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"ABSTRACT

A detailed presentation of the reduction, analysis and inter-
pretation of the experimental and theoretical results obtained_in testing
a large scale two span, four cell, reinforced concrete box girder bridge
model is given. The various computer programs used in obtaining
theoretical results are described and compared; The methods and computer
programs used for reduction of experimental data are also presented.
Results, in terms of reactions, deflections, strains and moments, for the
response of the bridge to dead load, working stress loads and at over
Toad stress levels are given and comparisons between experimental and
theoretical values are made. A review of the behavior under sustained
dead load during the load history of the model is given with respect to
strains, deflections and cracking. The loading to failure, and
observations of structural behavior during this final phase are

considered in detail.

KEYWORDS

Box girder bridges; bridge model; cellular structures; continuous box
girder; model testing; experimental study; harmonic analysis; direct
stiffness method; finite element method; computer programs; bridge

analysis; bridge design; reinforced concrete.
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1. INTRODUCTION

1.1 General Remarks
The present volume is the second of a three volume sequence on

the "Structural Behavior of a 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. II - Reduction, Analysis and Interpretation of Results

Vol. III - Detailed Tables of Experimental and Analytical Results

These volumes deal with the complete experimental and analytical
study of a 72 ft. long, 12 ft. wide and 1T ft. 8 9/16 in. deep box girder
bridge model built and tested in the Structural Engineering Materials
Laboratory (S.E.M.L) of the University of California, Berkeley. Concrete
dimensions, location and amounts of reinforcing steel, instrumentation
and loading used for the model have been described in detail in Vol. I.
For easy reference in the present volume, Figs. 1 and 2 depict the
general dimensions of the model and the designation of transverse

sections and longitudinal girder Tines which are of pertinent interest.

1.2 Scope of Volume II

The present volume comprises the analysis of experimental data
from the box girder bridge model. While the main emphasis is placed on
‘the part dealing with load distribution properties of the box girder
bridge at working stresses, the dead load and overload cases and the
whole history of the bridge are also treated in detail. Experimental
data reduction is described, and data is presented for almost all loading
cases of interest. Theoretical values obtained from the MUPDI3, FINPLA2

and 1DFRAME computer programs are also given.
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Each presentation of theoretical and experimental results is
accompanied by interpretation and discussion with special reference to
correlations and corroborations between the sets of results, checks for
superposition and symmetry, and evaluation of the effect of the midspan
diaphragm. Where possible, implications of the results with regard to
design are considered,

Of particular interest from a load distribution standpoint at
the working stress level is how accurate the proposed theoretical methods
predict the results found in the experimental study with respect to the

following two important items for a load anywhere on the bridge.

1. The total moment at the midspan Sections A and D and at the

support Sections B and C.

2. The transverse distribution of these total moments at a

section across the width of the bridge.

General tables comparing theoretical and experimental results
for reactions, deflections, strains, longitudinal stresses and moments
are given in Volume III for all load cases considered. Selected typical
cases are taken from these tables and discussed in detail in the present
volume. Results for dead load and for Tive loads producing a working
stress of 30 ksi in the steel reinforcement are considered at length.
Response of the bridge at and after overload stresses of 40, 50 and 60
ksi in the reinforcement is also examined. The linearity of the
structural response during the overloading as well as afterwards is

studied.



Attention is paid to the interpretation and applicability of
theoretical results given by different analytical models. The relative
merits of the folded plate and finite element approaches are discussed,
and comparisons are also made with results obtained by idealizing the
box girder bridge model as a planar longitudinal frame composed of one
dimensional members.,

In addition, the whole scheme of cataloguing, classifying and
editing experimental data in four specially prepared computer programs
giving normalized results for comparison with theoretical values is
also treated in Volume II. These comparisons are made mainly for
reactions, deflections, strains and moments. In most cases, pertinent
theoretical and experimental data are presented in the text.

A study is also made of the history of strains at different
locations in the box girder bridge model. The deterioration of the
structure after the completion of each succeeding load phase and as
indicated by cracking patterns for each load phase is presented.

The Toading to failure and observations of structural behavior
during this final phase are considered in detail.

Lastly, a critical evaluation of the entire experimental study,
incorporating conclusions reached and recommendations for implementation

is presented.



2. INTERPRETATION OF THEORETICAL RESULTS FOR BRIDGE MODEL

2.1 General Remarks

Three different analytical methods were used in various phases
of the theoretical studies for the model. The computer programs
associated with these three analytical solutions are entitled:

(1) MUPDI3; (2) FINPLA2; (3) TDFRAME. A brief description of these

programs is given below.

MUPDI3 Program

This program can be utilized to analyse open or cellular folded
plate structures simply supported at the two ends and having

up to twelve interior diaphragms or supports between the two
ends. Diaphragms may be defined by flexible beams and supports
may be defined by two dimensional planar rigid frame bents.
Options permit evaluation of internal forces in the frame

bents as well as in the bridge. A direct stiffness

harmonic analysis based on the elasticity theory is used for
the folded plate system. Compatibility at the interior
diaphragms or supports is accomplished by a force method of
analysis. Loads and redundant forces may be approximated by

up to 100 non-zero terms of the appropriate Fourier series.

FINPLA2 Program

This program can analyze general non-prismatic cellular
structures of varying width and depth and may have an integrated
three-dimensional frame. The structure is discretized by
dividing it longitudinally into a certain number of structure
segments by vertical sections, and by subdividing each such
segment into finite elements. The structure alignment is
described by a Tongitudinal reference line which may be a
straight Tine, a circular curve or an arbitrary planar string
polygon and cross-sections are defined with respect to this
line. Orthotropic plate properties and arbitrary loadings and
boundary conditions can be treated. Automatic element and
coordinate generation options minimize the required input data.

1DFRAME Program

This program can analyze simple planar frames made up of one
dimensional members such as beams and columns. A direct stiff-
ness analysis is used to determine displacements and member

forces due to any desired loading on the frame.



MUPDI3 and FINPLAZ represent the latest available versions of
the original programs MUPDI and FINPLA which have been briefly described
in Vol. I and in detail in [1, 2, 5].

For the MUPDI3 analysis, 100 harmonics were used to approximate
the applied Toading in each case. This program treats the center single
column bent as a transverse planar rigid frame, and therefore it cannot
account for the Tongitudinal bending moment developed at the base of
the column under unsymmetrical loadings in the two spans. For symmetrical
loadings it yields a very accurate solution. The program analyzes a
single load case for each input.

For the FINPLAZ analysis, the bridge was subdivided
transversely by selecting nodal points at the top and bottom of each web
and at the edges of the cantilever overhangs. This resulted in 15
finite elements transversely. Longitudinally the bridge was subdivided
into 30 segments. Due account was taken of the variation in modulus of
elasticity throughout the bridge and the flares in the web thicknesses.
Because the center single column bent is assumed to be a three dimensional
frame, the longitudinal bending stiffness of the column is included and
therefore FINPLA2 can be used for unsymmetrical as well as symmetrical
loads in the two spans. The program can treat multiple load cases for
each input.

For the 1D FRAME analysis, the bridge is assumed to be a
simple planar longitudinal frame made up of three members. Two of these
are horizontal members each having a length equal to 36 ft. and a
moment of inertia of 2.64 ft%, which is obtained by considering the
entire bridge cross-section, Fig. 2, to be an uncracked beam section.

The third member is the vertical circular column, Figs. 1 and 2, which



has a Tength from the top of the footing to the centroid of the bridge
cross-section of 3.43 ft. and a moment of inertia of 0.249 ft4. The
modulus of elasticity is assumed constant in this analysis. It is
obvious that 1DFRAME can only be used to give an indication of the
Tongitudinal distrubution of total reactionsand moments, but gives no
information on the transverse distribution of these quantities or the
internal membrane forces and plate bending moments in each plate element
which are obtained from the more complex MUPDI3 and FINPLA2 programs.
In order to give some idea of the computer times involved on
a CDC 6400 for solutions of the bridge model by these programs, a
summary is given below in Table 1. CP time stands for central computer

processing time and PP time stands for peripheral unit processing time

which has a cost charged at about 0.8 CP time for large problems of

TABLE 1 - CDC 6400 COMPUTER TIMES FOR BRIDGE MODEL ANALYSES

Computer Program CP Time PP Time
(Seconds) (Seconds)
MUPDI3 (1 Toad case) 225 112
FINPLA2 (9 Toad cases)
Compilation 50
Input Setup 53
Load matrix 7
Structure stiffness 54
Solution of equations 229
Output generation 295
Total 688 1531
1DFRAME (1 load case) 3 15




this type. For the times given for FINPLA2, about 1/3 to 1/2 of the
total cost can be assigned to the first Toad case with the remainder
being spread among the other eight load cases.

In the remainder of this Chapter, selected theoretical results
obtained by the three programs will be presented and compared. The
extent to which deflection and strains predicted by the above theories,
which are based on an uncracked homogeneous bridge model, can be used
to provide a realistic comparison with resultsobtained experimentally on
a cracked model will be discussed. Methods of modifying theoretical

results to account for cracking will be suggested.

2.2 Theoretical Results For 1DFRAME Analysis

Results obtained by 1DFRAME Program for reactions, deflections,
and moments are shown in Figs 3, 4,5 and 6. Loading cases considered
are a uniform dead Toad of 2.44 kips/ft; a midspan load of 100 kips in
Span I; a midspan load of 100 kips in Span II; and midspan loads of 100
kips in both Spans I and II. The values given form a useful reference
and it will be of particular interest to study whether this simple
analysis can be used to accurately predict the total reactions and
moments found from the more complete analyses of MUPDI3 and FINPLAZ as
well as from the experimental results. Results from 1DFRAME are
completely independent of the transverse position of the load on the
bridge model. The 1DFRAME solution gives internal moments that are in

exact agreement with external moments computed from reactions.

2.3 Comparison of Theoretical Results

2.3.1 Loads at Both Midspans

For this Tongitudinally symmetrical loading in the two spans,

Fig. 7 shows theoretical results for total internal moments at various
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sections by 1DFRAME, MUPDI3 and FINPLA2 and for total reactions by
1DFRAME and FINPLA2. MUPDI3 does not print out values for reactions.
Results are given for MUPDI3 or FINPLA2 for transverse load positions
on girders 1, 2 or 3.

The total internal moment at a section and its distribution to
each girder are found in MUPDI3 and FINPLA2 by automatic subroutines
which perform the operations described below.

The actual box girder bridge cross-section is first divided
into a number of similar interior I girders plus two exterior girders.
Each interior girder consists of a web and a top and bottom flange equal
in width to the web spacing while each exterior girder consists of an
exterior web with a top flange extending from the midpoint between
girder webs to the edge of the cantilever overhang and the bottom flange
being equal in width to half of the web spacing. Thus the bridge model,
shown in Fig. 2,has three interior girders 2, 3 and 4 and two exterior
girders 1 and 5.

The girder moment at any section taken by an individual girder
can be found by integrating the longitudinal membrane stresses, over the
proper slab and web areas to obtain forces and then multiplying these
forces by their respective lever arms to the neutral axis of the gross
uncracked section. The small contribution of the longitudinal siab
moments is also included. The girder moments, at a particular section,
can then be summed to determine the total moment on an entire cross-
section. This was done for the sections indicated in Fig. 7. Each
girder moment can then be divided by the total moment at a section to

determine the percentage distribution to each girder.
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UnTike 1DFRAME, the results in Fig. 7 from FINPLA? for internal
moments do not agree exactly with the external moments computed from the
reactions, however the agreement is good and could be improved even
further by using a finer finite element mesh.

An immediate conclusion from Fig. 7, is that irrespective of
the transverse position of the loads, the reactions from the 1DFRAME and
FINPLA2 solutions are in close agreement. The total internal moments at
a section found by the three programs are also in good agreement
generally within less than 5%

The theoretical deflections as calculated by the three programs
are summarized in Table 2 for loads at both midspans at the extreme

transverse eccentric positions, 1X + 1Y.

TABLE 2 - DEFLECTION (IN.) OF GIRDERS AT MIDSPAN SECTIONS
X AND Y FOR 100 KIP LOADS AT 1X +1Y

Girder Section X Section Y
MUPDI3 | FINPLA2 | 1DFRAME | MUPDI3 | FINPLA2 | 1DFRAME
] 0.78 0.74 same 0.88 0.86 same
2 0.57 0.57 for 0.59 0.57 for
3 0.43 0.42 all 0.39 0.37 all
4 0.30 0.29 girders 0.26 0.24 girders
5 0.19 0.17 0.17 0.15
ave 0.45 0.44 0.45 0.46 0.44 0.45

Several conclusions can be drawn from Table 2: (1) the agreement
between FINPLAZ2 and MUPDI3 is excellent; (2) 1DFRAME accurately

predicts the average deflection of the five girders; (3) as expected,
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the deflection under the Tload is greater at the midspan section without
a transverse diaphragm 1Y, than at 1X which has a diaphragm

As a final comparison, the distribution of the total internal
moment at the instrumented Sections A, B, C and D to the individual
girders as predicted by MUPDI3 and FINPLAZ is given in Table 3.

TABLE 3 - DISTRIBUTION OF MOMENTS TO GIRDERS (FT-KIPS AND %)
FOR 100 KIP LOADS AT 1X + 1Y

Load Case 1X + 1Y
S|
5| B MUPDI3 FINPLA
S| S | K-Ft. p K-Ft. %
1 | 92.8 20.4 | 88.5 19.8
2 | 115.8 25.6 | 115.7 25.9
=13 | 97.8 21.6 | 98.7 22.0
=14 | 85.1 18.8 | 86.1 19.2
S5 | 61.4 13.6 | 58.6 13.1
T | 452.4 |100.0 | 447.6 | 100.0
1 | -93.5 20.1 | -83.5 18.8
2 |-117.1 25.2 |-110.3 24.9
13 [-104.1 22.4 |-101.0 22.8
SR 19.8 | -91.3 20.6
S5 | s7.9 12.5 | -57.1 12.9
L |-464.8  |100.0 |-443.1 | 100.0
(T R
1 | -97.4 21.0 | -92.3 20.8
REBERX 25.6 |-113.9 25.7
=[3 [-103.3 22.2 | -97.7 22.1
SIREE 19.3 | -85.9 19.4
=[5 | -55.3 17.9 | -53.2 12.0
 |-464.8 | 100.0 |-442.9 | 100.0
1 | 98.0 21.7 | 93.9 | 21.2]
REBEEY 27.5 | 123.8 28.0
=[3 | 9.7 21.4 | 96.2 21.7
cla | 787 17.4 | 78.0 19.6
Al 5 54.6 12.0 51.1 11.5
v | 452.3  {100.0 | 443.0 | 100.0
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The table shows that both the ft- kip values of moments and
the percentage distribution given by MUPDI3 and FINPLA2 agree closely
with each other.

From the preceeding comparisons, for this symmetric loading
in the two spans, it can be concluded that either MUPDI3 or FINPLA2 can
be used to obtain detailed transverse and longitudinal distributions of
theoretical results of interest. Also 1DFRAME yields an accurate
theoretical picture of the longitudinal distribution of total reactions
or moments and average deflections, irrespective of the transverse

positions of the loads on the bridge.

2.3.2 Load at One Midspan

For this Tongitudinally unsymmetrical loading in the two spans,
Fig. 8 shows theoretical results for moments and reactions. For this
case MUPDI3, which assumes the center bent support to be a planar frame,
cannot account for the longitudinal moment MF at the base of the column
and thus will not give accurate results for the internal moments.

From Fig. 8, it is apparent again as in the case for loads in
both spans, that the reactions from 1DFRAME and FINPLAZ2 are in close
agreement. Both of these so]ufions account for the Tongitudinal moment
at the base of the column. The total internal moments at various
sections found by these two programs, at the instrumented Sections A, C
and D are in excellent agreement, within 2%. However, directly under
the load and at the instrumented Section B near the support the
differences are greater, being respectively about 3-5% and 10% lower by
FINPLAZ. The moment at Section B 1is particularly sensitive to small
changes in the reactions, because it is related to the difference of

two large numbers.
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At Section Z, FINPLAZ2 prints only the average value of the

moment on the two sides of the section, therefore extrapolated values

for the two sides are given in Fig. 8.

The theoretical deflections as calculated by the three programs

are summarized in Table 4 for a load at the extreme transverse position

1X.
TABLE 4 - DEFLECTION (IN.) OF GIRDERS AT MIDSPAN SECTIONS
X AND Y FOR 100 KIP LOAD AT 1X
Section X Section Y
Girder
MUPDI3 FINPLAZ2 T1DFRAME MUPDI3 FINPLA2 1DFRAME
1 0.97 0.89 Same -0.19 -0.15 Same
2 0.81 0.75 for -0.22 -0.18 for
3 0.68 0.63 all -0.25 -0.21 all
4 0.55 0.53 girders -0.27 -0.25 girders
5 0.50 0.45 -0.30 -0.27
ave 0.70 0.65 0.70 -0.25 -0.21 -0.25

Deflections by FINPLA2 are slightly lower than those by MUPDI3

due to the lack of longitudinal moment restraint in the column in the

latter solution.

deflection across the width of the bridge.

1DFRAME gives a fairly good estimate of the average

2.4 Modification of Theoretical Values for Deflection and Strains.

Analytical methods used for comparison with experimental

results, e.g. the folded plate theory with the associated MUPDI3 computer

program, the finite element approach with the associated FINPLAZ program,
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or the 1DFRAME approach, are based on the Tinear elastic behavior of an
uncracked, homogeneous, isotropic structure. The values given by these
theories for the deflection of a box girder bridge at a certain point or
the strain at a cross-section are not immediately applicable to those
experimentally obtained from the cracked reinforced concrete box girder
bridge model. It is clear that the assumption of a completely uncracked
section as made in the theories would result in underestimation of the
actual deflection of the box girder bridge model. Again, the strain
values predicted by the theories in the part of the box girder cross-
section subject to tension can not directly be compared with the
experimental case where, due to concrete cracking, most of the stress

was concentrated in the steel reinforcement.

2.4,1 Modification of Theoretical Deflections

Theoretical deflections based on an uncracked section should
form a lower bound on the actual deflections in the model. An upper
bound should be formed by assuming a fully cracked transformed section
throughout, since it neglects participation of the concrete between
cracks. The new ACI Code (1971) recommends a method for interpolating
between these two bounds in calculating beam deflections. It states
an effective moment of inertia should be used based on the following

equations
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Ieff’ Ig, and ICr are respectively the effective, uncracked gross,

and fully cracked moments of inertia of the beam section. M and Mma

cr X

are the cracking moment and the maximum moment in the beam at the stage
for which the deflection is being computed. fr is the modulus of
rupture,

Table 5 summarizes the above calculations considering the
entire midspan bridge cross-sections at Section A and B. Mmax is the
total dead Toad plus live load moment existing under the full
conditioning Toad at the beginning of each phase. fé is taken from
the material properties, given in Vol. I, for the concrete in the
bottom slab at each midspan section. A study of Table 5, indicates that
the ACI equations give an Ieff very close to the fully cracked value
for the Phase II loads producing a working stress of 30 ksi. However
for the dead load case Ieff is much larger. Hereafter, in each case
where experimental deflections are compared to theoretical deflections
based on an uncracked section their ratio will be tabulated and may be
compared to the ratio Ig/Ieff given in Table 5, to see how closely
the ACI recommendations account for the cracking in the concrete. Note
that the results are highly dependent on Mcr which is directly

dependent on fr’ the modulus of rupture, which is hard to predict

accurately.

2.4.2 Modification of Theoretical Strains

Direct comparisons between the strains predicted by the MUPDI3
and FINPLAZ programs, with their analytical models of homogeneous Tinear
elastic material without cracking, and the actual experimental strains
measured in the concrete and steel of the cracked box girder bridge

model are difficult to make. If it is assumed that the force distribution



TABLE 5 - VALUES OF THE MOMENT ON INERTIA (FT4) OF THE BOX
GIRDER BRIDGE MODEL

21

I I £ =7.5/FT| M | M I
SECTION| PHASE g cri e ¢l cr | max)| “eff I/ Tese
it | Pt pso PSI K-FT| K-FT| FT#
0
DEAD | 2.64| 1.16| 3200 | 425 173 | 222| 1.87| 1.42
LOAD
I
24 KSI| 2.64| 1.10| 3500 | 445 181 | 439| 1.20| 2.19
A 11
30 KSI| 2.64| 1.10| 3500 | 445 181 | 543] 1.16] 2.28
I11
40 KSI| 2.64| 1.06{ 3500 | 445 181 | 716| 1.09| 2.42
IV
50 KSI| 2.64| 1.06| 3500 | 445 181 | 890( 1.08] 2.45
v
60 KSI| 2.64] 1.06| 3500 | 445 181 | 1062] 1.07] 2.47
0
DEAD | 2.64| 1.16] 5000 | 530 | 215 | 222| 2.50| 1.06
LOAD
I
24 kSI| 2.64| 1.10| 5000 | 530 | 215 | 439] 1.28] 2.05
: I1
30 KSI| 2.64| 1.10| 5000 | 530 | 215 | 543| 1.20] 2.2
I11
40 ksI| 2.64| 1.06/ 5000 | 530 | 215 | 716 1.101 2.39
IV
50 KSI| 2.64| 1.06| 5000 | 530 | 215 | 890| 1.08] 2.44
v
60 KSI| 2.64| 1.06] 5000 | 530 | 215 | 1062| 1.07! 2.46
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over the width of the box girder model given by the MUPDI3 and FINPLA2
programs is representative of the actual force distribution, then
bearing in mind that each girder of the box girder bridge model
essentially behaves Tike an I-beam with the T-C couple acting in the
flanges, approximate expressions for the strains in the girders can be
derived.

Thus, for comparison with experimental values, compressive
strains were obtained from the theoretical results by dividing the values
for the Tongitudinal compressive force NX per unit length at each gaged
location by the respective plate thickness and the concrete elastic
modulus Ec' Theoretical steel strains were obtained by considering a
fully cracked section and dividing the total Tongitudinal tensile force
NX per girder by the product of the steel area of the girder and the
steel elastic modulus ES.

As the contribution of the transverse membrane force Ny to
the strains was found to be negligible it was ignored in the calculations.

Hereafter, comparisons for strains are based on theoretical

strain values derived as above.
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3. REDUCTION OF EXPERIMENTAL DATA

3.1 General Remarks

In order to process the large volume of data obtained from the
experimental program, so as to evaluate the reactions, forces, moments,
etc., four computer programs were developed. The programs, which will
be considered in detail below, were designated as DATAMAN, ADJSTRN, MOMENT
and REACTION. Data as obtained from the S.E.S.M Low Speed Scanner for
each loading step on the box girder bridge model were handled by these
four computer programs in succession, or separately as instructed, and
all calculations necessary for theoretical comparisons, equilibrium checks

and important quantities were made and printed in desired formats.

3.2 DATAMAN Program

DATAMAN, representing Data management, was an extremely
versatile program able to handle all kinds of data as well as to help
the editing of "raw" data. In the form used to reduce data pertaining
to the box girder bridge model, DATAMAN performed the following functions

for each loading step:

1. The data output of the 237 monitored channels was arranged
under the categories of standard resistor, applied jack Tloads,
weldable gage readings, concrete strain meter readings, clip
gage readings, potentiometer readings and load cell reactions,

and the data was punched out in the form of punched cards.
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2. The difference of the readings for the load step considered
from the pre-Toad condition readings was taken to obtain net
readings for the load step. To facilitate comparisons, the
net readings were normalized to a load of 100 kips in the
span loaded. A1l strains were rounded off to the nearest
micro in/in., all loads and reactions to the nearest hundredth
of a kip and all deflections to the nearest ten-thousandths of

an inch,

3. A1l strain readings coming from overrange (i.e. unbalanced)
or faulty gages were screened by the DATAMAN program and
replaced by known quantities of high magnitude. A11 illegible
or garbled readings were replaced by known readings of Tow
magnitude. The above substitutions were separately catalogued
by the DATAMAN program in a 1ist of "diagnostics" for each
loading case. An example of a typical Dataman output is shown

in Fig. 9, the diagnostics comprise Fig. 10.

3.3 Editing of Experimental Data

After the data for a particular loading case was obtained from
DATAMAN, faulty or garbled readings as catalogued by DATAMAN were replaced
in the printed output and in the punched card deck by readings of
symmetrical gages at the same instrumented section under comparable
complementary loading. Thus, in general, a gage reading in the main
tensile reinforcement below girder 2 at section A under a point load
above girder 5 at section X in span I, if found to be faulty, would be
replaced by the reading of the gage in the main tensile reinforcement
below girder 4 at section A under a point Toad above girder 1 at

section X in span I, The editing scheme was extended to include gage



25

AYYI04d NYWYLva WoM¥d LNdinN0 TYIHdAL 6 9id

L1°+ i &8 G.+3SLLGA5T+ i [l
SE S+ T g Juts39TEEELT o+ B 6%
L%+ ke ib L =d7339189 %~ v St
L4+ T ] T IH YRGS S+ 1 L5
¢l U+ t aR EEFA ARV AR 4 B EA3
oy o+ 1 78 ZGLEYHEH °+ T St
coh T+ 1 3 328%0006 °+ ke He
oc¢un>r¢wam=+ [ 78 356545210 °+ B e
Lo o el %+ ¥ Ty 3:LB356LT°%+ T 7%
Ti-Zubvilgg e B H Jor 25939207 %+ 1 A 1t
+ o+ i ol Q_+329558C°+ 1 < (439
H796%222°%+ 1 (433 §L Ji+EF 120496+ 1 22 62
qumwmmmommn+ 1 &L L1 .;+uu0:huwm=+ N 17 £7
DOU+295%0008 Y~ L ¢l ] EER AL EAAGE & 1 e LZ
QC+ISIBLILE S+ i LL L oz+uo¢,um¢mu+ L ol Z
Te—-250396E9°- 1 2L wl Ju+3REL6 [+ 1 g1 ce
O3 QTLYC1L %+ i ] €2 Dutdadelihy o~ 1 L %2
Di+3REa T2+ 1 1l 7L CL+IFELEHLE °+ T M REVLOIT |4
CO+STCILTERT °+ i el il Ou+3tTeboyZe— T X 2iv0uz 22
O0+3CLeoDTL %+ 1 2L 0L NU+3969Y55€E°+ i o1 HewI21 j 24
JU+ 315692 %+ I vl 6% TI-deill9%7°+ 1 €1 2IvoRT) [eF4
+uMur~hr~°+ T 89 S0+3T9L6L1" 1 21 TITEM 61
44).+ T L9 00+ 3220666 °+ ¥ 1T VaSHHM 81
68 °+ T 93 ID+36€0009L °+ 1 01 vuiini L1
C¢4um{¢;n09+ 1 Sy i+ 3v678888°+ 1 [} VLSEM 9i
Cu+di8L6LLT0 i 49 QU+IIZZZBLT + T g vooem S1
u,+ IBGHIGE °+ T 29 20449 32T11€°%+ K i vellM %71
O0+3E440952°+ T 29 CO+IABOLGIHY "+ 1 g VLM £1
UC+3DTEZ68Y %+ i 19 DO+ITLLEISZ °+ 1 s Vs 2iM T
o:+=mw Tudy®+ 1 09 Gu+329632¢C°+ 1 7 v00ZM i1
$+49C9RBHR 4 i (9] QI+3989H34E "+ 1 T Vil e1
2430507 7¢ °+ 1 89 TO+32L0T29%°4 T 4 YOS IM [
;r+u:4u¢fq¢a+ H g 00+386L99%% "+ 1 1 VEeZ (M |3
DLHATES0GTE°+ T B guU+3sL9Llige °+ T S Vo0 TM i
:‘+|.n<or~an¢ T g4 HINT M3d HINI-CHIIW NI SNIVALS 306D IT8vATwHA
T+ITG52202 4+ 1 ¢
GJ+3ILIIsuGe °+ ¥ £G CU=-5LL2BZEC °— 3 CRA Zrouiy G
2L+3008L81E %+ i o3 I0=-I0LZLOET "= € HeT Iroocy <
D2+HGEVEIET O 1 JSLM [§ SdI¥ NI SUv07l G31ddy
DO4+T 2G5 2958 4 T JurEiM 35
H “+ T S52IM oY Tu-36388009°~ o Y4 A LS +
3 °+ 1 260TH :ad 16-38Z7€T191°+ ¢] 61 £HG4S €
J 66l %+ 1 G0 0M P J0+42L 7101 °+ 9] il Z3als 2
O« ‘4 H S00GHM S TI-22606666 °~ 4] €3 tdClLS T
b LSy o+ H gOOGM 34 SY0iSIS3Y¥ OdVONVLS
) T4 i Hus K =
o’ ze+ i do0ek, £ 39T 3ISYD SdAL CONTHD  3WYN LALEN
3 Hhw o4 ’ iy '
i 235 %4 : Hivd
3 EFTY ALER SIONGES34I0 C¥alZ VL W
il adfl Tt 2 1T aSY JYul ==~ G101 45e0d
SO¥¥) U3HIKING TINI ddvl ¥3d¥Yd Wlpd viva
FINAIATIVG 40 ALTSHIATRD ‘abT4=anIOND TIALID S0 dMIWLAHV 43I0 *00E =S (330 Mde “viEv0 A5 1In 3l 2ac XS 490143 420619 X049




AYYI0¥d NYWYLYA WO¥d INJINO TVIIdAL 6. "9Id

26

2 L v a.+quwhrmﬂ.+ 4 {0 1 ol
v |13 acl DU+3LIZCRIZT + < BT [N 4
2. = BO L ﬁaruvu«caﬂma+ 4 €1 AT
e < T TC—aBGLIS2E "+ < i ceT
24 £ Cli4ab55LweT - Z £1 2el
r4a w —qn:¢¢ 10-36€224£9°~ 4 Tl el
1% [ rygacy 0G+542330000°+ Z cE 1 el
Z. 2 oLl cc+u0> COG2 %+ - < 221 621
tr < YO0 =39L5T:9%+ z “ra 52 T
Sdiv F1OSKOILOvZzr 1740 a7 {6 ST+ 4 (i Le%

i0=-3000621e°~ ¢ T 221

Z T0-32LT192¢5°+ 4 1 371

4 T0-32W 286 L€ <~ 2 C L ¢Nd

4 E0-3¢9/.10¢6°%+ 2z { 2.

¢ HIONT Mdd HINI=CHIIk NI SNIVYIS HALAW nhquzoo

[

I TO+IRESHHGT °+ T A ZA UQesm P
td—a3Cyn28TC°+ 2 TC-3005L8%% %+ i cel agewm iZ1
€2-3909205¢29°+ 4 JC+3GLHI6LT°+ 1 cZ1 [€olehvdil uel
TC-35000829°~ 2 CU+3ablihyb e+ T ili Jo5EM eIl
0+31266921°+ < DC+IDLYHEEG®+ s 0Z1t gooen 811
00+38EL9D6T %~ Z #97 QU+36%295%¢°+ 1 617 QSLcM LT
{2-JoEdline°+ < £?1 00+334896LT°+ 1 511 a0ceM 911
10-366v9¢0E°+ Z 291 10-30e8LEBE *+ 1 LTl Jdeg M S11
I0-3.2¢TECH°+ 4 191 10-392.9888°~ 1 91i (guoZM LIRS
T0-35005L¢€6°+ 54 U971 Q0+ 36664%Z1E.°+ h [ UsLTe €11
QO+3IBELZ2EZ°+ 4 AeD1 ¥ 641 00+329592¢Z°+ 1 ¥11 oz iM 211
T10-385L9219°~ 4 006 g4l 00+3005L812 °+ T elt aseim 111t
023+4394989.21°+ < 20&HH LS 10+396E4509°+ 1 zii JootTM 011
O0+30)€Z961°- 3 I00HN e¢l 00+39E6580C ¢ 1 111 ZEALGNEN 60T
GT+300000C0°+ < USEN 651 O0+S3Z[CYEES 1 011 216open g01
ID=-433THZTE+ g 20UEN a1 QU+IEZTEGHY °+ 1 &CT wEGOOZN 401
13-3299L7€9 °+ 4 JISLTH £e Y 00+3529c%5222°+ 1 g01 21aeoegn 9071
O0+3IDDGEICT o+ 14 Jugen PR QI+ 3YLvacoe°+ 1 FAY] #£000N 401
Q043992722 ¢T+ < 337¢N 16t QC+3018786%°+ % 0Y Z21aoomn 201
Ju+a3 3000000+ Z J0L2H ¢l O0+3BELSY 7%+ T s21 2LQ00T L €01
HL 346682 Noa+ Z RETR Y] oyl . 00+30G8T3€EG°+ 1 »01i <106yt 201

Z 2061 g9l D0+32€H28HTL "+ 1 01 we00%21 101
Ou+500G0000°+ < YA IR At To+3L08EH21°~ 1 201 71004821 ot
TO=Z92cBLdne °+ Z D01 H 99 i CO+3672C08LT°+ T 0T 700021 66
[S-229L10:6°+ bid GNOSH <1 DU+3¢ Qa9+ i Q51 Z100C21 66
N0+3908L061 Z H0cHY LA J0+2Y9ELLLIT- T b6 peQnETL ie
IC-32elh656°+ I 200+ (A T13-35TLiqBHE %+ e 86 2100211 36
mo+uumom¢o~.| < q0eeH FA N VO+453300C0 %+ I L6 S A0eATL =23
is-2645207 e 7 &00EH =1 UU+L 22060068 %+ 1 Q6 2130914 H6
Hc SOAHIE I~ Z vt qoLeH Ony Ou+328%280% °+ i 46 ZEGL0EN €6
10=3387n.79°+ st ko RGSTIH ot T ~0|uamm¢momct ¥ w6 2100071 e
1i-39385G0TE+ 7 I3 RIS EE 68T r:+mhmq\~m\ 4 Le v£Q00¢ i6
ﬂﬁlLJm¢¢~mw + 4 oh i 0o Lt 1 CL+3)E5296E °+ i 26 06
ALy 3IsND GdAL SONEHD YN Y1639 9LLt 3SVI 3dALl °UNCHD Y IE3S

SGYVY) CIHINNG CGUNI 5dvi ¥3dvd WOYd viva

VINYOATAVS 40 ALTSHIAAING *SNTWIINIOND TIA1D 40 INIWLUVAID $U8500~-S L03F0¥4 . *VLIVCE TYINGI 234X 3907140 ¥30419 X049

DI7T7a=S




HYYI0Ud NVYWVYLYO WOM4 LNdLINO TWIIJAL 6 °9id

27

JUHUTERIVIO®+ € 592 5L Y BZzZ
AC+ILGEHIvL°+ B e a0069 12z
DC+=0000G00°+ < e BT Y 92¢
Q0+35%60198 °~ £ i ez
106-35062951 %+ £ vz w2
UO+30000000 °+ € 392 €Z¢
10+3000006L °+ £ HET e
00+ d2%506%C4 °- 3 8¢7 12¢
TU+InTIzer61 - € 177 £Tz
DO+30002000%+ X Sl el
J00CICORD0LITI0 8¢ :130vdS 197 D0+35250%16 °= 3 ice 912"
QCTGDICLOLNEITY 2432 &139vas 092 HINI ¥3d SIHINI-OIIW N1 SN d113 13318
QUL JUC28ETL U Pe z142vdS 662
00GGI0H00000000 0He BERITH 6ce QU+3DUCI0uUC °+ 2 PR L1z
SUGCIIGLI0ULODS 52 1%30vdS L52 Y{—-398 TYHEZ + L £E? 972
00U030009609622 §L¢ MERV TS 862 HC-3TLEBGLY o+ m A4 5iz
CLO66003 20000040 Lee 833V dS 652 Y0~-32LEB9LH "+ € 1ee $1¢
0CUGO0D9GUL0ACY L2 §30VdS wez $0-356 THBEZ °+ € R €12
0¢00y 3000000000 cle FERL TN €62 #U-IHELEOG 13 622 aonosd 21
0JQCHUD00002000 yle EERLES 252 00+30000000°+ A 822 uauhd 112
02UC00009300000 $.Z 433YdS 15¢ #0-3Z2LE89L%°+ 3 L2 ugoed 01e
000000000030000 212 %30V dS s ¥4 H0-32.LE093L - £ ¢ aooed e0Z
C5G0CI000020C000 Lz £3937dS 692 H0-3IRTHELZ °+ € s5ee aco1d 80¢
0L0000G0G060000 0Le Z233vdS 842 Y0-36ELEI8% %+ £ wZe 4006d Loz
0GOQ00300006G50 1- 692 132¥dS Le2 $0-32LE89Lh°+ £ £2E 40044 302
NOILYWBCANT SNOENVITINSIW E0-3L6ELvEE °+ € ze2 406id 02
CU~-ILEGHYIG°# € 122 100¢d %02z
0000020200000C0 I~ QW OwW 992 €0-3€6TOYLS € 0ee 4C01d €02
owoooococooocoJ i- MO W Che $0-3Z1589iy - € 612 3004&d 2072
) HW W w2 HU-3E566L452°- € 812 400%4d 102
YOk Eve £0-30£91021°- £ L1z 32Cted 0oz
A EDI ENEICALRRR - HO-3Z2L€89.%°%+ € 912  300ed 661
4 NI SIN3WCR V101 W0-3ZLEEGLY °+ € 312 3001d 861
Y ek n? £0~3588916T°- 3 %12 voosd i61
PRIV L [shaleeleXsToRele} J¥ 34D 142 #0-3670198456°— £ £12 Y004 d 961
0900066 I0305000 PLENE] 692 . $0-3958 THHEZ °- 3 212 V20€d 561
0CG0C002000000Gy Y348 bEZ . £U=31 600882 °~ |3 112 ¥30z4d %61
009250039000 0% Gves g€ 2 ] E0~30€9 7021 °~ € ote Voo id €61
SAIN NT SNOIEJvina SAVLT G317ddV 40 WNS SIHONI M1 SNOTL33744Q ¥ILIKOIINTLIOL
Tu+vdoiZebTT+ £ yEE 02089y lez? 20-35032T90°~ € 502 §S000% et
T0+356154¢¢ - £ I5E as0%9 el 00+30050000°+ € gne LS00y l61
UL+ESs iR+ i 25¢ Qups9 124 Z0-3ECE0ZLL °+ € i02 35600y 061
oa+u 481évcg °+ £ i5¢ aeoeo vie 20-3032906¢ °+ € 02 sScocH e 1
SU+3E2G5160 0 3 nz7 auoig £€2 ’ GO+30053C00 °+ € 502 #S00 29 6g 1
Ju+3E959T06°- i o7 309 2¢2 2G=34%i %0458 < 202 €5000 181
VIR Telee RN L Bz 1e2 T0-32LL¢9Ti+ £ E0¢ ¢S 000u 98
Gzsnee4 3 Lwé bez 10-3L921T116°+ € Z0Z 1SCOgE [1:31
I+ < 5w T : 02 CC-3TTLE56T°+ £ T0¢ Taeo<y 98 1
CdAL T SVl R LUT 3SVD FdAL  °ON®HD IWYN FATER

SAYVI O3HIMGe TIN] 3dV] Wid¥e WNYs viva

PINBaIIIY] o0 AJISHAAINN SSNTW4INIONT TIALD 40 IMZVWLAvd30 f0E%L7-S LJ3AFOUd *viva T INGRTYIdXS IOCIES J30WI19 X049

UL7 . 7d35%




28

$ JOB PRESET NOYAPE DATE SEP/7/70

BEGIN

READ TITLE

o BOX GIRDER BRIDGE EXPERIMENTAL DATA, PROJECT 5-20480, DEPARTMENT OF
CIVIL ENGINEERINGy UNIVERSITY OF CAL IFORNIA

READ SUBTITLE

o DATA FROM PAPER TAPE INTO PUNCHED CARDS
TRANSFER WORDS TGO CARDS WITH CHECK AND PRINT IN PRESET FORM

o 1076 LOAD CASE II 2 1 A 7/27/70 M

TAKE ZERO DIFFERENCES

CASE NUMBER 1076 NUMBER OF INPUT RECORDS REGISTERED 237
WITH POSSIBLE MISSING DATA OF FOLLOWING FLEMENTSy IF ANYeo

260 261 262 263 264 265 266 267 268 269 270 271

272 273 274 275 276 277 278 279 268G 281 282 283

END

FIG. 10 TYPICAL SET OF DIAGNOSTICS OBTAINED FROM DATAMAN PROGRAM
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readings (not catalogued by DATAMAN) which were obviously grossly
inconsistent; however, the total number of gage readings replaced for
any loading case never exceeded about 7 channels out of a total of 237
channels. The punched card decks after editing were fed into the

ADJSTRN program.

3.4 ADJSTRN Program

At each instrumented section of the box girder bridge model,
Fig. 11, the strains in the top slab, bottom slab and girder webs were
treated separately. The top slab was divided into six regions, four
regions corresponding to the four cell bays of the box girder model and
two regions corresponding to the cantilever overhangs on either side.
The bottom slab was divided into four regions corresponding to the four
cell bays of the box girder model.

Each cell bay of the top or bottom slab whether in tension or
in compression was instrumented either at 3 points (i.e. girders and
midbay) or at 5 points (i.e. girders, midbay and quarter bays), the
girder locations being common to contiguous bays. The cantilever over-
hangs were instrumented at 2 points (i.e. exterior girder and edge of
overhang). The girder webs were instrumented at a maximum of 3 points
over the depth and were not instrumented in certain cases. The
arrangement of gages and measuring devices can be seen in Fig. 11.

The operation of the ADJSTRN program at an instrumented

section was as follows:

1. Averages of observed i. e. measured strain values were taken

at necessary instrumented locations.



39V9 378vAT3IM ISHIASNYHL - L
gv1s Ni 39v9 378va1am - M
39v9 378Va13IM HIMOT - 1

39v9 378va13M 3T70AIN - N NOILVLINIWNYLISNI TIA0W 300IYE ¥3QY¥I9 X09 1T "9i4
39v9 378va13M ¥3ddN - N
Y3L3W NIVHLS JLIHINOD - M
39v9 dI7D -9

c
o

d NOILDO3S (9)

9 9 9 S
+ M |+| M M M M AT M M M LAY
X X

X M X M X >>|w.. X X X M
T]x T x B R
W1 x N | X W §x W] x N x
nitx nix njx
0 0 0 o 0 oXx ) 0X o} oXx ) ox oX )
A A

A A A Al A AL A Al Al A Al A

x
x
>
=
>

o

X

V NOILDO3S (D)
9

9 S S 9
%l M + M M M M .AY M M M |+|
X

X M X M % X M x X X X M
R B R X
Wi x W1 x Wi x W %
0 o] 0 o) o] o] o o - 0 o 0 0 (o] o) o)
A A

A A A A A A A A A A A A A

>
>
x
=
*

= 4
x




31

8V1S Ni 39v9 3718va13M - M
39V9 318vA13M ¥3IMOT - 1
39v9 3718vAa13M 3T700IN -
39V9 3718vaT13M ¥3ddn - N
d313W NIvVH1S J134ONOD - M

NOILVININNYLSNI T3AON 3Dal¥d ¥3aQ¥i9 X098 11 "9Id

39V9 47D -9
O NOI1LD23S (P)
b | A A A A A A A
0 0 5} [5) 0 0 o 0 o
W x N | x Wi x W1 x N %
njx nix ni|x
X M X X M X M X X X M X X M x X
M |+| M IAY |+| M M |¢| M M
9 9 3} 9 9
g NOILD3S (9)
| A A A b A A
o 0 o o 0 0 wo
X X X M X M x X M % M x X
PR w7 T m ¥ F m
9 9 9 9 9




32

The top and bottom slabs were treated first and the number of

gaged locations in a bay was established, i.e. 5 or 3.

The gages were checked for tension or compression readings and
the strain values compared with ceiling values of strain, the
yield strain of 2070 u in./in. for steel and the crushing strain
of 1000 u in./in. for concrete. Any weldable gage reading in
excess of the yield strain or any concrete strain meter

reading in excess of the crushing strain was discarded. [In
practice, because of the editing procedure, it was not necessary

to use this option].

Depending on the number of strain values in a bay, a 5 point
adjustment or a 3 point adjustment was made.

The 5 point adjustment called for the passing of a Teast-
squares parabola to fit the five points. At each gaged location,
the ratio of the adjusted ordinate of the parabola was compared
with the observed value. If a ratio did not 1ie between 0.8
and 1.2, the violating strain value was discarded and a least
squares parabola was passed to fit the remaining four points.

The ordinates of the second parabola were then printed out at
several locations to facilitate integration of strains, stresses,
etc. If two ratios did not satisfy the requirement, the two
violating strain values were discarded and a simple parabola was
passed through the remaining three points. If all ratios lay
between the prescribed Timits, the first least squares parabola
was taken as the curve for strain distribution in the bay and
ordinates of this parabola at several locations were printed
out at several locations to facilitate integration of strains,

stresses, etc.
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The 3 point adjustment commenced with the calculation of
the average of the three observed strain ordinates. The
absolute value of the difference between this average and each
of the observed values was then compared with the average., If
this difference was smaller than the average for all three
strain values, a parabola was passed through the three observed
strain points and ordinates of this parabola were printed. An
observed strain ordinate violating the criterion was discarded,
and in this case a straight line was passed through the

remaining two points.

The strain values at the cantilever edges of the top sTab were
compared with those at the girders nearest them. If a
cantilever edge strain value did not lie between 0.5 and 1.5
times the strain value for the adjacent girder, it was
replaced by the strain value at the girder; otherwise, it was
retained as the actual value. A straight line was passed

through the two points.

The girder web strains were treated together with the
appropriate adjusted strains at the top and bottom of the
girder web in each case. For the maximum case where the

girder webs were instrumented at three points, a total of five
strain values was considered -- i.e. the three strain values

in the girder web, the top slab strain as adjusted by the 5
point or 3 point adjustment, and the bottom slab strain as
adjusted by the 5 point or 3 point adjustment. A Tleast squares
straight Tine was drawn to fit these five values. For cases

where a girder web was instrumented at one or two points only,
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a total of three or four strains was considered, and the least
squares line drawn. Where the girder web was not instrumented,
a straight Tine was drawn through the top and bottom slab
adjusted strains.

In all cases where the least squares line was passed
through the measured strain values, the ratios of the measured
and adjusted values were specified to 1ie between 0.8 and 1.20.
A measured value violating this criterion was discarded and
subsequently a second least squares line was passed through
the remaining values. Finally, relevant strain values and the
location of the neutral axis for the girder in question were
printed in the computer output. An example of a typical out-

put is shown in Fig. 12.

3.5 MOMENT Program

At each instrumented section the MOMENT program first
calculated from the adjusted strains the compressive forces in the slab
concrete and steel and the girder web concrete and steel and the tensile
forces in the slab and girder web steel for the case of each girder
separately. A1l these quantities were classified and then girder moments
were calculated in terms of kip-ft. and as percentages of the total
moment at the section about four axes: the compression flange mid-depth;
the line of main tensile reinforcement; the neutral axis of the box
girder uncracked cross-section and the individual neutral axis of each
girder as determined from measured strains by the ADJSTRN program. An

example of a typical output is shown in Fig. 13.
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MODEL.» CALCULATION OF _GIRNER FORCES. AND MOMENTS
STEP MAy T1,2.17 (NAPMALTZED) - AFTER 3n KSI CONDITIONING LNAD

SECTINM A

GIRDER 1 GIRDER 2 GIRDER 23 GIRDER & GIRDER & aLL GIRDERS
LOCATION OF GIRNER FXPEPIMENTAL NEUTRAL AXIS (INCHES)
NISTANCE OF Non, FROM LINF OF COMP, METERS 4,40 .73 2,58 3.33 4,19
NISTaNCE OF N,or. FROM LINE OF TENSILE STEEL 13.91 17.58 15.73 1498 14,12
DETATIFN SUMMARY OF INTFRMAL FORCES (KIPR)
roupRESSIVE FORCES
L .....GONCRFTE IN FLANGE e ~61.96 =49408 =58:09 =50,41 44419
STFFL TN FLANGF 4,66 PYYYH «499] 4,27 -3.26
TATAL TN FLANGF =-66,60 =53.09 =63 00 54,68 ~-47,45
CONCRFTE IN WER 4,22 Ne O =1,51 =1.62
QTFFL TN WER n, 0. D 0, n,
TNTAL TN WFR =4,22 (B fe ~-1,51 =1,62
. TOTAL COMPRESSTVE =70,81 ~53.00 =63e00 56,19 =~49,07 =292,16
TEueILE FORRES
STFFL TN FLANGE 46411 62439 63495 54,65 18,28
STFFL IN WF2 1,01 2435 Ye87 2.3%9 1.386
TATSL TENSINN FORCE 47,12 64,75 6552 57,03 19,61 254,03
TUNFY TRYTR{ FORCF Crmmmemm “73.70 11.66 Z2e52 13 =29,46 =~38,13
R:TIA NF £OMP, FORCE TN TENSILE FORCE 1.50 .82 96 .99 2.50 1,15
T DFFATIFERN &MMARY "AF INTERNAL MnMENTS (KI1P-FT) T
ABRAY COMPRESSINN FLANGE MID=DEPTH
STFEL 1N TENSINAN FLaMGE 69.87 94,88 96492 82,81 27.66
STFEL TN TENSINN WFe .96 1445 1e0R 2430 1a03
FONCRETE IN COMPRESSION WwEH -.89 0 LT3 -, 24 =, 33 S
- EFEREL TN COMPOERSTAN WEE 7. o 0e o. 0.
TATAL MOMENT AROUT COMPRESSION FLANGE 69.964 . 96400 98200 B84.88 28,76 377.57
BFRCFNT OF TOTAL MOMENT TAKEN By GIRDERS (18,52 {25+43) (25+95) (22,68) { 7.62) (100,00
18AIT TENSION F#NGE STEEL
___ rOMCRETE TN COMPRESSION FLANGE 93.89 74437 a8+03 T840 66.97 _ _
STFEL TV CAMPAFSSTAN FLANGE 7.03 6408 Teas 6,47 4,96
COMCRETE IN COMPRESSION WEH 8,55 fe e 1,98 2.1%
STFEL YN COMPRFSSINN WER n. 0o (1] 0. 0
QYFEL TN TENSION WFR =.57 #2412 ~le30 =-1,31 “e63
TATAL MOMENT ARDUT TENSION FLANGE 105,90 T7R. 34 %4418 83,53 73,42 435,35
__PERECENT OF TAL MAMENT TAKEN RY BIRDERS (24,32} {17.99) {21663} (19,19) (1686} __1100.00)
__tB0UT_ENTIRE RROSS SFCYION NFUTRAG AXIS (DYSTANCE FROM TOP DECK FACE = 9,37 INa)
RYEFL 1M TENSINN F[ ANGE 38,20 S1.70 52499 45,28 15,12
<TEElL IN TENSINN wFR .26 17 200 .66 49
~OUCRETE TN COMPRESSION FLANGE 42,56 33.72 39491 34,63 30.36
|TFEL (N COMPRFSSINN FLANGE .19 2+76 337 2,93 2e24
cAMCRETE [N COMPRESSION WEM 2.38 N O 86 293
~ STEEL 1IN COMPRESSINN WEQ f, [ ne 0, 0,
TATAL MOMENT a8n(IT GROSS SECTINN N, A, 86.60 a8.00 96e28 84,37 49,14 406,38
PERCFMT OF TOTAL MAMEMT TAKEN Ry GIRDERS t21,41) (21.76) (23+81) (20,66) (12,15) (100,00
ARNIIT RTPDER FXPFPIMFNTAL NEUTRAL AXIS
STEEL 14 TENSION FLANGE 53.43 9140 8381 68,22 21.48
STEEL TN TENSION WFR 60 1233 2176 1,67 297
FANCRETE "TH CAVPRESSTON FANGE 22,69 2.48 1190 13,46 14,96
STEEL TN COMPRFSSINN FLANGE 1.65 «20 1001 l.14 1.10
CAMCRFTE IN COUPRESSION WER .62 e 0s .15 .22
STEEL TN COMPRFSSINM WER =0, -0 =Oe -0, -0,
TATAL MOMENT AROUT EXPERIMENTAL NJA. 78.39 9%.41 9748 84,64 38,73 394,65
.. __PEPCENT 0OF TOTAL MNMENT TAKEN BY GIRDERS (19,86} (26418) (24070) (21,45) (. 9,81) (100,00
INTEONAL FORCES USING CLIP=GAGE STFEL STRAINS (KIPS)
__STFFL IN FLANGE 42,87 69,72 52096 46,36 23,45 233,36
RATIN OF STEEL FLANGE FORCES (CLIP/MICRODOT) .93 1.12 +82 »81 1.29 »95
TINYEON U MAMENTS USTUG nLTP~GAGE STEEL STRAINS (KIP=FY)
TNSTEaN NF MICRN=DAT STEEL STRAINS FOR FLANGE ONLY
TOTAL MOMFNT AROUT COMoRESSION FLANGE 65,00 107.10 8132 69,29 36,66 359,40
__PEPCFNT OF TOTAL MAMENT TAKEN AY GIRDERS (184109 (29.80) (PReb3) (19.28) (10420} (100,00}
TOTA MOMENT AROUT GRNSS=SECTION N, A, 83,92 94407 BTels 75,85 53.45 394,45
PFACFNT OF TOTAL MOMENT TaKEN RY GIRDERS (21,27} (23.85) (22+10) (19,23) (13,55} (100,00
TOTAL MOMFNT A80UT EXPERIMENTAL N.a. 74,66 106013 Baen7 71.80 64,86 380,50
BERCFMT 0OF TOTAL MOMENT TAKEN By GIRDERS (19,62} (27:89) (2183) 118,87} (1179 {100,006

FIG. 13 TYPICAL OUTPUT FOR AN INSTRUMENTED

FROM MOMENT PROGRAM

SECTION

OBTAINED
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GIRDER 1 GIRDER 2 GIRDER 3 GIRNER & GIRDER 5 ALL GIRDERS
LOC Tros NF GIRNER FXPEPTMENTAL NEUTRAL ax!S (INCHES)
(1) NISTANCE NF N,A, FROM LINE OF COMP, METERS 4,60 «73 2e5R 3.33 4,19
{~1 NTSTANCE OF N,8, FROM LINE OF TENSILE STEEL 13.91 17.58 1573 14,98 14,12
SUuMADY BASED ON CARLSOM STRAINS IN CONCRETE AND MICRODOT STRAINS IN STEEL
TOTo (MTERNAL FORCES (KTPS)
{~) FOMPRFSSIVE FNRCES =-7n,81 =53.00 ~63+00 56,19 49,07 =292.16
{ay TFNSILE FORCE 47,12 64eT5 6587 67,03 15,61 254,07
Sy WET AxIal FORCE =23,70 1166 2652 .85 29,46 =18,13
- . lmy BATIn OF COMP, FNOCE TO TENSILE FORCE 1.50 «82 98 .99 _2.50 1.15
TNTAL TMTFRMAL MOMFNTS (KIP=FT)
{7) ABNIT COMPRESSION FLANGE MID=DFPTH 89,94 96400 98«00 a6,R8 2R,76 377.57
(Ay AROUT TENSINN FLAMGE STEEL 105,90 7936 94e1R 83,53 T73.42 435,35
{21 ARONT ENTIRE GROSS-SECTION N,A, 86.60 88+00 96:28 84,37 49,14 406,38
e YT ARONT GTHDER EXBERTHENTAL N K, A, 39 9E. 4] LYY B4, 64 3R,73 394,65
MOMFMT PERCFNTAGES TAKEM RY EACH GIRDER
(11) AROIT COMPRESSION FLANGE MID=DFPTH 18,52 25443 25095 22,48 762 t100,00
{12y aR00UT TENSION FLANMGE STEEL 24,32 17499 2163 19,19 16,86 (100,00
013y aROUT ENTIRE AROSS-SECTION No.A, 21441 21176 23481 20.86 12,15 . 4100,00)
TUTTUTTIIAN RB0ITY RTRNFRTEXPEBTMENTAL MlA, 19,86 26,18 24e70 21,45 9.A1 (100,00}
TOTAL SFCTINN MOMENTS
(151 AL ATED FROM EXPERIMENTAL LNADS AND REACTIONS & 433,36
{16y eaTIn (7)) Tn O18) = 87
(17) PATIN (A} T0 (15) 3 1,00 e
T UTTRYBATIO (AT T IS E «93
(19) ®aTin (10) To (151 = .91
_._ 30X _GIPNER RRINGE MNDEL = SUMMARY OF GIRDER FORCES AND MOMENTS -
STEP *n. [1.2,10 (NORMALYIZED) = AFTE® 3n KSI CONDITIONING LOAD
SECTton 4
GIRDER 1 GIRDER 2 GIRDER 3 GIRDER & GIRDER 5 ALL GIRDERS
LOCATIAY NF GIRDER FXPERTMENTAL NEUTRAL aXIS (INCHES)
t1y NISTANCE OF N,A, FROM LINE OF COMP, METERS 4,40 073 2+5R 3,33 4,19
(»y NISTANCF OF N,A, FROM LINE OF TENSILE STEEL 13.91 17458 1573 14,98 16.12
SUMMARY BASED ON CARLSOM STRAINS IN CONCRETE,
CLIP=AaBF STRAINS FNR MrAIN TENSILE STEEL.
___ANn MrcRonnT STRAINS FOR OTHER STEEL
TOTAL {NTERNAL FORCFS (KTPS)
(1} ¢NMBRFSSIVE FNRCES =70,81 “53+09 ~63000 -56,19 49,07 -292.16
. _f4) TENSILE FORCE 43.88 72,07 54453 46,75 24,81 262,06
T Y TNFY TAXTAL FOREE =26.93 18,98 ~Re47 -9.44 -24,26 -50.12
{4y RATIO OF COMP, FORCE TO TENSILF FORCE 1.6l T4 116 1.20 1.98 1.21
TATAL TNTEFRNAL MOMENTS (KIPFT)
(71 AROUT COMPRESSION FLANGE MID~DEPTH 65,04 197410 81433 69,29 36,64 359,40
TTTTTUAEY TaROUY T VENSTON FUANGE STEEL 105,90 79434 9441R 83,583 73,42 435,39
() AROIT ENTIRE GROSS~SECTION N.A, 83.92 96407 8716 75.85 53.45 394,45
{11 ARDUT GIRDER EXPERIMENTAL NoA, 74,64 1n6e13 8307 71,80 464.86 380,50
MOMENT PERCFNTAGES TAKEN BY EacH GIRDER
(111 _AROIY COMPRESSINN FLANGE MID=DEPTH 18,10 29+80 22163 19.28 10420 (100,00)
TUUTPY AROUT TENSTON FLANGE STEEL 24.32 1799 21063 19.1¢ 16,86 t100,00)
(¥3) AROHT ENTIRE GROSS.SECTION N,A. 21,27 23485 22¢10 19,23 13.55 (100,00
{14y AROHT GIRDER EXPERIMENTAL M.a, 19.62 27489 71483 18,87 11,79 {100,00)

TOTAL SECTION MOMENTS
(15) cALCHLATED FROM EXPERIMENTAL LOADS AND REACTIONS = 433,36

TTRY RATTA (7) YO (18) = .83
{17y LaTI0  (B) TO (1% = 1,00
{14y @aaTin  (9) TOo (18) o 93
(1o) RATIO (10) TD (15) a3 +RA

FIG. 13 TYPICAL OUTPUT FOR AN INSTRUMENTED SECTION OBTAINED

FROM MOMENT PROGRAM
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3.6 REACTION Program

The REACTION program printed the experimental reactions at
the east and west abutments and center column footing of the box girder
bridge model, compared the results with the applied loads and with
reactions calculated from continuous beam formulas for each loading
case. External moments of all experimental loads and reactions were
calculated, first, about the N-S centerline and then about E-W center-
Tine of the bridge, to provide additional external static checks on the
experimental reaction values. Moments at the instrumented sections and
the midspans were also computed from the experimental reactions and
compared with analytical values. An example of a typical output is

shown in Fig. 14.

3.7 Partial Modification of Data at Section D

After the scheme of data reduction described in the earlier
sections was implemented for several loading cases, it was observed
that, even under fully symmetric loading conditions, the compressive
strains registered at the instrumented section D in the northern half
(near girders 1 and 2) of the box girder bridge model were significantly
higher than those registered in the southern half of the same section.
As the Tlatter strains agreed closely, for cases of symmetrical Toading
conditions, with those observed in the compressive strain meters at
the instrumented section A, the discrepancy was not immediately explicable.
However, during the demolition of the box girder bridge model,which took
place shortly afterwards, it was decided to observe the positions of the
concrete strain metérs, and it was found that far more lead wires of
instrumentation emerged from the north side of the slab in the region

of section D than from the south side. Although effort had been made
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LOADS APPLIED AT Xa18,00 FT ON GIRDERS= 1
LOADS aPPLIED AT XeBé,00n FT ON GIRDERS= 1

EneT A 1/2 8 CENTER C 172 D WEST
® ° @ @ @ ° 3 @ s
Xs p,0n 14,42 18,00 33,0 36,0 33,0 54,00 57,58 72,00
- - “ o @ ® [ a ° 2
» ® ® b [ L] @ L] o
a ® ® [} °
- L] * L] °
-16,Tanooabnuoo-cnonouoo-oocoo 0, woooen o o X2 YTy Y ] LY ataass 0, #BopasovspusoscsstavsabselB 46
3 ) @ 3 0
o @ ° ® @
. o ° ® @
=19 RaudsentaanBRsORABRBBORORE (I, 008 L] BH0000 socRtennbRRORGBDOResRn 0, 400DOBROONAOANACOOROONDNORS 52
o L] o o ®»
[3 ® 14,52 %#8 8,27 ol had
h » o ® [ o )
1.r40000n000000pabaR0RBNOBNe O, L] L) 2 hosudnsanessaateande00atoacn 0, «donvendancaosnoacdancns w39
» [ L] @ ° ° #
8 1] 59,8] @ee 5,59 b4 *
o @ o L
35_17uo.nb.obo..oaouo¢~o¢'now o, LX-2-22 acsaas Gnacnaacoloncn o, abetpbbdopoansopoboRaae 33,07
® ® @ ] )
» “ ) ® 3
A ° L] L] o
28,0nt08000000000000 00000000000 & wa soR0OR0 BoRBGOSL0, 7300000000000 RRRONOEROGOR 40,92
Y ° L] 13 @
76,33 64,86
30,06 TNTALS MEAGURED 100,00 TOTALS MEASURED 139.19 TOTALS MEASURED «99,73 TOTALS MEASURED 30042
31,78 TNTALS THEORETICAL =100,00 TOTALS THEORETICAL 137,32 TOTALS THEORETICAL «99,73 TOTALS THEORETICAL 31.1%
T T 8% RATIUT WMEBS/YREUR 1,00 RATIU — MEAS/YREOW 130T RAYIU WEAS/THEOR 1,00 RAYIU HEAS/THEDR 298
STATIAs CHeCK OF MEASURFD APPLIED LOADS AND REACTIONS (KIPS AND KIP=pT)
SUVAF APPLTEN LOADS @ =199.73 SUM OF REACTIONS © 199,66
SUM oF VERTICAL FORCES = -7
SUM nF MOMENTS ABQUY N.S CENTER LINE = 5871,88 =B875,66 a =3,80
SUY nF 4OMENTS ABOUT E=w CENTER LINE = 1061.97 =928.45 o 136,52
e TDTAL GTATYICAL MOMENTS (K1p FTy CALCULATED Fpom APPLIED LOADS AND REACTIONS
MEASURED THEORETICAL RATIO M/7T
AT SFrATTON &9 X 8 14,42 FY MOMENT = 433,36 450,99 2961
AT MINSPAN 1, X = 18,00 FY MOMENT = 54099 862,93 2961
AT SECTION Ry X & 33,00 FT MOMENT = <BnB.a5 «467,92 1,008
AT CENYER (FROM EAST FORCES)e X m 36,00 FY MOMENT m 718,09 «674,09 1,068
AT CEMTER (FROM WEST FORCES)y X &= 36,00 FT  MOMENY e «?n0009 =674,09 1.039
AT SECTION Co X & 39,00 FT MOMENT = «49201% «468,32 1,051
AT MIDSPAN 11, X m Ba,00 PT  MOMENY o 847054 560,54 077
AT SECTION D» % = 87,68 FT.”MOHENf @ 430:64 449,08 #9717

FIG. 14 TYPICAL OUTPUT OBTAINED FROM REACT!ON PROGRAM
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at all the instrumented sections to fan the lead wires out over an
adequate area, the large number of lead wires emerging from the north
side of the slab at section D had apparently decreased the stiffness of
the concrete section there, causing the strain meters over half the
section to register considerably higher strains even under symmetric
loading than the identical instrumentation on the south side.

It was therefore decided to modify the compressive strains in
the northern half of the slab at section D at the girder and midbay
locations only, replacing the values by strains registered at mirror-
image locations in the southern half of the slab at section D for cases
of symmetrical loading, and by suitable complementary values for other
cases.

A1l experimental results presented in this volume for section
D only have the major strain values or, by extension, moment values in
the northern half of the slab, i.e. for girders 1, 2 and one edge of

girder 3 modified as above.
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4, RESULTS FOR DEAD LOAD

4.1 General Remarks

The measurements for dead load, i.e. the self weight of the
bridge and the extra weight of the steel billets added for proper
simulation of prototype dead Toad behavior, were taken manually for each
gage separately by means of a strain indicator box and a switching unit.
The manual reading provided a check on the response of each individual
gage as opposed to the sum of strain readings subsequently recorded by
the Data Acquisition System.

For the dead load case, the clip gages for the measurement of
tensile strains at Sections A and D were not attached because of the
Tikelihood of damage ensuing to them during the removal of the shoring.

Theoretical results used for comparison with experimental
values in the dead load case have been obtained from MUPDI3 and 1DFRAME;
however, modified theoretical values for deflections and strains based on
a cracked cross-section have also been employed.

Results for the dead load case of the box girder bridge model
can be divided into results for reactions, deflections, longitudinal

forces, strains and moments. Each is discussed below.

4.2 Reactions

The density of plain concrete used in the box girder bridge
model was found as 141 pcf. Taking a value of 150 pcf for reinforced
concrete, the weight of the bridge model for the dead load case was

calculated as in the Table below:
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TABLE 6 ~ TOTAL DEAD WEIGHT OF BOX GIRDER MODEL

Volume Weight

cu, ft. kips
Cellular portion of bridge 399.5 59.93
Two end diaphragms : 79.0 11.85
Center bent diaphragm 36.8 5.52
Bent footing 40.5 6.08
Bent column 4.8 0.72
Midspan diaphragm 3.1 _0.47
Total self weight of bridge model 84 .57
Weight of steel biliets and sand 113.10
Total Dead Load 197.67

Weights are shown to the nearest 0.01 kip only for convenience
of comparison with computer output results. Accuracy for each value is
probably limited to three significant figures.

After insertion of the load cells, their adjustment, and then
the removal of the shoring, the five load cells at each end abutment and
the Toad cells at the center footing gave values for the reactions as
shown in Table 7, column 4. The sum of all these reactions is 196.97 k,
which when added to the small reactions in the load cells incurred during
their placement before the removal of the shoring (given in column 3)
give a figure of 199.09 k as the total dead load.

The theoretical values for the total reactions at E, F and W
in column 2 are based on those obtained from 1DFRAME taking into
consideration only the uniformly distributed weights of the cellular

portion of the bridge and the steel billets and sand. The cellular
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portion is taken as 69 ft in length, and the steel billets and sand are
assumed distributed over the whole Tength of the bridge giving a total
uniformly distributed load of 2.44 kips per ft.

The total theoretical reactions at the ends from 1DFRAME are
further sub-divided among the five load cells by considering the five
load cells to be the supports for the transverse diaphragm analyzed as
a uniformly loaded four span continuous beam. The center reaction is
allocated equally to the four supports at fhe central footing.

For purposes of comparison, the experimental reactions in
column 7 have the weights of the end diaphragms and center bent column
with footing deducted from the actually measured values. Here again,
each end diaphragm has been treated as being a continuous beam on the
five load cell supports, and the weight of the center bent column with
footing has been deducted equally from the four measured reactions.

As can be seen by comparing columns 1 and 7 in Table 7, not
only does the total sum of the reactions agree remarkably well with the
total applied load, but the total reactions at either end and at the
center footing also agree with the theoretical values very closely. The
reaction at the center footing is shared almost equally by the load cells
at the four Tocations; however, there are some discrepancies in the
distribution of the reaction at each end. Reaction 3 at the east
abutment (Section E) appears to be larger at the expense of reactions
4 and 5, and the northern half of the bridge model seems to have a
bigger reaction than the southern half.

This difference between experiment and theory for the transverse
distribution of the total reaction to each of the five load cells at the

two ends of the bridge was undoubtedly due to the manner in which the
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FoR  DEAD LOAD CASE

& )f ? T W
o | — — T —t- R T ]—.-%
Jqi DS SR Y"1 Y-S SR o
e T Teniee e
QI S O gy eerrst R

DEAD LOAD 2.44 K/FT!

SO S S ‘i 2 B3 I*I ¢ T R AP, F T N i i
y}? , # 4R or P
Ej \ M:’ (ﬁ ‘é\f’&a %P

¢ (Kips) I
% Q\ THEORETICAL'QEACTIONs Dué REACTIONS D TOTAL WEIGHT OF |EXPERIMEN-
£ &1 NeT  |ToLoaD cEL|To RemovaL| REACTIONY DIAPH,, COL.\TAL NET
% 1‘ EE@LI:gNs PLA(C':‘2$E)NT OF SHORES ~ |lanp FTé6é. |REACTIONS
g & (k1”9 (x1P8) (kips) (iPS)
i j 3,24 0.12 4.62 4,74 | 0.58 4.16
e | 9.4 0.18 11.04 | 11.22 1.69 9.53
se 7.65 0.24 10.38 | 10.62 1.37 9.25
Gl 9.41 0.2¢ 8.22 8.46 1.69 6.77
e i 3,24 0.12 3.30 3.42 0.58- 2.84
SE{ 32.95 | 0.90 | 37.56 | 38.46 | 5.91 32.55
GF k. 27.45 0.13 29.75 | 29.88 3.08 | 26.80
TF | 27.45 0.12 30.74 | 30.86 3.08 27.78
©Fi a745 | 013 | 3075 | 30.88 | 3.08 | 27.80
oF } 27,45 0.12 30.25 | 30.37 3.08 27.29
2 F § 109.80 0.50° | 121.49 | 121.99 | 12.32 | 109.67
Awp o 324 | 0.24 4.20 | 4.44 | 0.58 3.86
AN 9.41 0.12 11.10 11.22 1.69‘ 9,53
o 7,65 0.24 8.52 8.76 1.37 7.39
| aw i 9.4 0.06 10.56 | 10.62 1.69 8.93
owi 3,24 0.06 3.54 | 3.60] _0.58 3,02
SW | 32.95 0.72 37.92 | 38.64.] 5.91 | 32.73
SR 175.70 | 2.12 | 196.97 | 199.09 | 24.14 174.95
S P | -173.03 | 2173.03
SRIgPY  1.01 1.01




45

load cells were placed under the bridge, before the shoring was removed.
An attempt was made, by jacking and the placement of metal shims of
different thicknesses at each of the five support points, to obtain
approximately equal initial readings in all the load cells. Subsequently,
because of the different compressibility of the various shim thicknesses,
this gave a situation where a very deep rigid end diaphragm rested on
essentially five supports with slightly different spring constants. This
caused the difference between the experimental and theoretical transverse
distributions of the five reactions at each end of the bridge. However,
the expermental and theoretical total reactions at each end were in

close agreement and these totals were distributed by the rigid end
diaphragms into the bridge in a similar way, thus not affecting the
overall response of the bridge differently. The above comments point

out the sensitivity of the distribution of end reactions to the manner

in which reactions supports are placed in prototype structures as well

as in models.

4.3 Deflections

Theoretical and experimental results for the deflections at
instrumented Sections A and D and at quarter spans are given in Table 8
for the case of total dead Toad. Experimental deflections, for this
case only, had to be measured prior to the placement of the deflection
potentiometers by means of precise level measurements on a ruler
graduated to 1/16 1in. Theoretical results in column 2 are those given
by MUPDI3, which considers a homogeneous uncracked cross-section. The
ratio of experimental to theoretical deflections are given in column 4
where it can be seen that experimental deflections are considerably

higher than those predicted by theory based on an uncracked section.
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TABLE 8 % SUMMARY _OF DEFLECTIONS (INCHED)
FOR DEAD LoAD CASE
L S L I N
{— | — T T
Q..__.____].___H._ ....'._..._t ._._.._._l .___!...t._._.___!._..__.._L_._g
e U\ VWA DUUYS S S s e e
DEAD LOAD 2.44K/FT - '
M i i 2 i a4 .3 § + eFLa
}"" i
5
S | THEOR-| EXPERI- 1
S | ETicAL |menTAL | _E G
§ RESULTS| RESULTS T Terr
1QAY 0.20 0.19 | 0.95
EQA| 0.20 0.19 | 0.95
1A | 0.25 0.38 | 1.52 1.42
2A | 0.25 0.38 | 1.52.| 1.42
3A 1} 0.25 | 0.38 | 1.52 1.42
4 A __0_2*5___ C0.31 | 1.24 | 1.42
5A1 0.25 0.38 | 1.52 1.42
188} 0.13 0,13 | 1.00_ |
5QB}| 0.13 0.13 | 1.00
18C) 0.13 0.19 | 1.46
5QCH 0.13. 0.19 | 1.46
1D 0.25 0.44 1.76 1.06
2D | 0.25 0.44 | 1.76 | 1.06
3D} 0.25 0.44 | 1.76 | 1.06
4D 1 .25 0.44 | 1.76 1.06
5D 0.25 0.44 | 1.76 | 1.06
16D} 0.20 0.31 1.55
54D} 0.20 0.31 1.55




47

In column 5 the ratio of Ig/Ieff taken from Table 5 for this load phase
are shown and can be compared with column 4 to indicate how accurately
the use of Ieff predicts the effect of cracking.

The values for deflection as given in Table 8 indicate that
Span I with the midspan diaphragm experienced smaller deflections than
the undiaphragmed span.

It should also be kept in mind when comparing values in Table
8 that the dead Toad experimental deflections were measured by means of
a graduated rule having a least count of 1/16 in. [X 0.06 in.]. The
maximum deflection measured was only 0.44 in. A change of 0.06 in. in
the experimental values recorded could significantly reduce the
discrepancy between Sections A and D or between experimental and
theoretical values.

It is of interest to note that the maximum measured dead load
deflection of 0.44 in. is 1/982 of the 36 ft. span and because of

similitude this same ratio could be expected in a prototype structure.

4.4 Strains and Longitudinal Forces at a Section

The summary of dead load strains in microinches per inch at
the instrumented Sections A, B. C and D comprises Tables 9A and 9B.
Theoretical results are based on the procedure described in Section 2.4.2.

Tensile and compressive forces over the cross-section at each
instrumented section are shown in Table 10. Theoretical values were
obtained automatically from MUPDI3 by separately integrating the forces
at a section in the flanges and web on each side of the gross uncracked
section neutral axis. Experimental values were obtained from the

MOMENT program into which the relevant data were fed.
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Although the reactions to the dead load as measured by the
Toad cells Table 8, were in close agreement with theoretical values, it
is seen that experimental strains at the instrumented sections, Tables
9A and 9B, are much higher than those predicted by theory. This is
probably due to cracking in the model and the unknown internal stress
state prior to the removal of shores and formwork.

Table 10 shows that the conditions of statics are not satisfied
at the instrumented sections, the experimental compressive forces being
greater in every case than the experimental tensile forces. The latter,
however, are in fairly good agreement with the values given by theory.

The dead load case was unique in that it represented the
removal of the constraints of shoring and formwork from the bridge model.
The exact forces and stresses in the bridge model, formwork and shoring
prior to the release of shoring are impossible to assess. The fact that
the top slab of the box girder bridge model was placed several weeks
after the bottom slab could have caused stresses in the bridge model due
to differential shrinkage and bending action may have resulted. Thus
prior to the removal of the forms, an internal section of the bridge
model could have had longitudinal forces acting on it. What was measured
during the removal of the forms was the transition from an initial unknown
internal stress state under the constraints of shoring, etc. to another
state under dead load alone. Unlike the internal stresses, the reactions
due to dead Toad could be measured accurately since their values under
the initial state were known. The external load cells measure the total
values existing, while the internal strain gages can only be used to

measure changes in strains in going from one load state to another.
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4.5 Moments

Figure 15 gives the total moments at midspans X and Y, quarter
spans QA, QB, QC, and QD and instrumented Sections A, B, C and D, all
based on theoretical internal moments from MUPDI3, and on external moments
determined from experimental reactions. It can be seen that these
experimental and theoretical values are in close agreement. In addition,
Fig. 15 shows values of experimental internal moments about the gross-
section neutral axis at the instrumented Sections A, B, C and D as
determined from the internal forces at these Sections. These are not in
good agreement with theoretical values at Sections A and D, being
considerably higher, but are in much better agreement at Sections B and
C.

Table 11 gives a detailed break down of the distribution of the
internal moments to each girder. Theoretical results are by MUPDI3, while
experimental results obtained by the MOMENT program are given about four
different axes for comparison. The different experimental values
obtained for the four axes are due to the fact that the longitudinal
compressive and tensile forces acting on each girder, Table 10, are not
equal. Fig. 16 compares theoretical and experimental per centage
distributions to each girder for moment, about the gross section neutral
axis. It can be seen that while the absolute values, Table 11, are
sometimes not in good agreement, the percentage distributions, Fig. 16,
are quite good being within 1-2% of each other. It is of interest to
note that for a uniform distribution of stresses accross the section one
would expect that each girder would take a percentage of the total
moment in direct proportion to the ratio of the individual girder to

the total section moment of inertia. A calculation of these values
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based on uncracked sections taken about the gross-section neutral axis
gives the following percentage distributions for girders 1 to 5
respectively: 16.5, 22.4, 22.4, 22.4, 16.5. The values shown in Fig. 16

closely approximate these percentages.

4.6 Summary

Experimental measurements of response due to dead load are
more difficult to evaluate than those due to live load, because they are
dependent on the sequence and manner of construction, placing of
instrumentation, placing of reaction supports and removal of shoring.
Nevertheless after comparing theoretical and experimental results the

following conclusions can be made with respect to the dead load case.

1. Distribution of the total reactions between the east, center

and west supports is accurately predicted by theory.

2. As a result of 1 the total external moment at any section can

also be found with confidence.

3. The transverse distribution of the total reactions at each
end to the five reaction supports is highly dependent on the
manner of installation of these supports. The placement of
the reaction supports after the bridge has been cast and the
insertion of compressible metal shims to equalize reactions
prior to the removal of forms gives reaction supports having
slightly different spring constants. This results in an
experimental transverse distribution of the total reaction at
each end support which differs somewhat from theory. In future
tests, the bridge should be cast directly on the supports, which

should be made up of hard machined surfaces.
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Experimental deflections at midspans I and II were approximately
50% and 75% higher than theoretical values based on an uncracked

section.

Transverse distributions of deflection were uniform by both

theory and experiment as expected for this loading.

The experimental values of strains and internal Tongitudinal
forces and moments at a section in several cases were not in
good agreement with theory or statics. This was probably due

to the fact that it was impossible to measure the actual

external and internal forces and stresses existing in the model
prior to the removal of the forms. For subsequent live loadings,

to be discussed later, the agreement was much better.

The agreement between theory and experiment for the percentage
of the total moment at any section taken by each girder was

very good, within 1-2%.
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5. RESULTS FOR WORKING STRESS LOADS

5.1 General Remarks

As described in Volume I the Toading program was divided into
several phases in which initial conditioning loads were applied to create
total maximum tensile stresses in the reinforcement of 24, 30, 40, 50
and 60 ksi. Each of these initial conditioning loads was then followed
by a detailed sequence of point loads on the bridge.

One of the prime objectives of the test program was to
determine the bridge response at working stress levels. The loading
phase involving the initial application of conditioning loads to produce
a maximum tensile stress of 30 ksi was chosen to be representative of
response at working stress from the point of view of assessing actual
box girder bridge behavior for design purposes. An advantage of using
the 30 ksi stress level instead of the 24 ksi stress level was that
50% higher values of 1ive load stresses could be registered for a total
increase in the bridge model tensile stresses of only 6 ksi. ATl
subsequent point loads in this phase, however, were chosen to produce
maximum stresses, where applied, of the order of the working stresses,
i.e. 24 to 30 ksi total maximum tensile stress in the reinforcement.

The 30 ksi working load phase contained the most complete and
detailed loading schedule of any phase (See Vol. I). 1In this chapter
a presentation and evaluation of results will be made for this phase

for the following loadings and conditions.

(1) Point loads on girder webs at midspan.
(2) Effect of support restraints.

(3) Trucks and construction vehicle loads.
(4) Moving fork 1ift truck load.
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5.2 Point Loads on Girder Webs at Midspans

Detailed tabulations of theoretical and experimental results
related to reactions, deflections,strains and moments for each of the
19 point Toad combinations used are given in Vol. III (Tables 1 to 7
inclusive). A1l theoretical and experimental values have been normalized
for purposes of comparison to loads of 100 kips per span. Theoretical
values for these point Toad cases have been obtained from computer
analyses using FINPLA2.

Because of the voluminous amount of data, only three typical
point load cases will be treated in detail in the text of the present
volume. These cases are: point Toad at location 5X; point load at
Tocation at 5Y; point loads at 5X + 5Y simultaneously. These cases
have been chosen as typical of the 19 point load combinations, and
comprise cases of the most eccentric loading at the diaphragmed and
undiaphragmed midspans, producing maximum positive moments in the case
of 5X or 5Y and maximum negative moments at the center bent in the case
of 5X + 5Y. Furthermore, these loading cases lend themselves to
comparisons of superposition which can be used as a check on the
reliability of the experimental data.

In addition to the detailed study of reactions, deflections,
strains and moments for cases 5X, 5Y and 5X + 5Y, a complete summary
and discussion of theoretical and experimental moments for all 19 point

lToad cases is given in Section 5.4.

5.2.1 Reactions
Figure 17 compares theoretical and experimental reactions for
normalized 100 kip Toads at 5X, 5Y, and 5X + 5Y. Fig. 17a shows the

total vertical reactions at the end supports and at the central footing,
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while Fig. 17b depicts the transverse distribution of the total reaction
at the east end to the five individual girder reaction supports.

In order to check superposition, Fig. 17, Tine (3), gives the
sum of the results for loads placed separately at 5X, line (1), and at
5Y, 1ine (2). This sum, line (3), can then be compared directly with
Tine (4) which gives the results for Toads at 5X + 5Y applied
simultaneously. These comparisons show that superposition of theoretical
results is perfect and for experimental results superposition is valid
within a range of 1-5% for the larger significant reaction values.

Agreement between theoretical and experimental total reactions,
Fig. 17a, at both ends and the central footing is excellent. The total
reactions for a Toad at 5X are symmetric with those for a symmetric
load at 5Y.

Comparing the theoretical and experimental transverse
distribution of the total reaction at the east support, Fig. 17b, the
agreement at girder 5 which has the largest reaction is good. While
individual values at girder 1 and 2 differ, the sum of these two
reactions indicates a good agreement between theory and experiment. As
explained in Section 4.2, differences between theoretical and
experimental reactions at individual supports is probably due to the
slightly different stiffnesses (spring constants) of the individual

reaction assemblies,.

5.2.2 Deflections

Deflections for load cases 5X, 5Y and 5X + 5Y are shown in
Fig. 18 and 19. In each case curves are given based on 1.0 and 1.5
times the theoretical values obtained from FINPLA2, which assumes an
uncracked section. These may be compared with the individually

plotted experimental points.
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Figure 18 shows the longitudinal variation of the deflection
along the loaded girder 5 and Fig. 19 shows the transverse distribution
of deflections at the Tloaded sections. A study of Figs. 18 and 19
indicates that the principle of superposition is valid for both
theoretical and experimental results. Comparing results from theory
with experiment, it can be seen that the theory predicts the general
distribution of deflections quite well if the theoretical values based on
an uncracked section are multiplied by a factor of about 1.5 to account
for cracking at this stress level. This factor of 1.5 can be compared
with the value of approximately 2.2 given in Section 2.4.1 which is the
calculated ratio of Ig/Ieff for the 30 ksi stress level. It is evident
that this Tatter factor greatly overestimates the effect of cracking on

deflections.

5.2.3 Strains

Comparisons of the transverse distributions of theoretical
and experimental longitudinal strains in the top and bottom slabs at the
instrumented sections under loading case 5X + 5Y are given in Fig. 20.
While there is general agreement, substantial differences exist at
certain points. Theoretical strains have been obtained using the
modifying procedure described in Section 2.4.2 which only gives values
at the top and bottom of each web and thus straight Tines are drawn
between these points. Experimental values are adjusted as described in
Section 3.4, however, only values at and halfway between the webs have

been plotted and connected by straight lines.

5.2.4 Moments
The Tongitudinal distribution of total moments at a section

are given in Fig. 21. At almost all sections good agreement is obtained
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between theoretical values and experimental values both for moments
determined by experimental external reactions and by internal longitudinal
forces at instrumented sections. Only at support sections in the loaded
spans do some differences occur. The principle of superposition is also
satisfied for almost all theoretical and experimental values shown.

The transverse distributions of the total moments at the
instrumented Sections A, B, C and D are illustrated in Figs.22, 23 and
24, The percentages shown are for 100 kip point Toads at the most
eccentric positions 5X, 5Y and 5X + 5Y and may be compared with the best
possible distributions of 16.5, 22.4, 22.4, 22.4 and 16.5% for girders
1 to 5 respectively which would be obtained for a uniform distribution
of stress across the entire section. The closer one gets to these
optimum values, the better are the load distribution properties of the
bridge.

From Figs. 22, 23, 24 several observations may be made.

(1) The agreement between theory and experiment is generally good

with differences in most cases being of the order of 1-2%.

Only at girder 5 at Section B under loading 5X, and at Sections

C and D under loading 5Y and 5X + 5Y do the theoretical values

exceed the experimental values by Targer amounts.

(2) Comparing results for a load at 5X, Fig. 22, with those for a
load at 5Y, Fig. 23, it can be seen that the distributions at
sections in the unloaded spans approach the optimum values
associated with a uniform stress distribution mentioned above.
For sections in the loaded spans a slightly higher concentration
of moments in girders 4 and 5 is found for a load in the
undiaphragmed span, 5Y, than for a Toad in the diaphragmed

span, 5X.
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(3) For the loading 5X + 5Y, Fig. 24, the distribution is almost
identical at Sections A, B and C while at D, near the
undiaphragmed midspan section, a slightly higher concentration

of moment exists in girder 4.

5.3 Effect of Support Restraints

As described in detail in Vol. I, most of the experimental
program was carried out for the bridge model with what will hereafter be
termed normal support restraints. These consisted of simply supported
end abutments and the center bent being supported by a single central
column as shown in Figs. 1 and 2. However, in order to investigate
the effect of torsional restraint at the center bent and longitudinal
restraint at the two end diaphragms, all 19 point load cases were
repeated for the 30 ksi working stress phase for each of these two
support conditions.

Torsional restraint at the center bent was provided by adding
vertical supports under girders 1 and 5 at center Section Z.
Longitudinal restraint at the enddiaphragms was provided by adding
three horizontal reaction supports at each end in line with girders
1, 3, 5. The horizontalreactions were Tocated at a vertical distance
of 3.42 ft. below the top surface of the bridge, which is equivalent
to 2.73 ft. below the gross neutral axis of the bridge. Details of
these support conditions are given in Figs. 24 and 25 of Vol. I.

Detailed tabulation of experimental results only for selected
point load cases for the torsional and Tongitudinal restraint cases are
given in Vol. III (Tables 8 to 13 inclusive). In this section
comparisons in general of experimental results only will be made for

the three support conditions: (1) normal restraint; (2) torsional
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restraint; and (3) longitudinal restraint. Load cases 5X, 5Y and 5X +

5Y will be considered as typical cases.

5.3.1 Reactions
Figure 25 compares experimental reactions for each of the
three support restraints under normalized 100 kip loads at 5X + 5Y.
Comparisons with the normal support restraint case can then be made.
Figure 25a shows that the torsional restraint has little
effect on the two end reactions, while the reaction at the center footing
RF decreases by the amount which is transferred to the vertical supports
under girder 1 and 5 at the center bent, which are not recorded. The
longitudinal restraint increases the end reactions and decreases the
reaction under the center footing, while the total sum of all the
reactions equals 197.3 kips compared to the total applied load of 200.0
kips. This small difference was probably resisted by the vertical
friction at the horizontal reaction supports at each end. The increase
in the vertical end reactions for the longitudinal restraint case is
due to the negative moment developed at the two ends of the bridge
under this condition.

Figure 25b shows a substantial decrease in reactions R, and R

4
for the torsional restraint case due to the fact that a greater portion

5

of the total torque of the bridge is being taken at the center bent for
this case compared to the normal support case. For the longitudinal
restraint case, the increase in the total east reaction is being taken
primarily at R2 and R4 with Tittle change in the other reactions

compared to the normal support case.
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5.3.2 Deflections

Transverse distributions of experimental deflections at
Sections X and Y are shown in Fig. 26 for the three support conditions
under the Toading 5X + 5Y. Comparing the torsional restraint case to
the normal restraint case it can be seen that the deflections at center
girder 3 are almost identical, while the deflections at the loaded
girder 5 are slightly smaller indicating, as would be expected, that
less twist occurred in the torsional restraint case. The longitudinal
restraint case has the smallest deflections of the three cases due to
the decrease in positive midspan moments for this case. However, it
has a transverse deflected shape almost identical to the normal
restraint cases. Comparing the undiaphragmed span Section Y to the
diaphragmed span Section X it is evident there is a greater concentration

of deflection in the former case directly under Toaded girder 5,

5.3.3 Strains

Comparisons of the transverse distributions of experimental
longitudinal strains for the different support conditions are given in
Figs. 27 and 28 for loads at 5X + 5Y. The type of support restraint
appears to have very little effect on the conpressive strains at all
sections except that at support Sections B and C there is a slight
increase near the loaded girder for the torsional restraint case as
should be expected.

For the tensile strains, the magnitudes and distributions for
the normal and torsional restraint cases are similar except for a few
isolated points. Curves for the longitudinal restraint case, while
similar in shape to the other restraint cases, have values which are

substantially smaller in magnitude. This is due to the combined
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additive effects at each section of a decrease in moment and the
introduction of a longitudinal compressive axial force produced by the
Tongitudinal reactions at the supports. Note that for the compressive
strains these effects tend to cancel each other resulting in little

change as mentioned above.

5.3.4 Moments

The Tlongitudinal distributions of the total moments at a
section for different support restraints are shown in Fig. 29 for 100
kip loads at 5X, 5Y and 5X + 5Y. Curves for theoretical values were
obtained from 1DFRAME for cases both with and without longitudinal end
restraints. Experimental points and numerical values for moments based
on internal forces are given at Sections A, B, C and D for each of the
three support restraint conditions.

Comparing these experimental results for the three Toadings
for a particular restraint it can be found that the principle of
superposition is satisfied with maximum discrepancies of approximately
2, 4, 6 and 3% at Sections A, B, C and D respectively.

For the normal and torsional restraint cases agreement
between experimental values and the theoretical curve without
Tongitudinal restraint is generally very good except at support sections
in the Toaded spans where some differences occur. It should be observed
that these latter sections are in regions of steep moment gradients
where a shift of section of only 1 ft. on the bridge changes the
moment by 30 to 60 ft. kips depending on the load case.

For the longitudinal restraint case, the theoretical curve
can only be taken as a bounding curve since the full longitudinal

restraint considered to exist across the width of the bridge in the
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1DFRAME analysis cannot be realized in the experimental case where point
restraints were applied at only three points opposite girder 1, 3 and
5. However, agreement between theory and experiment is again generally
good.

Comparing now only experimental values at Sections A, B, C and D
in Fig. 29 to ascertain the effect of support restraints, the results for
the normal and torsional restraints are quite similar. There is a very
slight trend for a small drop in the positive midspan moments in the
loaded spans for the torsional restraint case, but for practical design
purposes, the difference would be considered negligible. Results for the
longitudinal restraint case indicate considerably Tower moments than the
other cases indicating that the effect of such restraints, where they
exist, should be taken into account.

The transverse distribution of the experimental moments at
Sections A, B, C and D for the different support restraints are illustrated
in Figs. 30, 31 and 32. The percentages shown are for 100 kip point Toads
at the most eccentric positions 5X, 5Y and 5X + 5Y and may be compared
with the best possible distributions of 16.5, 22.4, 22.4, 22.4 and 16.5%
for girders 1 to 5 respectively which would be obtained for a uniform
distribution of stress across the entire section.

From Figs. 30, 31 and 32 several observations may be made in

comparing results of the three support restraints.

(1) At Section A, near the diaphragmed midspan, the distribution of
moments is practically independent of support restraint for all

three load cases 5X, 5Y and 5X + 5Y.
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(2) At Section D, near the undiaphragmed midspan, differences
depending on support restraint are slightly larger than at
Section A, but still no greater than 2.7% of the total section
moment at any point. In general a slightly greater concentration
of moment occurs in girder 3 at Section D as compared to

Section A.

(3) At support Sections B and C, the differences depending on
support restraint are somewhat more pronounced. Comparing the
torsional to the normal restraint case a greater percentage of
the moment is carried by girders 4 and 5 near the load. For
the longitudinal restraint case a large drop occurs in the
moment taken by girder 3 in the loaded span under loads 5X or

5Y.

5.4 Summary of Moments for all Point Load Cases

As described in Vol. I a total of 19 different point load
combinations were applied to the bridge. Detailed tabulations of
theoretical and experimental result for reactions, deflections, strains
and moments for each of these cases is given in Vol III (Tables 1 to 7
inclusive). A1l results have been normalized for purposes of comparison
to loads of 100 kips per span. Theoretical values were obtained using
FINPLA2. In this section, the total moments at instrumented Sections A,
B, C, D and the transverse distribution of these total moments will be

summarized and discussed for all 19 point load cases.

5.4.1 Total Moments at a Section

Table 12 summarizes total moments at Sections A and D near

midspans I and II for each of the 19 point load cases. Theoretical and
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experimental moments are given, first, based on the external reactions,
and second, based on an integration of the internal Tongitudinal forces
at the section times the appropriate lever arm to the gross-section

neutral axis. A study of Table 12 reveals a number of important points.

(1) The total moment at a section is essentially independent of the

transverse position of the point loads.

(2) Agreement between theory and experiment for moments based on
external reactions is very good generally within 2 or 3%, with

experimental values being usually slightly lower.

(3) For internal moments, experimental values are generally slightly
lower than theoretical values (4 to 8%) at Section A and
slightly higher (4 to 6%) at Section D. Such differences could
easily be due to variations in actual material properties,
cracking, internal gage locations etc. in the bridge from those

assumed in converting experimental data to moments.

(4) Comparing external and internal moments, the check between
theoretical values is almost perfect. For experimental values,
the internal moments are slightly Tower (2 to 6%) at Section A
and slightly higher (2 to 6%) at Section D than corresponding

external moments.

Table 13 summarizes total moments at Section B and C near the

center bent support. A study of this table reveals the following.

(1) Again the total moment is generally independent of the transverse

position of the point loads.
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TABLE 12 - SUMMARY OF THEORETICAL AND EXPERIMENTAL TOTAL MOMENTS (FT-KIPS)
AT SECTIONS A AND D FOR ALL POINT LOAD (100 KIPS)

POSITIONS
SECTION A SECTION D
100 K| BASED ON BASED ON 100 K BASED ON BASED ON
EXTERNAL INTERNAL EXTERNAL INTERNAL

LOAD REACTIONS FORCES LOAD REACTIONS FORCES
AT THEO. | EXPT. |THEO. | EXPT. | AT THEO. |EXPT. | THEO. |EXPT.

1X 565 548 565 524 1Y 565 553 561 572

2X 568 547 562 525 2Y 566 544 565 586

3X 566 550 562 535 3Y 566 553 565 574

4X 568 547 562 532 4y 566 558 565 581

5X 565 546 565 542 oY 565 562 561 598

1Y 1 -118 -115 | -117 -109 1X -118 |-120 -118 | -125

2Y =117 -122 | -116 -119 2X -117 |-120 -117 |-123

Y |[-117 -115 | -116 -121 3X -116  |-119 -116 | -123

4y | -117 ~-112 | -116 ~-110 4x ~117 |-120 =117 -123

5Y | -118 ~-122 | -117 -110 5X -118 |-119 -118 | -127

1X + 1Y] 447 433 448 404 [1X + 1Y| 447 439 443 461

2X + 2Y| 449 435 446 417 X + 2Y| 449 456 448 468

+

3X + 3Y| 449 428 446 406 13X + 3Y| 449 440 448 443

4X + 4Y| 449 438 446 410 J4X + 4Y| 449 448 448 474

5X + 5Y| 447 437 448 429 |5X + 5Y| 447 454 443 475

1X + 5Y| 447 437 448 421 1Y + 5X| 447 437 443 455

2X + 4Y| 451 429 446 407 |2Y + 4X| 449 453 448 458

1Y + 5X 447 441 448 423 |1X + 5Y| 447 441 443 451

2Y + 4X 45] 433 446 405 |2X + 4y| 449 450 448 454
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TABLE 13 - SUMMARY OF THEORETICAL AND EXPERIMENTAL TOTAL MOMENTS (FT-KIPS)
AT SECTIONS B AND C FOR ALL POINT LOAD (100 KIPS)

POSITIONS
SECTION B SECTION C
100 K| BASED ON BASED ON 100 K| BASED ON BASED ON
EXTERNAL INTERNAL EXTERNAL INTERNAL
LOAD REACTIONS FORCES LOAD REACTIONS FORCES

AT THEO. (EXPT. | THEO. | EXPT. AT THEO. | EXPT, | THEO. | EXPT.

_1X | -208 |-246 | -183 | -263 1V | -208 | -235 | -182 | -261
2X | -205 [-249 | -180 | -263 2Y | -205 |-254 | -180 | -253
3 | -205 |-241 | -179 | -256 3y | -206 |-234 | -180 | -246
4% | -205 |-249 | -180 | -264 4Y | -205 | -224 | -180 | -248
5 | -208 |-250 | -183 | -249 5Y | -208 | -214 | -182 | -242
1y | -270 |-263 | -261 | -282 1X | -269 | -275 | -261 | -288
2Y | -268 |-280 | -259 | -273 2X | -267 | -275 | -259 | -292
3y | -267 |-264 | -258 | -259 3X | -266 | -273 | -258 | -275
4y | -268 |-257 | -259 | -255 4x | -267 | -275 | -259 | -293
5y | -270 |-278 | -261 | -244 5X | -269 | -273 | -261 | -264

IX + 1Y} -477 1-508 -443 ~-500 |IX + 1Y]| -477 | -496 -443 | -500
2X + 2Y| -473 | -503 -439 -519 12X + 2Y| -473 | -457 -435 | -540

3X + 3Y| -471 | -52] -437 -498 3X + 3Y| -471 | -494 -438 | -490
AX + 4Y} -473 | -498 -439 -517 |4X + 4Y | -473 | -474 -439 | -498

5X + 5Y| -477 | -500 -443 -500 |5X + 5Y| -477 | -461 -443 | -495
1X + 5Y| =477 | -500 -443 -494 1Y + 5X| -477 | -49] -443 | -539

2X + 4Y| -473 | -518 ~439 -514 12y + 4X| -472 | -463 -439 | -533

1Y + 5X} -477 | -492 -443 -519 {1X + 5Y| -477 | -500 -443 | -482
2Y + 4X] -473 | -509 -439 ~-514 12X + 4Y| -472 | -471 -439 | -519

+
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(2) Experimental external and internal moments in regions of steep
moment gradients, therefore in loaded spans, are generally
higher than corresponding theoretical values. However, in the
unloaded spans, where the moment gradient is not steep, the
agreement is excellent. If the total statical moment in a span,
positive plus negative, is accounted for in a design, differences

such as the above are not critical.

(3) Comparing external and internal moments, the check between
experimental values is better than the check between theoretical
values. For theoretical values, internal moments in loaded
spans are lower than external moments, indicating that in this
region of steep moment gradient a refined finite element mesh

should be used.

5.4.2 Transverse Distribution of Total Moments

Theoretical and experimenta] percentages of the total moments
at Sections A, D, B, C carried by each girder are given in Tables 14, 15,
16, 17 respectively for all 19 point load combinations. These tables are
essentially influence tables, which at a glance enable one to determine
the load distributing properties of the bridge. It should be kept in
mind that for a uniform stress distribution across the entire section,
the percentage distributions to girders 1 to 5 respectively would be
16.5, 22.4, 22.4, 22.4 and 16.5%.

Maximum total moments are produced at Section A for loads in
Span I at Section X only; at Section D for loads in Span II at Section Y

only; and at Sections B and C near the center bent for loads in both
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Spans I and II at Sections X and Y. Restricting attention in Tables 14,
15, 16, 17 to these critical loading cases the following observations may

be made.

(1) Differences between theoretical and experimental values 1in
almost all cases is from 0 to 2% of the total moment at the

section.

(2) The maximum percentages found in the tables for single Toads
over any girder at Sections X and/or Y for the critical loading

cases are as follows.

Theoretical Experimental
Interior Exterior Interior Exterior
girder girder girder girder
Section A 25 19 26 21
Section B 27 20 28 17
Section C 25 19 27 18
Section D 26 21 26 19

As can be seen above, except at Section D, experimental values
are slightly Targer than theoreticalvalues for the interior

girder, while the reverse is true for the exterior girder.

(3) Actual design live loads consist of two or three lanes of
trucks on the bridge and for such conditions the average
percentage taken by an individual girder would approach the
uniform stress distribution values of 22.4% and 16.5% for

interior and exterior girders respectively.



TABLE 14 - SUMMARY OF THEORETICAL AND EXPERIMENTAL PERCENTAGE
DISTRIBUTION OF THE TQTAL MOMENT AT SECTION A FOR
ALL POINT LOAD POSITIONS.
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LOAD THEORETICAL % TO GIRDERS EXPERIMENTAL % TO GIRDERS
AT ] 2 | 3 4 | 5 1 2 304 5

X |19 | 25 |22 |20 |14 |21 |24 |23 |21 |12

ox |17 |24 |23 |21 |14 |18 |23 |23 [22 |13

3x |15 | 23 |23 | 23 |15 |17 |22 |23 |23 |15

ax |14 | 21 |23 |28 |17 |14 |20 |23 |25 |18

5x | 14 | 20 |22 | 25 |19 |13 |18 | 23 |26 | 20

v |17 | 23 23 |23 |15 |17 |22 |23 |24 | 14

v |16 | 23 |23 | 23 |16 |17 |22 |22 |23 |15

v |16 | 23 (23 | 23 |16 |16 |20 |25 |21 |17
ey |6 | 23 |23 |23 |16 |16 |22 |23 |23 | 16
sy |15 | 23 |23 | 23 |17 |16 |22 | 23 |28 | 16
1v] 20 |26 122 |19 |13 |21 22 |2 |21 ]2
2x+2v| 17 | 25 |23 | 21 |14 [18 |23 |2 |22 | 13
sx+3v| 15 | 23 | 2a | 23 |15 |15 |22 |25 |24 | 15
ax+av| 14 | 21 23 |25 7 |15 |20 |28 |26 | 16
sx+5v| 13 | 19 | 22 | 26 |20 | 13 |18 | 22 |26 | 21
1x+sv| 20 | 26 |22 | 19 |13 | 21 |28 | 28 |20 | 1
ox+4v| 18 | 25 | 23 | 21 |14 | 19 |23 | 24 |23 | 11
wa+sx| 13| 19| 22 | 26 |20 | 14 |18 | 23 |28 | 18
ov+ax| 14 | 21| 23 | 25 |18 | 14 |20 | 24 |26 | 16
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TABLE 15 - SUMMARY OF THEORETICAL AND EXPERIMENTAL PERCENTAGE
DISTRIBUTION OF THE TOTAL MOMENT AT SECTION D FOR
ALL POINT LOAD POSITIONS

LOAD THEORETICAL % TO GIRDERS EXPERIMENTAL % TO GIRDERS
AT 1] 2 3 | 4 5 | 1 > 3 | 4 5
1y 20 127 |22 |19 |12 |16 |20 | 23 |20 |12
2y 19 |25 |23 (20 |13 (16 |25 |27 |21 | 1

3y (15 |23 |23 |23 |15 [13 |25 | 24 |25 | 13
o |13 |20 |23 |25 |19 |n |2 |2 [ |18

5 12 (19 |22 |27 |20 |14 18 |23 T 7
1X 17 (23 | 23 |23 |15 |17 |26 | 25 |23 | 10
2X 16 |23 |23 [23 |16 |15 |28 | 25 | o2& | 11

3 |16 |23 |23 |23 |16 |13 |25 | 26 |25 | 13

4 16 |23 | 23 |23 |16 |11 |28 | 25 |24 | 15

5X 15 |23 | 23 |23 | 17 |14 | 20 | 24 |25 | 17

CIX +IY ) 21 28 22 18 12 17 30 22 19 12

2X + 2Y] 19 26 23 19 12 16 26 25 21 12

3X + 3Y| 15 23 24 23 15 17 22 23 25 14

4X + 4y} 12 19 23 26 19 14 19 25 26 16

9X + 5Y| 12 18 22 28 21 14 18 23 29 16

1Y + 5X] 22 28 22 18 11 17 30 24 20 10

 2Y + 4X) 19 | 26 23 19 12 20 24 25 21 10

1IX+ 5Y) 11 | 18 22 28 22 10 20 24 30 17

2x + ay]l 12 | 19 23 | 26 19 |12 18 | 25 | 27 18




TABLE 16 - SUMMARY OF THEORETICAL AND EXPERIMENTAL PERCENTAGE
DISTRIBUTION OF THE TOTAL MOMENT AT SECTION B FOR
ALL POINT LOAD POSITIONS

LOAD THEORETICAL % TO GIRDERS EXPERIMENTAL % TO GIRDERS
AT 2 | 3 4 | s 1| 2 3 4 | s

X |22 | 27 |23 |18 | 9 |17 |23 |22 | 27 | 12

2x 118 | 26 |25 |20 |11 |15 |22 |23 | 28 | 12

3x |14 | 23 |26 |23 |14 [13 |21 |22 | 29 |13

X |1 L2 |25 |26 |18 [12 |20 |24 | 30 | 12

5X o | 18 |24 | 27 |22 |12 |20 |25 | 27 | 16
|17 |23 |22 |22 |15 |16 |23 |21 | 25 |15
v |7 | 2 (2 s |6 a3 |2 | a1
s s Lz 2 2 [16 s [a 22 | e |
a5 | 22 22 |23 |7 |15 |22 |20 | 26 |18
sy |15 | 22 |22 23 17 |15 |23 | 20 | 25 | 18
X+ 1v) 19 | 25 |23 21 |13 |17 l2a |21 |23 |18
2x+2y| 17 | 24 | 23 | 21 |14 | 16 |23 | 21 | 25 | 14
3Xx+3Y| 15 | 23 | 24 [ 23 |15 | 15 |23 | 23 | 25 | 15
ax+4v| 14 | 21 |23 | 24 17 | 1a |21 |22 | 28 | 16
5X +5Y| 13 | 21 | 23 | 25 |19 | 1 |21 | 21 | 26 | 18
X+ 5Y| 18 | 24 | 23 | 21 | 4 |16 |23 | 21 | 24 | 16
2x+av| 16 | 26 | 23 | 22 |15 | 15 |22 | 21 | 27 | 15
v esx| 12 | 19 | 22 | 26 |20 | 15 |22 | 22 | 27 | 15
2v +ax| 15 | 22 | 23 | 24 |16 | 15 |22 | 22 | 27 | 14




TABLE 17 - SUMMARY OF THEORETICAL AND EXPERIMENTAL PERCENTAGE
DISTRIBUTION OF THE TOTAL MOMENT AT SECTION C FOR
ALL POINT LOAD POSITIONS
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LOAD THEORETICAL % TO GIRDERS EXPERIMENTAL % TO GIRDERS
AT 1| 2 3 | 4 5 1] 2 3 | a4 s
w |27 |30 |22 |15 7 122 |26 |23 [18 |1
o |20 |30 |25 |17 g8 |16 (27 |26 |20 | T
sy |13 |23 |28 |23 |13 |12 |28 |28 |23 |14
4y s |17 |25 130 |20 |10 |19 |27 [27 |17
5Y o L5 122 |30 |27 |10 18 |23 |28 |1
x |16 |23 |22 |23 |16 | 15 |23 |19 |25 |18
ox | 16 |23 |22 |23 |16 |14 122 |20 |26 |18
s |16 123 |22 12z |16 | 14 123 |19 |25 |19
i | 16 |23 |22 23 |16 |14 |22 |2 |26 |18
sx | 16 |23 |22 |23 |16 |15 (23 [ 21 |24 |16

eyl 21 |26 |22 [19 |12 |18 |26 |21 |20 | 14
ox s 27| 18 | 26 | 23 |20 | 13 | 15 |25 | 22 |22 | 15
weav| 15 |23 |25 |23 |15 |14 |24 |23 (23 |15
s+ay| 13 |20 | 23 |26 |18 | 13 |23 |20 |25 | 19
v +5y| 12 |19 | 22 |26 |21 | 13 |22 | 22 |25 | 18
wasx| 18 |24 |23 |21 |14 |18 |25 | 21 |22 | 15
oy eax| 18 | 26 | 23 |21 | 13 | 15 |25 | 22 |22 | 15
eyl 12 |19 |22 |26 |20 | 13 |23 | 22 |24 | 18
oxsay| 13 | 21 | 23 |26 | 18 | 13 |22 | 22 | 26 | 18
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5.4.3 Maximum Number of Wheel Loads Carried by an Interior or Exterior
Girder

As described in Vol. I, the AASHO Specifications require that
each girder be designed as a separate member by applying to it a certain
fraction of a single longitudinal Tine of wheels from a standard AASHO
HS 20-44 truck. This fraction known as the number of wheel loads NWL’
is given by the relations

N

WL S/7 for interior girders

NwL = 31/7 for exterior girders

S 1is 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. For the prototype of the bridge model,
S =7.25 ft. and S] = 6.12 ft., which gives NNL values of 1.04 and 0.88
for interior and exterior girders. Because of similitude, these same
values of NWL are applicable to the model. The most important variable
unaccounted for in the AASHO formulas is the number of traffic lanes on
the bridge.

To study this problem, Table 18 has been prepared to give the
maximum number of wheel loads to be carried by an interior girder or an
exterior girder at Sections A, B, C and D. Line (1) gives the AASHO values
from above. The remaining Tines give values for two Tanes of trucks (total

of 4 wheel lines on bridge) and for three lanes of trucks (total of 6 wheel

Tines on bridge). The uniform stress values, lines (2) and (5) are
obtained by multiplying the total number of wheel 1lines on the bridge by

22.4 and 16.5% for an interior and exterior girder respectively. Lines




(3), (4),
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(6) and (7) are found by using the values in Tables 14 to 17 as

influence ordinates. Each truck is assumed to occupy a 10 ft. traffic

Tane and has wheels spaced transversely at 6 ft. For simplicity, only

a single transverse series of wheels at midspan are considered. These

are shifted laterally to give maximum effects. Finally Tines (8), (9)

and (10) are given since AASHO specifies a 10% reduction for three lanes

of loading. It is important to note in using the S/7 AASHO empirical

formula, no reduction should be made for more than two lanes of loading,

since this is assumed to have been already included in the development of

the formula.

A study of Table 18 reveals several interesting facts for the

bridge under consideration.

(1)

(2)

(3)

The AASHO formulas are conservative for the two Tlane truck
Toading, but unconservative for the three lane truck loading on
the bridge. The latter is especially true for interior girders,
even with the 10% reduction, where AASHO underestimates the

load by about 18 to 23%.

Comparing theoretical and experimental values, experimental
values are 2 to 3% higher for interior girders and 6 to 7%

higher for exterior girders.

Comparing both theoretical and experimental values with the

uniform stress values, the former are generally 2 to 8% higher

than the latter, with the three lane truck loading being the

closest.



TABLE 18 - MAXIMUM NUMBER OF WHEEL LOADS TO BE CARRIED

BY AN INTERIOR OR AN EXTERIOR GIRDER,
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SECTION
GIRDER LOAD CASE |
B C D

AASHO Specifications. 1.04 | 1.04 1.04 1.04
Two Lane (Uniform Stress) 0.90 | 0.90 0.90 0.90
Two Lane (Theoretical) 0.96 | 0.95 0.99 0.99
Two Lane (Experimental) 0.98 | 1.06 1.00 1.04

INTERIOR | _Three Lane (Uniform Stress) 1.34 | 1.34 1.34 1.34
Three Lane (Theoretica])A 1.37 | 1.38 1.40 1.39
Three Lane (Experimental) 1.42 | 1.54 1.45 1.47
.90 x Three Lane (Unif. Stress) 1.21 | 1.21 1.21 1.21
.90 x Three Lane (Theor.) 1.23 | 1.24 1.26 1.25
.90 x Three Lane (Exper.) 1.27 [ 1.39 1.31 1.32
AASHO Specifications. 0.88 | 0.88 0.88 0.88
Two Lane (Uniform Stress) 0.66 | 0.66 0.66 0.66
Two Lane (Theoretical) 0.67 | 0.67 0.71 0.71
Two Lane (Experimental) 0.73 | 0.65 0.70 0.61

EXTERIOR Three Lane (Uniform Stress) 0.99 | 0.99 0.99 0.99
Three Lane (Theoretical) 0.96 | 0.95 0.97 0.97
Three Lane (Experimental) 1.02 | 0.94 0.99 0.84
.90 x Three Lane (Unif. Stress) 0.89 | 0.89 0.89 0.89
.90 X Three Lane (Theor.) 0.86 | 0.86 0.87 0.87
.90 x Three Lane (Exper.) 0.92 | 0.84 0.89 0.76
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5.5 Truck and Construction Vehicle Loads

As described in Vol. I, the model was Toaded by scaled down
versions of the standard AASHO HS 20-44 truck (total load = 72 kips) and
a proposed overload construction vehicle class II (total Toad = 330 kips).
AT1 Tinear dimensions were reduced by the scale factor 1:2.82 and details
of wheel positions in the model vehicles can be found in Vol. I.
Simulitude required that the loads be reduced by a factor of 1:8 to
produce the same stresses in the model as in the prototype. Thus for the
model the total load for each truck was 9.0 kips and for each construction
vehicle was 41.25 kips. Using these loads, a study could be made of the
bridge response due to actual design truck Tive loads placed at various
positions on the bridge.

Figure 33 shows the positions and directions of the truck and
and construction vehicle loads on the bridge. As described in Vol. I,

a total of 11 combinations of two Tane truck loadings, 3 combinations of
three lane truck loadings, and 7 combinations of construction vehicle
loading were used. Because each vehicle had six wheels and the front
wheels had smaller Toads than the rear wheels, exact symmetry of loading
about the bridge Tongitudinal and transverse centerlines was not
maintained, Fig. 33.

Detailed tabulations of theoretical and experimental results
related to reactions, deflections, strains and moments for these Toading
are given in Vol. III (Tables 14 to 19 inclusive). Theoretical values
were obtained from computer analyses using FINPLA2. Selected results will

be discussed in the following sections.

5.5.1 Loadings for Maximum Girder Moments

Table 19 summarizes the experimental girder moments for a

variety of Toad combinations on the bridge involving 1, 2, 3, 4 or 6
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FIG. 33 POSITIONS AND DIRECTIONS OF TRUCK (9.0K) AND CONSTRUCTION
VEHICLE (41.25K) LOADS ON THE BRIDGE
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vehicles on the bridge. Vehicle locations can be identified from Fig. 33.
If one searches Table 19 for maximum moments in interior girders 2, 3, 4
and exterior girders 1, 5 certain conclusions can be immediately reached

regarding critical design loadings.

(1) As would be expected the maximum moments get progressively
larger as one proceeds from the two lane truck, to the three

lane truck to the construction vehicle loading.

(2) Considering positive moment Sections A and D maximum moments
are produced when loading only one span with as many vehicles
as possible across the width of the bridge. Single vehicles
in one span in an extreme eccentric position do not produce

maximum effects.

(3) Considering negative moment Sections B and C maximum moments
are produced when both spans are loaded, again with as many

vehicles as possible across the width of the bridge.

(4) Considering two lane truck, three lane truck and construction
vehicle loadings respectively, the ratios of the maximum
moment for an exterior girder 1, 5 to an interior girder 2,

3, 4 for the critical loadings are as follows:

Section A - .76, .70, .67
Section B - .62, .63, .62
Section C - .62, .69, .62
Section D - 1.00, .68, .61

Except for the 1.00 value at Section D, which is questionable,
it can be seen that for this bridge, Section A, near the

diaphragmed midspan section, has the highest ratios and the best
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TABLE 19 - EXPERIMENTAL GIRDER MOMENTS (FT-KIPS) UNDER CRITICAL TRUCK
(9.0 KIPS) AND CONSTRUCTION VEHICLE (41.25 KIPS) LOADS

(MOMENTS ABOUT GROSS-SECTION NEUTRAL AXIS)

THREE LANE

= TWO LANE CONSTRUCTION
=g TRUCK LOADING TRUCK LOADING VEHICLE 1 OADING
512 la+2a 1b+2b+3b
ol | 28 |lat2a |Tatda h33+44a | 1b+2b+3b |+4b+5b+6b | 2c  [Ic+de |1c+3c
1 6 16 7 12 21 18 25 24 24
2 8 20 9 15 27 23 34 35 30
A 3 10 20 8 15 29 24 44 30 31
4 12 21 7 16 30 25 54 27 28
5 8 15 4 12 18 15 36 16 16
X 44 92 34 70 126 105 193 133 128
la+2a 1b+2b+3b
2at4a |lat+2a |la+da H3a+da| 1b+2b+3b |+4b+5b+6b | 2c lc+dc |1c+3c
1| -6 -7 -7 -1 -8 -19 -9 =29 | =31
21 -9 |-10 -9 |-18 -13 -29 -16 | -40 | -42
B | 3] -9 |-1 -9 |-18 -14 -29 -22 | -38 | -38
41-11 | -11 | =10 |-21 -15 -32 =25 | -4 | -42
5| -7 -6 -7 |-13 -8 ~20 -16  |-26 | -25
L) -41 -44 =42 -81 -58 -128 -88 =173 -178
la+2a 1b+2b+3b
2atda |3a+da |latda w3a+4a | 4b+5b+6b |+4b+5b+6b | 4c  |lc+de |1c+3c
1 -5 -6 -5 -13 -9 -19 -7 -24 =31
2 -9 -10 -9 -20 -15 -29 -15 -40 -48
C 3 -9 -12 -9 -19 -16 -27 -19 -38 -42
4 1-10 -11 -10 -18 -14 -29 ~-24 -42 -40
5 -7 -6 -7 -13 -9 -20 =20 ~31 -25
r1-39 -45 =40 -83 -63 ~-123 -86 -174 -186
la+2a 1b+2b+3b
4a_ |3a+da |lat+da [+3a+da| 4b+5b+6b |+4b+5b+6b | 4c  |Ictdc |1c+3c
1 7 24 5 14 25 28 29 20 28
2 9 21 7 16 30 25 39 28 38
D 3 11 20 9 17 33 26 44 37 32
4 15 24 12 19 37 29 49 40 31
5 9 19 8 12 21 21 30 23 17
) 51 108 4] 77 146 130 191 149 146




101

distributions. It is of interest to compare the above ratios
with the theoretical distribution for a uniform stress across the
width of the bridge which gives a ratio of moment carried by an

exterior girder to that by an interior girder of 16.5/22.4 = .74,

5.5.2 Reactions

A summary of experimental reactions is given in Table 20 for
various vehicle loadings. Theoretical solutions were obtained by FINPLA2
for only a selected number of cases and these are also shown in Table 20
where they exist.

First,considering experimental results only, it is evident that
excellent static checks are obtained with ratios of the sum of the
reactions to the sum of the applied loads varying from 0.97 to 1.01.
Superposition is also satisfied indicating a reliability in the experimental
results.

Second, comparing theoretical and experimental results, the
agreement is very good. It should be noted in Table 13 that the
theoretical truck loads were 9.0 kips per truck and 41.25 kips per
construction vehicle for all analyses run, while experimental values were
slightly larger or smaller than the theoretical values in some cases.

The good agreement between theoretical and experimental reactions
indicates that the theory can also be used to accurately predict the

total moment at any section of the bridge based on the external reactions.

5.5.3 Deflections
Experimental deflections are shown in Fig. 34 for vehicle
loadings producing maximum values at diaphragmed Section X and

undiaphragmed Section Y. For the two and three lane truck cases, the



TABLE 20 - COMPARISON OF THEORETICAL AND EXPERIMENTAL
REACTIONS (KIPS) UNDER TRUCK (9 KIPS) AND
CONSTRUCTION VEHICLE (41.25 KIPS) LOADS.

POSITION Ta+2a 3a+4a la+2a+3a+4a
P or R |THEO. |EXPT. | THEO. |EXPT. THEQ. | EXPT.
Py -18.01 o0.0] 0.0 ] -18.0/-18.1
o p 8
= Y = 0.0]-18.0 |-18.3 | -18.0| -18.2
[N o) w)
ZS %P & |-18.0|-18.0 |-18.3 | -36.0 | -36.4
o X E < 6.8 -1.4 | -1.4 5.7 5.4
[l o
e '§ 12.2 1 12.3 | 12.6 24.6 | 24.3
Ry 8 | -1.4] 73| 74 5.7 5.7
%R '; 17.6 | 18.0 | 18.3 | 36.0| 35.4
=
TR/ ZP 0.98 | 1.00 | 1.00 | 1.00| 0.97
1b+2b+3b+
POSITION | 1b+2b+3b 4b+5b+6b 4b+5b+6b
P or R | THEO. | EXPT.|THEO. | EXPT. | THEO. | EXPT.
Py -25.1] 0.0 0.0 -27.0 | -26.8
P
s Y 9 0.0{-27.0 | -26.9| -27.0 |-27.1
= —
=Za 5P o | -25.1[-27.0 | -26.9] -54.0 | -53.9
< I, (3}
4O R o
i E —_ 9.5 -2.1 -2.0| 8.6 8.2
Ll 2 (=]
[a N &5 R .U
=2 F - 17.0f 18.4 18.8| 36.8 | 36.8
= &
Ry 8 | -2.0110.7 | 10.5| 8.6 8.6
7R o | 2450 27.0 | 27.2| s4.0 | s53.6
=
$R/ZP 0.98] 1.00 | 1.01| 1.00 | 0.99
POSITION 2¢ Tct+dc Tc+3ce
P or R_|THEO, | EXPT.] THEO. | EXPT. | THEO. | EXPT.
" Py -41.4 ~40.8 -40.0
S p a a a
T Y e 0.0} = -41.3 = -41.3
= 7 @ @
_ < wP 2 -41.4 2 -82.1 2 -81.3
EES Re — — —
= 3 16.2] 13.2 T 12.7
= R 5 s Y
= F o 28.01 ® 55,7 © 54.8
w) j - S S
S Ry o | -3.11 & 13.5| & 13.6
[db] Lo ° L ° K hd
— — —
5R o n.al o 82.3 o 81.2
= = =
ZR/IP 0.99 1.00 1.00

102
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loading is relatively uniform across the width of the bridge, Fig. 33,
resulting in a uniform distribution of deflection also. For the
construction vehicle, only one lane is loaded, Fig. 33, resulting in a
larger deflection under girder 5. By comparing results at Sections X and
Y, these Toadings also demonstrate the effect of the diaphragm.

It is of interest to compute the maximum deflection to span
ratios for each of these design live loadings, since they would be the
same in a full scale prototype structure because of similitude. For the
two lane truck, three Tane truck, and construction vehicle loading the
maximum deflections are respectively 0.17, 0.25, and 0.51 in. which when
divided by the span of 432 in. (36 ft.) give deflection to span ratios of
1/2600, 1/1770, and 1/870, all of which are quite small.

5.5.4 Strains and Maximum Stresses

Transverse distributions of experimental Tongitudinal strains
for vehicle loadings producing maximum effects are shown in Figs. 35 and
36. Again for the relatively uniform two and three Tane truck loadings
across the width of the bridge the strain distributions are also fairly
uniform. For the construction vehicle case, with only one Tane loaded,
strains are not uniform across the width.

An estimate of the maximum design live load stresses can be
obtained by multiplying the maximum strain values from Figs. 35 and 36
by the appropriate modulus of elasticity values from Vol. I for this
loading phase. A summary of these stresses in the concrete and the

steel is given in Table 21.
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TABLE 21 ~ MAXIMUM LIVE LOAD EXPERIMENTAL STRESSES (PSI)
UNDER TRUCK AND CONSTRUCTION VEHICLE LOADS.

MATERIAL | SECTION TWO LANE THREE LANE CONSTRUCTION
TRUCK LOADING | TRUCK LOADING | VEHICLE LOADING

A 207 276 516
CONCRETE B 235 351 510

C 241 346 514

D 249 - 383 440

A 8,030 9,980 17,000

B 3,710 5,850 10,200
STEEL

C 3,860 5,830 9,370

D 6,640 10,700 13,000

[f one adds to the live load stresses for the steel in Table 21,
the nominal calculated dead Toad steel stresses of 12,800 psi at Sections
A and D and 8,800 psi at Sections B and C it can be seen that the total
steel stresses for the two lane and three lane truck loadings would be
below the allowable value of 24,000 psi. For the construction vehicle
loading a maximum calculated total steel stress of about 30,000 psi occurs.

It should be recognized that total stresses at midspan Sections
X and Y would be about 10% higher than those at Sections A and D, each of
which are 3.55 ft. away from midspan Sections X and Y respectively, Like-
wise the total stresses near the edge of the center bent diaphragm would
be about 30% higher than those at Sections B and C which are 3 ft. away

from the centerline of the center bent diaphragm.
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Live load concrete stresses in Table 21 are quite low and would

be well within the allowable when added to the nominal dead load stresses.

5.6 Moving Fork Lift Truck Load

A fork 1ift truck with two concrete blocks on the fork was used
as a total moving Toad of about 9.3 kips. Three Tongitudinal passes were
made from east to west and static readings were taken at 19 different
transverse sections, in order to obtain an approximately continuous record
from which experimental influence ordinates could be determined. Details
on the truck dimensions, wheel loads, loading paths and transverse

sections at which measurements were taken may be found in Vol. I.

5.6.1 Influence Lines

Figures 37 and 38 show theoretical influence lines obtained
using the 1DFRAME program and plotted experimental points for a center
pass directly over girder 3 and also for a pass near girder 5 at the edge
of the bridge. In each case the experimental influence ordinates are
given for the position of the center of gravity of the fork 1ift truck
Toad at a given location on the bridge. The theoretical curves are
obtained by taking the results from T1DFRAME for a sing]e unit load placed
at the same locations as above and then scaling all values so that the
experimental and theoretical ordinates at a selected location are
jdentical. In this way a comparison between the shapes of the experimental
and theoretical influence lines can be made directly.

For the total reaction at the west support, Fig. 37, the agree-
ment between theory and experiment is excellent. Comparing the results
for the two different passes of the moving load, it is evident that the

total reaction is independent of the transverse position of the Toad.
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For the deflection at 5Y, Fig. 37, the agreement for loads 1in
Span II is again very good. For Toads in Span I some differences between
experiment and theory exist for the pass near girder 5, reflecting the
torsional effect produced by this eccentric Toading which cannot be
captured by the one dimensional 1DFRAME theoretical analysis. For the
center pass, which gives a symmetrical Toading with respect to the
longitudinal centerline, the agreement in Span I is much better.

In Fig. 38, experimental concrete strains at the top and steel
strains at the bottom of girder 5 at Section D are compared with
theoretical influence lines for moment at Section D obtained from the
1DFRAME analysis. It can be seen that theée is general agreement
between the shapes of the experimental and theoretical influence lines
except when the Toad is very close to Section D. For these points the
transverse distributing properties of the actual bridge, which are not
reflected in the one dimensional 1DFRAME theoretical analysis, become
important. Thus for the pass near girder 5 over the instrumented
Tocation a peaking occurs with experimental strains at 5D being larger
than theoretical values. On the contrary for the center pass which is
not near the instrumented location, a rounding off of the experimental
influence line occurs, causing experimental strains at 5D to be smaller

than theoretical values.

5.7 Summary

A detailed discussion of the results for working stress loads
has been presented. The most important conclusions under various

categories are summarized below.
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1. Comparison of theoretical results from FINPLA2 with experimental

results.

a. Distribution of total reactions between the east, center and
west supports is accurately predicted by theory. As a
consequence the total external moment at any section can be

found with confidénce.

b. Theory predicts the distribution and magnitude of
deflections quite well if theoretical values based on an
uncracked section are multiplied by a factor of 1.5 to

account for cracking at this stress Tevel.

c. While theory predicts the general distribution of strains,
substantial differences can exist with experimental values

at certain points.

d. The longitudinal distribution of the total moments at a
section as computed from external reactions or the
integration of internal stresses are adequately predicted

by theory for design purposes.

e. For the transverse distribution of the total moment, in
terms of percentage to each girder, the maximum differences
between theoretical and experimental values in almost all
cases are only from O to 2% of the total moment at the

section.
2. Effect of support restraints.

a. Comparing results from the case where torsional restraint

at the center bent exists with those from the normal
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restraint case, the differences are small and could be

ignored in a practical design problem.

b. Comparing results from the case where Tongitudinal restraint
exists at the end diaphragm with those from the normal
restraint case, the differences are larger and should be

considered in a practical design problem,

From the study of 19 different midspan point load combinations
it can be concluded that the total moment at any section is
essentially independent of the transverse position of the point

Toads.

Both theoretical and experimental results show that the AASHO
empirical formula NWL = 5/7 overestimates the actual value
slightly for a two lane truck loading, but underestimates by as
much as 23%, the actual value for a three Tane truck loading on

the bridge.

Nominal calculated dead load steel stresses plus experimentally
measured live load steel stresses extrapolated to critical
midspan sections had the following approximate maximum total

values for design vehicles placed to produce maximum effects.
a. Two lanes of HS 20-44 trucks, 18,000 psi.
b. Three lanes of HS 20-44 trucks, 23,000 psi.

c. One lane of construction vehicles, 30,000 psi.
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6. RESPONSE AT OVERLOAD STRESS LEVELS

6.1 General Remarks

As described in Vol. I, the experimental program was divided
into two parts to study the response of the bridge under the following

loadings:

Part 1 - Dead load and working loads

Part 2 - Overloads and Toading to failure.

Responses to dead load and working loads have been discussed
in Chapters 4 and 5. Response to overloads will be discussed in this
Chapter and loading to failure will be discussed in Chapter 8.

The overload sequence was divided into several phases, in each
of which initial conditioning Toads were applied to create total
maximum tensile stresses in the reinforcement of 40, 50 and 60 ksi.

Each of these was then followed by a detailed sequence of 19 point load
cases, having magnitudes in all cases identical to those used after the
30 ksi working stress conditioning load. These point load magnitudes
were chosen to produce total maximum stresses of the order of 24 to 30
ksi in the reinforcement. In this manner, the response of the bridge
at working stress Tevel could be studied assuming it had been subjected
to an overload of increasing magnitude, which would accentuate the
maximum amount of cracking, deflection and stress in the bridge.

Of particular interest was how much, if any, would these
overloads change the distribution and magnitude of reactions, deflections,
strains, total moments at a section and percentage distribution of the

total moment at a section to each girder. Of additional interest was the
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degree of linearity of response and the change in stiffness of the
bridge during and after each of the conditioning overloads.

In this chapter the results for the above will be discussed
and compared for the following cases: (1) during each of the con-
ditioning loads to bring the stress Tevel to 24, 30, 40, 50 and 60 ksi;
(2) for a working stress point Toad at 1Y or 5Y after each of the
conditioning loads to bring the stress level to 30, 40, 50 and 60 ksi

was applied.

6.2 Results for Conditioning Loads

Detailed tabulations of theoretical and experimental results
related to reactions, deflections, strains and moments for each of the
conditioning Toads are given in Vol. III (Table 20). Conditioning loads
were obtained by applying equal loads over each of the five girders at
both midspan Sections X and Y. A1l theoretical and experimental values
have been normalized for purposes of comparison to total loads of 100
kips per span. Theoretical values have been obtained from computer
analyses using FINPLAZ.

During each of the conditioning load cases a specific

sequence of loading as follows was used.
(1) Take zero readings on all gages and meters.

(2) Apply load in several increments to reach the full
conditioning load and take readings after each increment.

(3) Remove Toad in several increments to reach zero Toad and
take readings after each increment.

(4) Cycle eight times from zero to full load to zero.

(5) Take zero readings on all gages and meters.
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(6) Apply full load in one increment and take readings.
(7) Unload to zero in one increment and take readings.

A series of graphs are given in Figs. 39 to 44 for the total
west reaction, deflection at 5Y, and steel and concrete strains at 5D.
Figs. 39, 40, 42, 43 depict for each conditioning load separately the
response for the first complete load cycle (zero, full Toad, zero) as
dotted Tines, together with the response during the final load cycles as
solid Tines. These plots enable one to study the Tinearity of response
and the permanent sets encountered in each conditioning load sequence.
Figs. 41 and 44 superimpose on single plots the response for the final
load cycle only, for all conditioning Toads. These plots permit an
evaluation of change in response for load for increasing values of

maximum conditioning load.

6.2.1 Total West Reaction

Figure 39 indicates that this reaction is linearly related to
load for all load Tevels and little difference exists between the first
and last cycle of loading.

Figure 41 shows that there is hardly any change in the
reaction per unit load response under increasing load levels all the
way to the 60 ksi conditioning Toad case. It is also seen that theory

accurately predicts this reaction response.

6.2.2 Deflection at 5Y

Figure 40 indicates that some residual deflection exists after
the first cycle of loading in each case due to an increased level of
cracking. However, for all cases, except the 60 ksi conditioning load,

comparing the unloading path during the first cycle with the Toading
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path during the final cycle of loading, it is seen that the slopes are
almost identical and 1ittle additional permanent deflection occurs
between the first cvcle and the last (tenth) cycle of loading.

Figure 41 shows that a decreasing stiffness of the structure
occurs under increasing conditioning loads due to the Targer amount of
cracking. Comparing the experimental values with that of theory based
on an uncracked section, one finds that experimental values range from
about 1.4 to 2.1 times the theoretical values respectively for the 24

and 60 ksi conditioning Toads.

6.2.3 Steel and Concrete Strains at 5D

As indicated in Figs. 42 and 43, steel and concrete strains
exhibit a similar response to that of deflection with respect to
lTinearity and residual deformation. Linearity appears to be quite good
even at high load levels.

Figure 44 shows that an increase in steel strain per unit
Toad occurs for higher levels of conditioning loads while just the
reverse is true for concrete strains. These changes are much smaller

for concrete strains than for steel strains.

6.2.4 Moments

The experimental longitudinal variation of the total moments
at a section for each conditioning load normalized to 100 kips per span
are compared to theoretical values in Fig. 45. Moments obtained from
both external reactions and integration of internal forces at the
sections are given.

First, comparing experimental values with theoretical values,

the agreement for moments based on external reactions is very good for
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all Toad Tlevels, the values being generally within 1 to 5% of each
other. The agreement between experiment and theory for moments based on
internal forces is excellent at positive moment Sections A and D, being
generally within 1 to 3% for all load levels. At negative moment Sections
B and C the differences are somewhat greater, with experimental values
exceeding theoretical values by increasing margins as the Toad level is
increased.

Second, comparing moments based on internal forces to those
based on external reactions, which should give identical results, it
is seen that at Sections A and D the agreement is within 1% for
theoretical values and within 1 to 8% for experimental values at all
Toad Tevels, except at Section D for the 50 and 60 ksi conditioning
loads, where the difference reaches 11%. At Sections B and C, for
theoretical values, internal moments are 7% less than external moments,
once again indicating that a finer finite element mesh is needed in this
region of steep moment gradient to get accurate theoretical results.
At Sections B and C, for experimental values, internal and external
moments agree within 1% for the 24 and 30 ksi conditioning loads, while
for the 40, 50 and 60 ksi conditioning loads, the internal moments are
larger than the external moments by amounts ranging from 5 to 17%. At
the higher load levels,with increasing cracking the accuracy of the
measurement of internal moments, expecially in regions of steep moment
gradient such as at Sections B and C probably decreases. These
internal moments are calculated from experimentally determined internal
strains as described in Section 3.5. Thus, for these higher load levels,
it is believed more reliability should be placed on the experimental
moments at a section determined from the external reactions than from

the internal forces.
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The transverse distributions of the total moments at Sections
A, B, C and D are illustrated in Fig. 46, Recalling that a theoretical
distribution of 16.5, 22.4, 22.4, 22.4 and 16.5% for girders 1 to 5
would be obtained for a uniform stress distribution across the entire
section, it can be seen that theoretical values and experimental values
for all conditioning load Tevels shown in Fig. 45 approach this
distribution. Agreement between theory and experiment is generally
within 1 to 2% of the total moment for the percentage taken by any
girder. Little change in the experimental distribution occurs as the

conditioning load level is increased from the 24 to the 60 ksi cases.

6.3 Results for Point Loads After Conditioning Overloads

Detailed tabulations of theoretical and experimental results
related to reactions, deflections, strains and moments are given in
Vol. III (Tables 21 to 23) for working stress nominal point Toads of
19.4 kips at 5X, 5Y or 5X + 5Y designed to give a total maximum stress
of 30 ksi in the reinforcement in each case, subsequent to the
application of the conditioning loads which brought the maximum stress
Tevel to 24, 30, 40, 50 and 60 ksi. Al1l theoretical and experimental
values have been normalized for purposes of comparison to total loads
of 100 kips per span.

During each of the cases of application of a total point load
of 19.4 kips at 1Y following the 24, 30, 40, 50 and 60 ksi conditioning

loads a special sequence was followed (See Fig. 33 of Vol. I).
(1) Take zero readings on all gages and meters.

(2) Apply load in four increments (1/4, 1/2, 3/4, 1) to
reach the full load and take readings after each
increment.
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(3) Remove full Toad in one increment to reach zero load and

take readings.

For the above cases of point Toading at 1Y, a series of graphs
are given in Figs. 47 to 58 for the total west and center reactions,
deflections at 1Y and 5Y, and steel and concrete strains at 1D and 5D.
Figs. 47, 48, 50, 51, 53, 54, 56 and 57 depict in separate graphs the
response for each complete point Toad cycle after the 30, 40, 50 and 60
ksi conditioning loads. Figs 49, 52, 55 and 58 superimpose on single

plots the response for all of the point Toad cycles.

6.3.1 Total West and Center Reactions

Figures 47 and 48 indicate that the west and center reactjons
are linearly related to load for all cases shown and Tittle difference
exists between the results for the cycles after 30 and 60 ksi
conditioning loads.

Figure 49 shows that relation between reactions and applied
point Toad remain essentially unchanged after all conditioning overloads
up to 60 ksi. It can also be seen that theory accurately predicts the

reactions.

6.3.2 Deflections at 1Y and 5Y

Figures 50 and 51 indicate that very little permanent
deflection exists after each cycle of loading. Some nonlinearities
in the cycles occur, especially after the higher conditioning oVer]oads.
Figure 52 shows that due to a point load at 1Y after each
higher conditioning overload an increase in deflection occurs at 1Y
directly under the load while at the opposite side of the bridge at 5Y

a decrease in the deflection occurs. It is interesting to compare the
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ratios of experimental to theoretical deflections at 1Y and 5Y due to
the point Toad at 1Y after the 30 ksi conditioning load, which are
respectively .320/.200 = 1.60 and .140/.084 = 1.66, with those after
the 60 ksi conditioning Toad, which are respectively .420/.200 = 2.10
and .105/.084 = 1.25. It is evident that after the 30 ksi working stress
conditioning load the theory based on an uncracked section accurately
predicts the transverse distribution of deflections between 1Y and 5Y,
with the experimental values being about 60% higher than theoretical.
However, after higher and higher conditioning overloads, the theory can
no longer be used to accurately predict the transverse distribution of
deflections. As indicated above, after the 60 ksi conditioning Toad,
the experimental deflection may be anywhere from 25% higher than
theoretical values, at points some distance away from the point load,

to 110% higher, at points directly under the point load.

6.3.3 Steel and Concrete Strains at 1D and 5D

For point loadings at 1Y, Figs. 53 to 58 depict‘the strains
at 1D, near the point Toad, and at 5D, near the opposite edge of the
bridge.

For Sectjon 1D, near the point load at 1Y, Figs. 53 and 54
indicate that little residual deformation occurs after each load cycle
except for the concrete strain after the 60 ksi conditioning load. Fig.
55 indicates that an increase in the steel strain per unit Toad occurs
after higher conditioning loads with a continued fairly Tinear response
for all cases. Fig. 58 shows that the concrete strain due to the first
1/4 increment of the point load at 1Y becomes larger and larger after
each successively higher conditioning load is applied. However, for

the remaining increments (1/2, 3/4,1 ) of load, the slope of the load
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strain curves are almost the same for all cases. This could indicate that
some cracking may have existed on the compressive face which had to be
initially closed during the first increment.

For Section 5D, at the opposite edge of the bridge from the
point load at 1Y, the strains are much smaller. Figs. 56 and 57 indicate
that some small residual deformation occur after the load cycles
following the 40 ksi and 60 ksi conditioning loads. For the 30 and
50 ksi conditioning loads, essentially no residual steel or concrete
strains remain after the point load cycle. Fig. 55 shows 1ittle change
in load vs steel strain response, and also indicates linearity of
behavior except following the 60 ksi conditioning load. For the
concrete strain, linearity exists for all cases, with plots for the
cases following the 40, 50 and 60 ksi conditioning loads being almost

coincident.

6.3.4 Moments

A comparison is given in Fig. 59 of the theoretical and
experimental Tongitudinal distributions of the total moments at a
section for a point load at 5Y designed to give a total maximum stress
of 30 ksi in the reinforcement in each case, subsequent to the
application of conditioning loads which brought the maximum stress Tevel
to 24, 30, 40, 50 and 60 ksi. A1l values have been normalized to a 100
kip point load at 5Y. Moments obtained from both external reactions
and an integration of the internal forces at a section are given.

First, comparing experimental values with theoretical values,
which were obtained by FINPLA2, the agreement for moments based on
external reactions is very good (generally within 1 to 5%) for all cases,

except after the 60 ksi conditioning Toad where the differences are much



140

G2l

00l

G/

oS

$QV0T ONINOILIONOD ¥3L4V AT 1V QY01 INIod OL 3ng as
1V (HONI/HONI-0¥IIN) SNIVYLS FTISNIL TIILS TVINIWIYIIXI 9§ "9Id

(NI/NI-T) @S NOILD3S 1V NIvHLS 3TUSNIL 13318

Ge

2l 00l

Gl

0¢

G2 0O o0

S, 0O G2 O o0 6. 0S5 G2 O

ISH 09

_

_

0 g
\\_ _

ISH OS

_

ISH Ot

dvol ONINOILIANOO—
ISH O d3Ldv

2¢

v

9¢

8¢

0¢

(SdIM) AT NOILVOOT 1V QVvO1 LNIOd



141

0¢

10} 7

og

0¢

0 06

o 0g 02 O 0 o¢

0¢c

Ol

Savon
ONINOCILIGNQD ¥3Lld¥ AT 1lv Qv01 INIOd OL 3Na as Ly (HIN]
/HINI-0YJIN) SNIVYLS JAISSIUIOD ILIYIONOD TVLINIWIYILXI IS "9id
(NI/NI-T) @S NOILD3IS 1V NIVHLS JAISSITHIWOD 313IHINOD
ol

0

pe

o 0¢ 02 o0l 0

_

ISM 09

_

T

ISH OG

ISH Ov

1 T T 7#°

dvol ONINOILIONOD—
ISH O Y314V

x4

%4

9¢

B¢

o¢

(SdIM) AT NOILYDOT LV QVO1 INIOd



142

/HONI-0HIIN) SNIVYLS 3JAISSIUANOI ILIYONOD TVINIRIYILXI 8S "9id

SAv01 ONINOILIG

NOJ

4314V AT 1V Q¥0T INIOd OL 3INa @S ONV a1 Lv (HONI

(N1/NI-7) S NOILO3S 1V NIVHLS IAISSIHIWOD ILIYINOD
08

(NI/NI-7) a% LV NIYY1S JAISSIHdWOD 3LIHONOD

0L 09 08 O 0 02 O 0 00z 062 00¢ 0S!} 001 0S 0
54 » O
_ | _ _ _ _ ; | | _ _ | Ny
5 00T
|SHM 0¢
ISY 09
1SHM 06
ISH OF
ISM O¢
ora
— 227
— vl

AT NOILVOOT L1v dvO1l 1NIOd

(SdIM)




143

Targer. The agreement between experiment and theory for moments based
on internal forces is within 1 to 7% at Sections A, B and D for all
cases, but larger differences exist at Section C near the support in the
loaded span, once again due to the Tow theoretical value given by the
finite element solution.

Second, comparing moments based on internal forces to those
based on external reactions, which should give identical results, it is
seen that at Sections A, B and D the agreement is within 1% for
theoretical values and within 1 to 7% for all experimental values
except after the 60 ksi conditioning load. At Section C, for the
theoretical values, the internal moment is about 12% less than the
external moment, once again indicating a finer finite element mesh is
required in this region of steep moment gradient to get accurate internal
forces. For experimental values at Section C, exclusive of the 60 ksi
case, where the difference are very large, the internal moments are
greater than the external moments by amounts ranging from 8 to 12%, or
in terms of absolute moment difference 19 to 28 ft kips. It should be
emphasized, that only a 1 ft shift along the bridge in this region of
steep moment gradient changes the moment by about 35 to 40 ft kips,
which would eliminate the above difference.

The transverse distributions of the total moments at Sections
A, B, C and D are illustrated in Fig. 60 for a point load at 5Y. At
Section D, nearest the loaded midspan Section Y, the changes in the
experimental distribution to each girder, after successively higher
conditioning overloads, range from 2.0 to 3.9% of the total moment at
the section. In terms of individual girder moments, the maximum

percentage changes are 13% for interior girders and 18% for exterior
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FIG. 59 TOTAL MOMENTS (FT-KIPS) AT A SECTION FOR NORMALIZED
100 KIP LOAD AT 5Y CAUSING NOMINAL MAXIMUM STEEL

TENSILE STRESSES AS SHOWN
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girders. Theoretical values at Section D for girders 1, 2 and 3 are in
good agreement with all experimental values, generally differing by only
1 to 2% of the total moment at the section. However, for girders 4 and
5 the maximum differences are larger, with theoretical values becoming
4.2% Tower for girder 4 and 4.7% higher for girder 5. The same order of
magnitude of changes in experimental values after successively higher
conditioning loads and differences between theoretical and experimental
values occurs in the unloaded span at Sections A and B. At Section C,
in the region of the steep moment gradient, the changes in experimental
values for individual girders, after successively higher conditioning
loads, range from 1.9 to 4.5% of the total moment at the section.
Theoretical values at Section C are larger than experimental values for
girders 4 and 5 and smaller for girders 1, 2 and 3.

From Fig. 60 and the above discussion of the transverse
distribution of moments after increasing conditioning lToads, a general
statement can be made that under a single point load the changes 1in
distribution of the total moment to a girder will usually range from
2 to 4% of the total moment on the section or in terms of a percentage
of the individual girder moment from 10 to 20%. Theoretical calculations
based on FINPLAZ appear to predict the experimental values generally
within about the same range as the above percentages. If one considers
that the design for girder moments will be predicated on several wheel
Toads across the width of the bridge rather than a single load, it is

apparent that the differences will be much smaller, as evidenced in the
discussion of the results for the conditioning overloads in Section 6.3.
Thus it would appear that for practical design purposes the theory can

be used to adequately predict both the Tongitudinal distribution of the
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total moments at a section and the transverse distribution of the total
moment to individual girders, even after overload conditions producing

stresses of 30, 40 or 50 ksi in the reinforcement.

6.4 Summary

Detailed discussions of the results for overload stress
levels produced by increasing conditioning lToads and for working stress
point loads applied after each successively higher conditioning load
have been presented. The most important conclusions are summarized

below. Theoretical results were based on FINPLAZ.

1. Total reactions are accurately predicted by theory for all
load levels. As a consequence the total external moment at

any section can be found with confidence.

2. Theory predicts the magnitude and distribution of deflections
quite well for the 24 ksi and 30 ksi stress levels provided
theoretical values based on an uncracked section are

multiplied by a factor of about 1.5 to account for cracking.

3. At or after higher stress levels of 40, 50 or 60 ksi the
deflections for a given load at some Tocations can increase
to a value as high as 2.1 times the theoretical value. In
addition, the theory can no longer be used to accurately
predict the distribution of deflections under point loads.
After the 60 ksi conditioning load, values ranging from 1.2
to 2.1 times the theoretical value were found for points some

distance away and directly under the point load respectively.
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An essentically linear load vs steel strain curve continues
to exist for all stress levels, however, the slope of these
curves increases for or after higher overload stress levels.
Concrete strains exhibit greater nonlinearity with respect

to Toad than do the steel strains.

The longitudinal distributions of the total moments at a
section are adequately predicted by theory. Values based on
external reactions are more accurate than those based on an
integration of internal forces at a section. If the latter
are used a refinement of the finite element mesh should be
used in the region of steep moment gradients to achieve

satisfactory accuracy.

Changes in the transverse distribution of moments under
uniform loads across the width of the bridge, such as the
conditioning loads, are small for all overload stress levels.
These changes are much greater for single point loads applied
after the above conditioning overloads and can range from 2 to
4% of total moment at the section for individual girders or in
terms of the individual girder moments themselves from 10 to

20%.

Theoretical calculations based on FINPLA2 predict the trans-
verse distribution of moments under uniform Toads very
accurately and under point loads within the same ranges as

described in 6.
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Since actual girder design moments are based on several wheel
loads acting on the bridge width, total differences between
theory and the actual values should be smaller than that under
single point loads, and thus for design purposes the theory
should be adequate for predicting design moments even at or

after overload stress levels.
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7. REVIEW OF STRUCTURAL RESPONSE DURING LOAD HISTORY OF BRIDGE MODEL

7.1 Strain History

With the intent of monitoring the concrete and steel strains
during the construction phase up to the time the dead load was applied,
strains in a number of concrete strain meters and weldable strain gages
were recorded following the pouring of the bottom and top slabs. However,
two weeks prior to the application of the dead load the gages had to be
disconnected in order to be connected to another strain recording system.
Hence, from that moment on, strain readings could no longer be related to
the original zero-strain base. Results are therefore only presented for
the above initial period.

It was decided to monitor concrete strain meters in only one
girder, namely girder 3. Hence, two strain meters Tocated in Sections
B and C near the center support and located in the bottom slab directly
under the girder 3 web were monitored almost daily after the
concrete was placed. Two additional concrete strain meters were placed
in the top slab, above girder 3, at the Sections A and D, Tocated 3.5 ft
from the mid-span sections. These meters were monitored after the top
slab concrete had been placed.

The monitored strain data for these four meters are presented
in Fig. 61. Results indicate an excellent agreement between data
recorded in Sections B and C, and A and D. Initially high tensile
strains developed in both support Sections B and C. However, after
about 10 days these strainvalues reduced rapidly from about 200-250
micro-inch/inch to about 50 - 100 micro-inch/inch. During the next

40-day period the strain values reduced gradually and reached a zero
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strain level after about 60 days following the pouring of the bottom slab.
Then a slow compressive strain increase was observed with maximum values
of 100 micro in/in. Observing the recorded strains of the top slab
gages located at Sections A and D (Fig. 61 c and d) one notes considerably
smaller tensile strain values during the initial period following
placement of the top slab concrete. It is interesting to note that all
gages recorded a near zero strain value at the same instance and had
reached a virtually stable strain level of about 80 micro inch/inch at
the end of the monitoring period.

The recorded weldable strain gage data are presented in Fig. 62.
Each graph shows the average strains for two diametrically opposite gages
welded to a number of No. 4 bars. The bars selected in the bottom slab
were located under the girder webs of girders 1 and 5 at
Sections A and D respectively. The third graph (Fig. 62 c) reflects
the No. 4 bar strain in the top slab above the wéb of girder 1 at
Section B. The results for Sections A and D seem to indicate a fairly
symmetrical behavior of the bottom slabs following placement of the
concrete. Regarding both Figs. 61 and 62 one may conclude that the
bottom slab seemed to have been subjected to initial tensile strains,
possibly caused by differential shrinkage between the girder webs and

the bottom slab.

7.2 Deflections Under Sustained Dead Load

While the pre-dead load behavior of the bridge model was
monitored by means of strain data, the deterioration of the model under
the sustained dead-load over the entire range from initial application
of dead load to final ultimate failure was monitored by observing the

span displacements versus time.
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The displacement data, as derived from mirror-scale readings,
and presented in Fig., 63 a and b, were recorded at the North and South
face of both Spans I and II, at Sections A and D respectively. The
readings reflect time dependent effects and residual deflections after
conditioning and cyclic loads. The data for Span I are shown in Fig. 63 a
and those for Span II in Fig. 63 b.

A general observation of both graphs clearly indicates the
almost identical results for both spans. In the first 27 days, during
which the bridge was readied for live load applications, creep caused
a significant increase in the displacement. During the first 3 weeks the
deflections increased about 50%. Following that period the deflection
remained virtually constant until the conditioning live Tload
creating a 24 ksi total stress had been applied. The application of the
Tive Toad caused cracking of the structure which, in turn resulted in
permanent displacements after removal of the 1ive Toads. The same
phenomenon was observed each time after a conditioning live Toad had
been applied to raise the total dead and Tive load stresses to subsequent
values of 30 ksi, 40 ksi, 50 ksi and 60 ksi. The gradual deterioration
which can be observed from the data recorded during the 5 week period
following the application of the 30 ksi conditioning load must be
attributed primarily to progressive cracking as a result of the many
live Toad applications. It is further interesting to note that the
permanent displacements following the 60 ksi conditioning Tload were
significantly larger than those observed following the application of
conditioning loads creating Tower stress levels. This phenomenon is
undoubtedly due to a partial yielding of the reinforcement. The mid-

span displacements prior to the final loading to failure reflected a
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permanent displacement of about 1.50 inches, or almost 4 times the initial
deflections recorded immediately after removal of the shoring. With
reference to the dead load deflections after the primary creep period

of three weeks, the final permanent deflections show a magnification of

about 2.5,

7.3 Crack Development Under Cbnditioning Loads

After removal of the shoring and following each application of
the conditioning loads the cracks in the girders 1 and 5 (north and south
side respectively) and in the top and bottom slabs were recorded and
are presented in Figs. 64, 65, 66 and 67.

The crack patterns as presented for dead load, and the 24, 30,
40, 50 and 60 ksi conditioning loads are basically self explanatory.
However, a couple of observations are particularly pertinent in
evaluating the bridge model under design stress conditions and
successively increasing overloads. Firstly, it is satisfying to note
that under combined dead and design live loads, the crack pattern
consisted virtually exclusively of hair-Tine cracks with width of less
than 0.01 in.

The crack pattern in the exterior girders as presented in
Figs. 64 and 65 show progressively the development of bending moment
cracks from the early stages of loading, followed by the development of
typical shear cracks after applications of the 30 ksi conditioning loads

An observation of the top slab crack pattern after the 24 ksi
load application, as presented in Fig. 66, shows a number of cracks in
the center support region. Although, as shown in Fig. 67, the bottom

stab crack pattern after the 24 ksi conditioning Toad is rather
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FIG. 66 CRACK HISTORY FOR TOP SLAB
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1imited, one can be certain that a substantial number of transverse
cracks must have been present in the mid span regions. However,
difficulties in observation resulted in this Timited record. The
necessary presence of cracks in those bottom slab regions is further
supported by the observed crack patterns in the exterior girders as
presented in Figs. 64 and 65. A critical observation of the Timited
bottom slab crack pattern seems to indicate a more extensive longitudinal
crack development in the undiaphragmed span as compared to the
diaphragmed span. The latter development became more evident under
increasing conditioning Toads. Significant also at the higher load
level is the development of diagonal shear cracks in the bottom slabs
of the outer cells. This pattern, as shown in Fig. 67 reflects the
increasing torsional action and load transfer to the other girders

particularly in the undiaphragmed span.
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8. LOADING TO FAILURE OF BOX GIRDER MODEL

8.1 General Remarks

To determine the bridge response under increasing loads until
failure would occur, concentrated Toads were applied simultaneously 1in
both spans. Through the loading at the midspan Sections X and Y the
loading arrangement was designed to develop failure through the
formation of a collapse mechanism with plastic hinges at Sections X, B',
C' and Y. Sections B' and C' coincided with the face of the center
bent diaphram and were located approximately 1 foot from the center
support. The corresponding failure load was calculated to be 170 kips
in each span.

In order to provide a large measure of deformation in the
bridge model, it was decided to use at each midspan two 200 kips loading
rams, each with a maximum stroke of 10 inches. The rams were centered
on 10 inch by 12 inch by 1 inch thick steel plates at girders 2 and 4
respectively, Fig. 68. Neoprene pads of one inch thickness were
provided under the steel plates for better distribution of Toad. ATl
four rams were calibrated earlier at various loads and stroke Tengths
and a common calibration in terms of hydraulic pump pressure in psi
versus ram load in kips was obtained.

During this phase of the loading, the potentiometers mounted
on stands at various transverse sections along the span of the bridge
model were removed to protect them from damage. Deflections were read
at the two midspan sections by means of dial gages at girder lines 1
and 5 and at other sections on scales by means of wires stretched

tautly along the length of the bridge model at the level of the top slab
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mid-depth on both north and south faces, as earlier described in

Vol. I.

8.2 Results Under Loading

After taking zero readings, the two rams in each span were
successively loaded to provide total nominal stresses in the tensile
steel at midspan sections X and Y of 24, 30, 40, 50 and 60 ksi. In each
case readings were taken by means of the scanning unit. At the stress
Tevel of 60 ksi each span carried a 1ive Toad of 150 kips. The next
step augmented the load in each span to 160 kips causing an increase in
cracking. The subsequent step called for load increased in each span to
a total of 180 kips per span. However, as the load value in each span
reached 170 kips, yielding of the bottom slab steel started in the
undiaphragmed span at Section Y. It was observed that the yield pattern
took the form of a local slab failure on either side of girder 2 at
Section Y. The girder appeared to push downward causing a major crack
in the bottom slab on the side near girder 1 that extended lTongitudinally
about 5 feet in the direction towards that center bent. The transverse
deflection profile of the bridge model at Section Y after this initial
failure can be seen in Fig. 69. Scanner readings were taken after the
load had stabilized at a value of about 160 kips per span.

Further Toading was continued but the load could not be
increased beyond 160 kips per span because girder 2 at Section Y
continued moving downward causing further local failures in the bottom
and top slabs, until finally with a clearly audible sound the ram
bearing plate punched through the top slab. The load dropped to 125
kips in each span and readings were taken. A close up of the punching

failure over girder 2 is shown in Fig. 70. No damage of this kind was
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70 PUNCHING FAILURE IN TOP SLAB AT 2Y
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observed in the diaphragmed span where the behavior of the gages
continued to be fairly Tlinear. Deflections along the north and south
faces of the bridge model for all load steps up to and including the
punching failure are shown in Figs. 71 and 72. A general view of the
bridge model,after initial failure in the undiaphragmed span had
occurred,is shown in Fig. 73.

In view of the local failure at Section Y it was decided to
freeze the deflection there by the insertion at girders 1, 3 and 5 of
solid timber struts of 7 inch by 7 inch cross-section and heights
sufficient to maintain the existing deflection at the load of 125 kips
at Section Y. The rams were than unloaded and a set of zero readings
taken. Subsequently, only the diaphragmed span at Section X was loaded,
with readings taken at loads of 80, 100, 120, 140, 160 and 170 kips.

In the following step, the Toad at Section X was to be raised
to 180 kips. However, as soon as the load was increased from 170 kips a
seemingly uniform yielding occurred at Section X with the Toad gradually
dropping to 160 kips. At this point, both north and south faces of the
bridge model showed Tongitudinal shear cracks at the junction of the top
slab with the girders. The maximum crack width in the tensile zone at
Section X was measured as 0.125 inches. The yielding continued, with
increasing deflection and widening cracks at Section X. At a midspan
deflection of 3.8 inches the crack width had grown to about 0.25 inches.

No readings were taken during this period because of continuing
yielding, The load further dropped gradually to 132 kips by which time
the deflection at Section X was 6.47 inches and the maximum crack width
in the tensile zone at Section X was 0.3 inches. When the midspan

deflection was 7.40 inches and the load on the span was 108 kips concrete
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FIG. 73 BRIDGE MODEL AFTER FAILURE IN UNDIAPHRAGMED SPAN
(SPAN 1)

FIG. 74 BRIDGE MODEL AFTER FINAL FAILURE IN DIAPHRAGMED SPAN
(SPAN 1)
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began spalling at about 8 feet from the center support of the bridge, i.e.
near Section QB. The continuing load-midspan deflection relationship
until the end of the 10 inch travel of the loading rams can be observed

in Fig. 75. An overall view of the bridge model after a midspan
deflection of 10 inches in the diaphragmed span had been reached is shown
in Fig. 75. By this stage, the plastic collapse mechanism was fully
developed, with the second hinge forming in Span I at a distance of

8 feet from the bridge center support on the north face of the bridge
model @irder 1)and following a skew path to emerge at a distance of 10
feet from the center support on the south face (girder 5).

After the rams had reached the maximum stroke of 10 inches, the
cylinders were retracted and steel circular disks with a total height of
about 10 inches were placed on each of the cylinder rods. The diaphragmed
span was loaded again. After an initial load of 80 kips the load
gradually reduced under increasing center displacements (Span I). At a
Toad of 50 kips in each span the center-span displacement was recorded
as 15 inches. The Toad corresponding to a maximum displacement of 20
inches was 39 kips. At that instance the test was terminated. Fig. 76
shows the final deflected shape of girder 5. Photographs showing girders
1 and 5 in Span I between the first center span hinge at Section X
and the second hinge which formed at a distance of 8 to 10 feet from
the center support, are presented in Figs. 77 and 78 respectively.
Details of the overall failure in both exterior girders 1 and 5 at
the midspan hinge Section X are shown in Figs. 79 and 80, respectively.
The crushing of the concrete and the buckling of the reinforcing bars
in the compression zone of girder 1 at the point of the second hinge

can be observed in Fig. 81.
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8.3 Ultimate Strength Behavior

It is of interest to review the results reported in Section
8.2 and compare for the different collapse mechanisms the experimental
data with analytically predicted values.

Although the initial failure at Section Y was due to insufficient
transverse Tload distribution in the undiaphragmed box girder section,
full collapse only occurred, as will be shown later, after the full load
distributing capacity of the section had been activitated and the entire
cross section had reached a state of imminent yielding. An evaluation of
the collapse mechanism will indicate a Tive-load over load capacity of
better than 4. A similar conclusion will be drawn from the failure
observed in Span I.

In reviewing the failure development in the undiaphragmed span
IT it becomes obvious that the two loads on the interior Girders 2 and 4
caused these girders to deflect more than both the exterior girders and
the central interior girder (see Fig. 69). These smaller displacements
of the exterior girders 1 and 5 at Section Y are misleading if compared
with the mid span displacements at Section X as presented in Figs. 82
and 83 respectively. Both graphs show consistent]y,‘that, prior to
failure, the displacements for the undiaphragmed span are smaller
(10 - 15%) than those recorded for the diaphragmed span. This would
indicate, assuming identical Toads on each girder, that the undiaphragmed
span is stiffer than the span without a diaphragm. In reality, how-
ever, the bending stiffness of both spans should be virtually
identical. Hence, the unexpected behavior is clearly due to the poor
load distribution of the undiaphragmed section resulting in the

relatively Timited load carried by the exterior girders in Span II. A
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study of the displacements of the interior girders 2 and 4 would
undoubtedly show larger displacements in Span II without a diaphragm as
compared with the displacements in diaphragmed Span I.

The initial failure in Span II could in principle correspond
with an incipient collapse machanism exhibiting full yield moments at
both the loaded Sections X and Y and at the Sections B', and C' Tocated
at the edge of the center bent diaphragm or approximately 1 ft from the
center support. However, no noticeable yielding at Section C' did occur.
Therefore, a detailed investigation of the observed failure mode seems
particularly interesting.

The tension steel in the midspan and support sections consisted

2 and 16.4 in2 respectively.

of 55 #4 and 82 #4 bars, or 11.0 1in

As mentioned in the preceeding section initial failure occurred
under a Toad of 170 kips in both spans. To compare the experimental data
with analytically predicted values the dead load stress condition has to
be taken into account. As reported in Vol. I, Table 1, the nominal dead
load stress in the tension steel at the midspan Sections X and Y was
11.45 ksi. and at the edge of the center bent diaphragm 12.56 ksi.

Considering a yield stress fy = 62 ksi, as based on test
results (Vol. I), an internal Tlever arm of 1.5 ft and the above dead load
stresses, the additional moments required to develop a yield moment at
the midspan and support sections were 835 kip-ft and 1215 kip-ft
respectively.

Analysis indicates that under increasing midspan loads the
midspan yield moment was to be reached at a load of P = 156 kips.

Furthermore, increasing the center span loads to 170 kips each would

result in the development of the yield moments on either side of the
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center support diaphragm as well. Although this Tatter load agrees
exactly with the actual test failure load, the failure mode did not
indicate the complete development of a mechanism associated with the
above calculated load of 170 kips. It is therefore particularly
interesting to postulate the sequence of events which led to the observed
failure in the undiaphragmed span. Initially, failure probably started
with the development of a yield moment at midspan in girders 2 and 4.

This occurred undoubtedly even before the 156 kip load, associated with
the yield moment in the entire midspan section was reached. This
development seems to be supported by the load-deflection graphs in Figs.
82 and 83, which show a gradually increasing midspan deflection from about
140 kips on. After having passed 156 kips and reached 160 kips the mid-
span displacement rapidly increases indicating that the midspan yield
moment was fully developed. Based on the displacements at failure as
shown in Fig. 69 it is obvious that girder 2 and 4 must have carried a
proportionally larger part of the applied Toad. Hence, yield moments at
both the midspan and support sections did probably already occur in these
girders before the failure load of 170 kips was applied to the bridge.

It is in this respect particularly important to note that the transverse
load-carrying capacity of the bridge model was adequate to transfer the
overload on the girders 2 and 4 to the exterior and center girders

(nos. 1, 5 and 3) in order to develop, as it seems, the full Toad-carrying
capacity of the bridge cross-section. The proof of this hypothesis was
unfortunately lost when the ram bearing plate above girder 2 punched through
the top slab at a total midspan Toad of 170 kips. However, it can be
assumed that overall failure in the undiaphragmed span, reflecting the

earlier assumed failure mechanism, was imminent.



183

Based on the observed failure Toad and the existing yield
condition at that instance one can note a substantial T1ive load over
load capacity of (62-11.45)/12.55 or 4.,

In the development of the above discussed failure mode the
occurence of two additional failure phenomena velated to the transverse
bridge action should be noted. Firstly, the development of Tongitudinal
cracks in the bottom and top slabs in the central region of the span
indicated the strained transverse Toad distributing action of the box
girder section. Secondly, shear cracks in the bottom slab near the
exterior girders on either of the midspan section and propagating under
45° towards the end and center supports signify both the horizontal shear
transfer to activate the Toad carrying capacity of the exterior girders
and the critical torsional action of the exterior cells prior to total
collapse. Both crack patterns already gradually developed during the
application of the previousconditioning Toads. After the blocking up of
Span II, the final failure in Span I, under a known load of 170 kips in
Span I only was due to a yielding of the steel in the bottom slab at
midspan (Section X) and probably a combined yielding of the top deck
steel and a crushing of the concrete in both the bottom slab and webs
at a distance between 8 feet (girder 1) and 10 feet (girder 5) from the
center support. The crushing at the latter Tocations might well have
been affected by the termination in that region of the flared portion
of the web. Another aspect which contributed to the initial failure
in this particular region (8 to 10 feet away from the center support)
was the significant and rather abrupt reduction of the tensile reinforcing

steel in the top slab, namely:
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@ 7 1/2 ft = reduction 12 # 4 from 56 to 44 bars
@ 8 ft

reduction 4 # 4 to 40 bars

@ 9 ft = reduction 14 # 4 to 26 bars

H

@ 10 ft = reduction 8 # 4 to 18 bars

® 11 ft = reduction 8 # 4 to 10 bars.

Furthermore, the weakness of the cantilever section of the top
slab due to the serious reduction of the Tongitudinal tensile reinforcement
near the edge might also have contributed to failure in these regions.

An early failure of the cantilever portion would initiate complete
failure of the overall weakened bridge cross section.

The progressive failure in the negative moment zone seems to
have been due to crushing of the concrete, and buckling of the Tight
compression reinforcement in the web followed Tater on by an overall
separation of the bottom slab from the girder webs (see Figs. 77, 78 and
81). This failure development (loss of strength) seems to be supported
by the considerable load drop off following failure, as shown in Fig. 74.

An evaluation of the failure load on the basis of full yielding
of the tensile steel in the failed sections at midspan (Section X) and
at points 8 to 10 feet away from the center support give some interesting
results. Considering a section 8 feet from the center support with 40
#4 bars, the yield moment would be: (40 x 0.2) (62) (1.5) = 744 kip—ft.
As before the yield moment at midspan can be assumed at 1025 kip—ft.

In order to evaluate the failure load the dead load stresses have to be
considered. With a dead load stress of 11.45 ksi at midspan the
supplemental moment due to the applied Toad should only be (50.55/62)

1025 = 835 kip-ft. At the section 8 feet from the center support
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practically a zero dead load moment and stress exist. On the basis of the
above conditions failure would occur under a load of 203 kips. Since
failure in the negative moment zone occurred in a skew pattern, the
section 10 feet away from the center support should also be considered.
This section having 18 #4 bars in the top slab would yield under a

moment of 335 kip-ft. Based on the same dead load stress assumptions as
mentioned above the corresponding failure Toad would be 191 kips.
Comparing the two calculated failure loads with the observed failure load
of 170 kips one might conclude that the failure mechanism did not reflect
complete yielding at both sections. Should one, however, assume that a
one-foot bond length is insufficient to develop the full yield Toad in
these #4 reinforcing bars the number of bars effective at the above noted
sections would reduce to 26 and 10 #4 bars respectively. Hence, with

the yield moments reduced to 484 kip ft and 186 kip ft respectively and
assuming the same dead load stress conditions, the failure loads would
reduce to 177 kips and 172 kips respectively. These values are fairly
close and in relatively good agreement with the observed failure load of
170 kips in the diaphragmed span. However, it seems reasonable
nevertheless to conclude that the final failure in this postion of the
span was probably initiated by a crushihg failure of the webs and bottom
slab in the negative moment zone just prior to the full yielding of the
deck sTab reinforcing steel. Hence the final failure was only a partial
yield mechanism as postulated before. Again it should be noted that the
live Toad overload capacity was slightly better than 4, which is a

substantial value.
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8.4 Summary

Failure of the box girder bridge developed in two phases.
During the first phase, with equal loads applied at the midspan Tocations
above girders 2 and 4, an incipient yield mechanism failure occurred at
Section Y of the undiaphragmed span under a load of 170 kips in each span.
This implies that nominal yield stresses of 62 ksi were reached. Hence,
the bridge model exhibited,with a Tive load factor of safety of
(62 - 11.45)/12.55 = 4.0,a substantial overload capacity. This is
particularly significant since the bridge cross—section was seriously
strained to provide an adequate load transfer to the exterior girders.
Despite significant Tongitudinal cracking in the top and bottom slabs,
and the occurrence of diagonal shear cracks in the bottom slab as a
result of the transverse load transfer, the bridge section continued to
carry a load until a yield mechanism was about to be formed. Unfortunately
shortly after yielding developed the load distribution pad of one of the
rams punched through the deck slab and the test had to be terminated.
This particular failure is virtually impossible in case of a bridge
subjected to actual truck loads from several wheels, even when these
trucks are substantially heavier than the standard design trucks. The
two point loadings at Sections X and Y, created an extreme Toad
condition which required the full load distributing capacity of the
undiaphragmed span. That the model could withstand this loading until
a point where yield moments were virtually fully developed over the
entire cross-section is most remarkable and shows the strength of this
type of bridge.

The second failure phase occurred while Toading only the

diaphragmed span and fixing the failed undiaphragmed span at a
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permanent displaced position. Failure in this instance was caused by
reaching a yield moment at the midspan Section X of the diaphragmed span
and a skewly oriented hinge mechanism in the negative moment region of the
same span. This hinge traversed the deck plate from a point above
girder 1 and 8 feet from the center support to a point located above
girder 5 at'a distance of 10 feet from the center support. This failure
also occurred under a load of 170 kips. Indications are that prior to
the development of a complete yield mechanism crushing of the reinforced
concrete webs and bottom deck occurred. It seems safe to state that if
formation of this hinge mechanism had not occurred a complete yield
mechanism was imminent. Again a substantial Tlive load over load factor

of 4 should be noted.
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9. CONCLUSIONS AND RECOMMENDATIONS FOR IMPLEMENTATION

A detailed presentation of the reduction, analysis and inter-
pretation of the experimental and theoretical results obtained in
testing a Targe scale, two span, four cell, reinforced concrete box
girder bridge model has been given. Results, in terms of reactions,
deflections, strains and moments, for the response of the bridge to dead
load, working stress loads and at or after overload stress levels have
been presented. Single or several point loads, AASHO standard truck
loads, construction vehicle loads and a moving fork 1ift truck Tload have
all been considered. The behavior under sustained dead load during the
Toad history of the model has been described. Finally, the structural
behavior during the final loading phase to failure has been discussed in
detail.

Theoretical results referred to below were based either on
FINPLA2, a finite element computer program which treats the bridge as a
true three dimensional assembly of plate elements or on 1DFRAME, a
computer program which treats the bridge as a simple equivalent planar
frame consisting of one dimensional frame e1ements; Thus FINPLA2 gives
transverse as well as longitudinal distributions of reactions, forces,
moments and displacements, while 1DFRAME can give only the longitudinal
distributions of total reactions, forces and moments and the average
deflection at a transverse section. Both FINPLA2 and IDFRAME treat the
bridge as an uncracked homogeneous structure.

The most important conclusions from this study are summarized

below,
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The distribution of total reactions between the east, center
and west supports is accurately predicted by theory for all
load levels and types of loads studied. Either FINPLA2 or

1DFRAME can be used for the theoretical solutions.

The transverse distribution of the total reactions at each end

to individual reaction supports is highly dependent on the type
and the manner of installation of the supports and is difficult
to predict by theory unless the spring constant of each

individual support is accurately known.

As a result of 1 the total external homent at any section of
the bridge can be found by theory with confidence. Moments

calculated from reactions are least sensitive to small errors
in the values of the reactions for moments in midspan regions

and most sensitive for moments over the central support bent.

From a study of 19 different midspan point load combinations
it can be concluded that the total reactions and the total
moment at any section are independent of the transverse

position of the point Toads.

The transverse distribution of the total moment at a section,
in terms of percentage to each girder, can be accurately
predicted by theory at working stress Tevels for both single
point Toads and uniform loads across the width of the bridge.
At or after overload stress levels, agreement between theory
and experiment decreases somewhat for single point loads, but
remains good for uniform loads across the width of the bridge.

Since actual critical girder design moments are based on
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several wheel loads acting on the bridge width, the theory
should be adequate for predicting design moments even at or

after overload stress levels.

Theory predicts the magnitude and distribution of live load
deflections under point loads quite well for the 24 ksi and

30 ksi steel working stress Tlevels provided theoretical values
based on uncracked sections are multiplied by a factor of about
1.5 to account for cracking. At or after higher stress Tevels
of 40, 50 or 60 ksi the theory can no Tonger be used to
accurately predict the distribution of deflections under point
loads. After the 60 ksi conditioning load, deflections

ranging from 1.2 to 2.1 times the theoretical value were found
for points some distance away and directly under the point Toad

respectively.

Midspan dead load deflections immediately after removing the
shoring generally ranged from 0.38 to 0.44 inches which were
1.5 to 1.7 times theoretical values respectively. During the
following three weeks the deflections under sustained dead
load increased 50% after which they remained constant until
the application of live load. Subsequent application of live
loads causing increasingly higher steel stresses of 24, 30, 40,
50 and 60 ksi produced additional cracking and permanent
deflections so that at a time 3 months after removal of the
shoring and just prior to loading to failure, the sustained
dead Toad midspans deflections had increased to 1.50 inches or

about 4 times the initial dead load deflection.
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8.  Comparing the effects of torsional support restraints at the
center bent with the normal restraint case, the differences
in results were small and could be ignored in practical design
problems with similar center bent configurations. The
differences were much Tlarger however, where longitudinal
restraints at the bottom of the end diaphragms were introduced

and this effect should be considered in design if it exists.

9. Both theoretical and experimental results show that for the
bridge tested the AASHO empirical formula NWL = S/7 over-
estimates the actual value of the girder moment slightly for a
two lane truck Toading but underestimates it by as much as 23%

for the three lane truck loading on the bridge.

10.  The final loading to fajlure demonstrated that this type of
bridge has an excellent overload capacity of 4 on the 1ive load
and has the ability, through its high torsional strength, to

transfer Toads Taterally almost up to failure.

11.  Differences between the behavior of Span I with a disphragm
and Span II without a diaphragm were not significant at working
stress Tevels, but became more pronounced at very high over-

stress levels and during the final loading to failure.

On the basis of the above conclusions it appears that the
theoretical methods and computer programs previously developed at the
University of California for straight multi-cell box girder bridges
[1, 2, 5] can be used as accurate methods of analysis in unusual design
cases not covered in standard AASHO specifications and also they can be

used to develop an improved simplified design method which might replace
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the present AASHO method. A report [3] containing detailed analytical
studies in this regard and preliminary recommendations was published in
1969. It is now recommended that for implementation, a joint effort be
made by representatives of the State of California Bridge Department and
the faculty investigators at the University of California to develop a
final recommendation for a simplified design method for straight box
girders, which will include all important parameters, but yet be

practical enough for use in the design office.
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