.1 Loading Schedule - Part 1

The emphasis of the loading schedule was on Part 1 which
dealt with the dead load and the working load condition of the box girder

bridge model. Part 1 consisted of three phases, phases 0, I and II.

5.6.1.1 Phase 0 (Dead Load Phase)

Measurements were made for the dead load condition,
i.e. self weight of box girder bridge model plus the extra weight of steel

billets for prototype simulation. The end diaphragms were simp1y supported
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for this phase, which consisted of two steps - zero readings before the
final removal of the shoring and formwork and readings immediately after
the removal of the shoring and formwork. The nominal stress in the tensile
reinforcing steel due to the dead Toad alone was 11.5 ksi at midspan

Sections X and Y and 8.9 ksi at instrumented Sections B and C.

5.6.1.2 Phase I (24 ksi Conditioning Load Phase)

Point loads of equal magnitude 7.7 kips were applied
at both midspan Sections X and Y of the box girder bridge model, one over
each girder making a total of ten Toads, to create a nominal total stress
of 24 ksi in the tensile reinforcing steel at Sections X and Y and a nomin-
al total stress of 15.5 ksi in the tensile reinforcing steel at Section B
and C. After removal of these conditioning loads, a standard point load
of magnitude 12.7 kips, sufficient to create a nominal total tensile steel
stress of 24 ksi in a girder when placed directly over it alone, was applied
at various locations of the bridge model deck as shown in Fig. 5.11. For
Phase I a total of 10 basic load combinations were used, shown in Fig. 5.11a,
necessitating a total of 27 loading and unloading steps. The loads for the
positions 1Y (indicating the position on the bridge deck at the intersec-
tion of girder 1 with transverse Section Y), and 5Y were applied in four
increments, each a quarter of the total value, and then lowered to zero.
Loads for the other positions consisted of two steps, from zero to total

value and back to zero.

5.6.1.3 Phase II (30 ksi Conditioning Load Phase)
| Point loads of equal magnitude 11.4 kips were applied
at both midspan Sections X and Y of the box girder bridge model, one over

each girder making a total of ten loads. These created a nominal total stress
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of 30 ksi in the tensile reinforcing steel at Sections X and Y and a nomin-
al total stress of 18.7 ksi in the tensile reinforcing steel at Sections B
and C. After removal of these conditioning loads, a standard point load of
magnitude 19.3 kips, sufficient to create a nominal total tensile steel
stress of 30 ksi in a girder when placed directly over it alone, was ap-
plied at the various locations of the bridge model deck in the 19 combina-
tions shown in Figs. 5.11a and b. In addition, the 10 basic load cases
shown in Fig. 5.11a were repeated for the same value of load, i.e. 19.3
kips with the center bent of the bridge model restrained against torsion,
and separately for the case with the end diaphragms of the bridge model
restrained against longitudinal movement.

Next, two truck loadings consisting of four and six trucks res-
pectively were applied to the bridge model deck in 11 and 3 combinations
respectively, as shown in Figs. 5.12 and 5.13.

The next loading in this phase was the construction vehicle
Toading, in 8 combinations as shown in Fig. 5.14. Lastly, the fork lift
shown in Fig. 5.9 was used as a moving load to make three passes from
Section W to Section E with a total of 11 readings per pass. The loca-
tion of the fork 1ift on the bridge model deck for each pass is shown in
Fig. 5.15 and the 11 positions for which readings of the moving load were

taken are given in Fig. 5.16.

5.6.2 Loading Schedule - Part 2

Part 2 of the loading schedule for the box girder bridge model
dealt with stresses beyond the working load condition, and with the final

loading to failure. The phases in Part 2 were phases III, IV, V and VI.
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FIG. 5.11 BASIC AND ADDITIONAL POINT LOAD COMBINATIONS APPLIED AFTER
CONDITIONING LOADS
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Y
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TRUCKS IA+3A

TRUCKS 2A+4A

TRUCKS IA+2A+3A+4A

ONE WHEEL -LINE OF EACH TRUCK PLACED ON AN EXTERIOR
GIRDER (NOT TO SCALE)

FIG. 5.12 TWO LANE AASHO TRUCK LOADINGS - 11 COMBINATIONS
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WEST ' EAST

TRUCKS IB+2B+3B+4B+5B+6B

TRUCKS IB+ 2B + 3B

TRUCKS 4B+5B +6B

ONE WHEEL-LINE OF EACH TRUCK PLACED ON AN EXTERIOR
GIRDER (NOT TO SCALE)

FIG. 5.13 THREE LANE AASHO TRUCK LOADINGS - 3 COMBINATIONS
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west X | Y _EAST wesT X Y EAST
VEHICLE IC VEHICLES IC+3C
VEHICLE 4C VEHICLE 2C
VEHICLES IC+4C VEHICLES 2C+3C
VEHICLE 3C VEHICLES 2C +4C

ONE WHEEL-LINE OF EACH VEHICLE PLACED ON AN EXTERIOR
GIRDER (NOT TO SCALE)

FIG. 5.14 CONSTRUCTION VEHICLE LOADINGS - 8 COMBINATIONS
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(NOT TO SCALE)

FIG. 5.15 PLAN SHOWING PATHS OF FORK LIFT FRONT WHEELS

(NOT TO SCALE)

NOTE: ALL DISTANCES MEASURED ALONG BRIDGE CENTERLINE

FIG. 5.16 PLAN SHOWING 11 LOCATIONS OF FORK LIFT FRONT WHEELS AT
WHICH SCANNER READINGS WERE TAKEN FOR EACH PASS
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5.6.2.1 Phases III, IV and V (40, 50 and 60 ksi Conditioning
Phases)

In each of these phases, point loads of equal magni-

tude were applied at both midspan Sections X and Y of the box girder bridge
model, one over each girder making a total of ten loads, to create nominal
total stresses of 40, 50 and 60 ksi respectively in the tensile reinforc-
ing steel at Sections X and Y and nominal total stresses of 23.9, 29.2 and
34.5 ksi in the tensile reinforcing steel at Sections B and C. After
removal of these conditioning loads the same standard point load of magni-
tude 19.3 kips as used in Phase II and sufficient to create a nominal total
tensile stress of 30 ksi in a girder when placed directly over it, was
applied at the various locations of the bridge model deck in the 10 basic

load combinations shown in Fig. 5.11a.

5.6.2.2 Phase VI (Loading to Failure)

The final loading to failure required a larger load
than could be delivered by the five 20 ton jacks in each span shown in
Fig. 5.1. Only six 100 ton jacks were available, so for the final load-
ing to failure it was decided to use three rams of 100 ton capacity each
over girders 2, 3 and 4 at the midspan Sections X and Y, as shown in
Fig. 5.17. The box girder bridge model was loaded to failure in several

stages.

5.7 Summary of Loading Schedule

Table 5.1 shows the loading schedule in summary form from the
dead load phase and working Toad condition (Part 1) to the overload and
failure phases (Part 2). As certain loadings were carried out in several
increments and others in two steps, the 135 loading combinations alto-

gether necessitated a total of 450 sets of scanner readings for- their
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TABLE 5.1 LOADING SCHEDULE FOR BOX GIRDER BRIDGE MODEL

PART 1 PART 2
LOAD PHASE 0 I 11 III IV v VI
0
Conditioning load per girder at Dead 7.7 11.4 17.5 23.7 29.8 Loading
midspan Sections X, Y (kips) Load to
FAILURE
©
©
"B w
@ T Midspan Sections X, Y 11.5 24.0 30.0 40.0 50.0 60.0
+ S O
0+ r—
x
202
;JE Instrumented Sections A’ D 12.9 22.9 27.7 35.7 43.7 51.7
8253
O o~
328
3: 8 Instrumented Sections B’ C 8.9 ]5.5 ]8.7 23.9 29.2 34.5
e
— c
285
‘Eowmn| Sections at edge of center | 12,6 21.1 25.3 32.1 38.9 45.8
23 °x| bent diaphragm

Standard single load applied on a gir-
der at Sections X, Y after removal of 0 12.7 19.3 19.3 19.3 19.3
conditioning loads (kips)

Total steel tensile stress produced in
a girder at Sections X, Y due to a sin- 0 24 30 30 30 30
gle load (ksi)

Simple supports 1 10 19 10 10 10
Torsional Restraint 10
Longitudinal restraint 10
g2
=
= Two lane truck loading 11
=
=
§ Three lane truck loading 3
(=]
<
S Construction vehicle loading ‘ 8
Moving load (fork 1ift) 33
TOTAL 1 10 94 10 10 10 135




93

E|

"SMOVI NOL 00T XIS HLIM
¥N1Ivd 0L 9NIGYOT TwNI4 ¥04 INIWIONVYYY ONIAYOT LT

J WYY ONIQYOT
ALID ol 0ol

S

¢

914




94

evaluation.

5.8 Chronological Record of Experimental Program

The schedule for testing program was as follows (all dates in

1972 and 1973).

October 5:

October 27:
October 30:
October 31:
November 1-2:

November 7-9:

November 13-14:
November 17-20:
November 22-27:

November 29:

December 21:
December 27:
December 28:
January 2-3:
January 11-12:
January 18-19:
February 1-2:

Part 1

Phase 0 - removal of shoring and dead Tload
readings.

Phase I - 24 ksi conditioning load

Phase I - point loads

Phase IT - 30 ksi conditioning load
Phase II - point loads

Phase II - point Toads with longitudinal
restraint

Phase II - pdint loads with torsional restraint
Phase II - AASHO truck loadings
Phase IT - construction vehicle loadings
Phase II - moving Toad (fork 1ift)
Part 2

Phase III - 40 ksi conditioning load
Phase III - point Toads

Phase IV - 50 ksi conditioning load
Phase IV - point loads

Phase V - 60 ksi conditioning Tload
Phase V - point loads

Phase VI - Toading to failure.
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6. MATERIAL PROPERTIES AND TEST ENVIRONMENT

6.1 Concrete Mix

The mix for the concrete used in the box girder bridge model
was designed by the project staff to give an fé = 3000 psi at 28 days.
Ready mix was supplied by a local dealer. The batch quantities for one

cubic yard of concrete with saturated-surface-dry aggregates were as

follows:
Sierra Brand Type II Modified Dark Cement . . 564 1bs.
Tidewater Blend Sand . . . . . . . . . . . . 352 1bs.
Livermore Top Sand . . . . . . . . . . . . . 1243 1bs.
Livermore #10 x 1/4 in. Pea Gravel . . . . . 1323 1bs.
Potable Water (42 Gallons] . . . . . . . .. 350 1bs.
Total 3832 1bs.
The allowable slump specified for this concrete mix was

6 inches.

6.2 Placement of Concrete and Slump Tests.

Details of concrete placement have already been described in
Chapfer 4. The concrete for the bottom slab, girder webs and diaphrams
came in three truckloads. The concrete for the top slab came in two
truckloads. The location of concrete placement is shown in Fig. 6.1.

Truck 1 had concrete with a slump of 3 3/4 in. at arrival.
After the end diaphragm was cast an additional 2.5 gallons of water per
cubic yard of concrete was added. Truck 2 had a concrete with a slump of
4 in. at arrival which was brought up to 7 1/2 in. by adding 2.5 gallons

of water per cubic yard of concrete before placement. Similarly a total
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A. LOCATION OF CONCRETE PLACEMENT IN
BOTTOM SLAB AND GIRDER WEBS

WEST 05

B. LOCATION OF CONCRETE PLACEMENT IN TOP SLAB

FIG. 6.1 PLAN SHOWING LOCATION OF CONCRETE PLACEMENT BY TRUCK NUMBER
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of 2 gallons of water per cubic yard of concrete was added to Truck 3 in
order to maintain the slump at 4 1/2 in. throughout placement. No added
water was necessary for the placement of the concrete in the top slab,

Trucks 4 and 5.

6.3 Control Tests on Concrete Cylinders

For the evaluation of the concrete compressive strength fé and
the elastic modulus Ec of concrete, and the variations of these quantities
with age, 72 concrete cylinders of 6 in. diameter and 12 in. height were
cast, and subsequently tested over the duration of the experimental test
program. The control specimens were cured in the same manner as the box
girder bridge model. The control test cylinders are summarized in

Table 6.1.

TABLE 6.1 SUMMARY OF CONCRETE CONTROL TESTS

: Top Slab Bottom Slab and Girder Webs
Location of Concrete in

] ] Section | Section | Section | Section | Section
Box Girder Bridge Model |/ 0 7 17 toF |Wto Q8 | QB to QC |QC to E

Number of cylinders
tested for compressive 18 18 12 18 6
strength fé

Number of cylinders
for which elastic 18 18 12 18 6
modulus EC was
measured

Graphs showing the increase in cylinder compressive strengths
with age for concrete from the top and bottom slabs are shown in Figs.

6.2 and 6.3. The variation of the concrete elastic modulus with age is
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plotted in Figs. 6.4 and 6.5. Data points on these graphs represent the
average of three concrete cylinder tests. These graphs also show the
schedule of testing of the box girder bridge model with pertinent dates.

An electronic X-Y Recorder was utilized in obtaining the con-
crete elastic modulus. Each concrete cylinder was loaded to approxi-
mately 0.4 fé and then unloaded. This loading cycle was repeated a total
of four times for each cylinder and a load-strain curve was recorded for
each of the cycles. The first load cycle allowed seating of the compres-'
someter. The three subsequent load-strain records were used to obtain the
concrete elastic modulus by averaging the slopes of the three récords
between zero and approximately 0.5 fé. The curves were essentially 1linear
in this range.

The measured values of the compressive strength of the concrete
fé and the elastic modulus of concrete EC as obtained from the control
tests on each cylinder are given in Tables 6.2 and 6.3. A typical stress-
strain curve for concrete is given in Fig. 6.6.

For the>reduction of experimental data, average values of the
concrete elastic modulus at each of the instrumented sections were taken
from the above graphs. At instrumented Sections A and D, the reading
for the elastic modulus Ec of the top slab was necessary for the computa-
tion of the compressive force in the top slab, and the reading for the
elastic modulus EC of the concrete in the bottom slab and girder webs
was necessary for the computation of the compressive force in the upper
part of the girders. At instrumented Sections B and C, however, only the
values of the concrete elastic modulus EC in the bottom slab and girder
webs were required for the determination of the slab and web compressive

forces. In order io take into account the changes in the properties of
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concrete with age, it was decided to use three sets of the concrete
elastic modulus values for the purposes of reduction of experimental
data. |

The first set of concrete elastic modulus values consisted of
average values for the top slab, bottom slab and girder webs for a time
period from the beginning of the dead load phase through the 24 ksi load-
ing phase. This set of concrete elastic modulus values was used for the
data reduction for dead load, Phase 0, and for Phase I where conditioning
loads caused maximum nominal tensile stresses of 24 ksi in the steel.

The second set of concrete elastic modulus values consisted of
average values over the time period spanning Phases II and III of the
test program, during which conditioning loads of 30 ksi and 40 ksi were
applied. The third set of concrete elastic modulus values consisted of
average values over the remaining test period until failure of the con-
crete box girder bridge model.

These average values for the concrete elastic modulus used in

the reduction of experimental data are given in Table 6.4.
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TABLE 6.2 RESULTS OF COMPRESSIVE STRENGTH TESTS ON CONCRETE CYLINDERS

Age of Value of Compressive Strength fé in psi
Concrete Top Slab Bottom Slab and Girder Webs
at Test
(Days) Section Section Section Section Section
y Wto Z ZtokE W to QB QB to QC QC to E
2980 3010 2820
14 2920 2940 2825
2900 2980 2840
3520 4240 3510
28 3810 4030 3440
3880 4140 3500
4170 4610
59 4330 4470
4100 4620
4330 4800
87 4340 4720
4330 4730
4160 3860 4000
98 4230 4080 3880
4183 3980 3910
4230 3960 4020
127 4040 4020 3950
3780 4010 4020
4310 4780
147 4180 4830
. 4100 4470
3900 4610
185 4070 4860
4120 5030
4280 4130
186 4180 3970
3840 3980
2880
223 2920
2920
4030
224 4260
4010
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TABLE 6.3  RESULTS OF MODULUS OF ELASTICITY TESTS ON CONCRETE CYLINDERS

Age of Values of Concrete Modulus EC in ksi
Concrete
at Test Top Slab Bottom Slab and Girder Webs
(Days) Section Section Section Section Section
Wto Z Z to E W to QB QB to QC QC to E
2620 2720 2390
14 2660 2700 2440
2640 2720 2440
2580 2880 | 2520
28 2600 2790 2480
2580 2860 2480
2560 2980
59 2660 2950
2690 2970
2800 3020
87 2880 3080
2560 3100
2640 2480 2510
98 2610 2580 2470
2830 2590 2440
2950 2640 2750
127 2895 2640 2720
2780 2680 2690
2810 3020
147 2750 3120
2710 3040
2420 3090
185 2630 3100
2540 3070
2860 2700
186 2820 2620
2770 2680
1940
223 1880
4160
2680
224 2700
2550
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TABLE 6.4 VALUES OF CONCRETE ELASTIC MODULUS EC IN
KSI AT INSTRUMENTED SECTIONS USED IN
REDUCTION OF EXPERIMENTAL DATA
Average Values of Concrete Modulus EC in ksi
Instrumented | Location
Section Phases 0, I: | Phases II, III:| Phases IV, V,
After Dead 30 ksi Tensile | VI: 50 ksi
Load, 24 ksi | Stress to 40 Stress to
Tensile ksi Stress Failure
Stress
Top slab 2650 2700 2750
A
Bottom slab
and girder 2550 2650 2650
webs
Top slab 2650 2700 2750
B -
Bottom slab
and girder 2550 2650 2650
webs
Top slab 3000 3050 3050
C
Bottom slab
and girder 2550 2650 2650
webs
Top slab 3000 3050 3050
D
Bottom slab
and girder 2550 2650 2650

webs
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6.4 Tests on Control Beams for the Measurement of
Concrete Tensile Strength

Modulus of rupture tests were carried out for the determination
of concrete tensile strength on 12 control beams after Phase II (30 ksi)
of the experimental program. Each beam was 5 in. wide, 6 in. deep and
18 in. long, and was subjected to third-point loading in a testing
machine. The results of the tensile strength tests are given in

Table 6.5.

TABLE 6.5 MODULUS OF RUPTURE TESTS ON CONCRETE BEAMS

Age of Valqﬁf oﬂ Tensile Strength ft in psi
Concrete p slab Bottom slab
at Test Section Section Section Section
(Days) W to Z Z to E W to QB QB to E
680 585
90 655 640
695 600
810 525
130 555 695
715 720

6.5 Steel Reinforcement Tests

A11 instrumented reinforcement for the box girder bridge model
was instrumented and placed by the project staff. The main longi-
tudinal reinforcement in the top and bottom slabs consisted of No. 4
deformed bars. Additional longitudinal reinforcement in the slabs
and the girder webs and transverse reinforcement in the slabs con-
sisted of No. 3 deformed bars. The stirrup reinforcement in the
girder webs was composed of No. 2 deformed bar in zones of high shear

near the center bent, and the remainder of the stirrups were made of
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1/4 in. diameter undeformed bars. The nominal yield strengths of the
reinforcement were as follows: 1/4 in., 45 ksi; No. 2, 40 ksi; No. 3
and No. 4 bars, 60 ksi.

A total of thirty-seven tensile control tests were performed
on nominal 24 in. long samples from the steel reinforcement used in the
concrete box girder bridge model. These thirty-seven samples consisted
of: twelve deformed No. 4 bars; fifteen deformed No. 3 bars; five
deformed No. 2 bars; and five 1/4 in. diameter plain bars.

A11 of the deformed test specimens had a parallel lug pattern,
and identification marks on the No. 3 and No. 4 bars indicated they were
produced by Judson Steel Corporation, Grade 60, New Billet Type Steel.

The No. 2 deformed and 1/4 in. diameter plain bars were grade 40 and had
no identification symbols.

Prior to testing,all specimens had an 8.00 in. gage length
punched on them. The testing apparatus used was an electronic X-Y Plotter,
4 in. gage length extensometer, 60 kip hydraulic testing machine, dividers
and a scale with 0.01 in. graduations.

The testing procedure established permanent plots of the force-
strain curve in the linear elastic, and yielding inelastic ranges of the
material. Each specimen was loaded to approximately 75% of its predicted
yield Toad four consecutive times, and then reloaded past yield into the
inelastic zone. The divider method was then used to obtain data points
for the remainder of the force-strain curve up to failure.

Calculation of the modulus of elasticity for the steel rein-
forcement specimens was obtained by averaging the last three, of the first
four, force-strain plots and dividing by the nominal area of the respec-

tive bar size.
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From the data obtained from the tensile tests, the yield
stress, ultimate stress and modulus of e]asticity are given in Table 6.6.
The average values of the modulus of elasticity for the 1/4 in. diameter
plain bar, and the No. 2, No. 3 and No. 4 deformed bars were: 27.9,
27.0, 28.8 and 27.5 x 106 psi respectively. These average values for
the modulus of elasticity were used in the reduction of the experimental
data. The average values of yield stress, as calculated from the test
data of Table 6.6, for the 1/4 in. diameter plain bar and the No. 2,
No. 3 and No. 4 bars were 47, 38, 61 and 70 ksi respectively. Typical

load-strain curves for the steel reinforcement tests are shown in Fig. 6.7.

6.6 Temperature and Humidity Measurements

Continuous temperature recordings were made from the initial
casting of the bottom slab and girder webs, until loading to failure of
the reinforced concrete box girder bridge model. During an extended
period of air conditioning system malfunctioning in the laboratory, June
29 to October 2, 1972, the average temperature in the laboratory was
75°F with a variation of only + 2°F except for a maximum increase of
10°F above average at midday for a short period of three days. After
October 2, 1972 the air conditioning system functioned properly and
records show temperatures of 70°F + 1°F throughout the remainder of the
experimental program. Humidity measurements were not taken during the
experimental program, however, previous experience in the laboratory
indicated that a practically constant condition of 50 + 5% humidity
existed in the laboratory. The temperature record for the bridge model

from initial casting to final load test to failure is shown in Fig. 6.8.
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TABLE 6.6  SUMMARY OF TENSILE TESTS ON STEEL REINFORCEMENT
Bar Nominal Measured Yield Stress Ultimate Stress
No. Size Area E o o
. Se y 3 u

No. Sq. in. x 10° psi x 103 psi x 10°  psi
1 5" 6 0.05 27.6 47.4 78.1
2 %' 4 0.05 26.9 46.8 74.3
3 4" 4 0.05 28.8 46.8 77.8
4 L) 0.05 27.9 48.9 78.6
5 5" ¢ 0.05 28.3 42.8 75.2
6 2 0.05 25.9 38.0 65.6
7 2 0.05 26.6 38.0 65.6
8 2 0.05 28.4 37.0 65.5
9 2 0.05 27.4 39.0 66.6
10 2 0.05 26.7 37.0 66.6
1 3 0.11 28.6 63.6 95.8
12 3 0.11 28.3 60.9 92.7
13 3 0.11 27.6 59.1 93.6
14 3 0.11 28.5 60.0 94.7
15 3 0.11 29.6 61.8 96.0
16 3 0.11 30.7 60.0 93.4
17 3 0.11 29.6 63.1 93.1
18 3 0.11 28.5 60.0 93.6
19 3 0.11 30.6 63.1 94.4
20 3 0.11 30.1 62.9 95.6
21 3 0.11 27.6 60.0 93.4
22 3 0.11 28.7 61.8 93.8
23 3 0.11 28.9 62.7 95.3
24 3 0.11 27.3 60.0 93.3
25 3 0.11 27.9 61.8 93.3
26 4 0.20 27.7 70.5 99.9
27 4 0.20 28.0 71.0 99.9
28 4 0.20 27.6 70.5 99.5
29 4 0.20 27.6 70.0 98.5
30 4 0.20 28.1 73.0 100.6
31 4 0.20 27 .4 70.5 99.6
32 4 0.20 27.7 69.0 102.0
33 4 0.20 26.8 70.0 99.5
34 4 0.20 26.9 71.0 99.9
35 4 0.20 26.5 60.0 99.5
36 4 0.20 26.9 70.5 100.4
37 4 0.20 28.2 72.0 99.9
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7. SUMMARY AND CONCLUSIONS FOR VOLUME I

The present volume is the first of a three volume sequence on
the "Structural Behavior of a Curved Two Span Reinforced Concrete Box

Girder Bridge Model." The material included in each volume is as follows:

Vol. I - Design, Construction, Instrumentation and Loading
Vol. IT - Reduction, Analysis and Interpretation of Results

Vol. III - Detailed Tables of Experimental and Analytical Results

The construction, instrumentation and testing of the model in
the Structures and Engineering Materials Laboratory, Davis Hall, Univer-
sity of California, Berkeley over the period March 22, 1972 to February 2,
1973 has been described>in detail in the present volume. The model was
72 ft. long along the longitudinal centerline, 12 ft. wide and 1 ft.

8 9/16 in. in depth. It had a radius of curvature in the horizontal plane
of 100 ft. It was a two span continuous structure and had four cells, a
center bent with a circular column support, two end diaphragms and a mid-
span diaphragm in one span only.

The model was a 1:2.82 scale replica of a typical prototype
California box girder bridge. The radius of curvature was selected as
being the maximum encountered in highway design in California. The scale
of 1:2.82 was the smallest that allowed the use of standard reinforcing
steel and concrete, as well as proper simulation of prototype behavior.
The scale was selected so that a No. 11 deformed bar in the prototype was
replaced by a No. 4 deformed bar in the model.

The curved bridge model was similar in all respects, except
horizontal curvature, to a straight bridge model tested previously in 1970

and reported on in detail in References 9, 10 and 11. Experience gained
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in the early test program on the straight bridge proved invaluable and
resulted in very few difficulties being encountered in the construction,
instrumentation and testing of the curved bridge model.

The loading frames and loading system used worked very satis-
factorily. The instrumentation, designed to record all measurements
electronically, consisted of load cells for the reactions, potentiometers
for the deflections, strain meters for the concrete strains, and weldable
waterproofed strain gages for the steel strains, all of which proved to
be very reliable. The data acquisition system used in the investigation
can be strongly recommended for its ease of handling, speed and stability.
It permitted the acquisition of data from 192 channels, for each of which,
the computer scanned each gage five times and averaged the readings in a
matter of a few minutes. Four hundred and fifty sets of scanner readings
of the 192 channels were required during the test program in which 135
different loading combinations were applied to the bridge. Output from
the data acquisition system computer in the form of paper tape was then
fed into a CDC 6400 computer for further reduction, analysis and inter-
pretation of results. These results are discussed in detail in Vols. II

and III.
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APPENDIX A

Detailed Design Drawings of Bridge Model
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