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PRE F ACE 

Recent research in the U.S. and Canada has suggested 
that the flexural capacity of bridge decks is increased by in
plane compressive forces, created when the cracked deck is res
trained by supports that cannot move laterally. This phenomenon, 
commonly referred to as "arching action," is the basis for the 
semi-empirical design provisions of the current Ontario (Canada) 
Bridge Design Code. That code permits the use of less flexural 
steel than would be required by current AASHTO Specifications, 
resulting in bridge decks which are generally more economical and 
resistant to corrosion. 

Previous research on arching action has been carried 
out mainly using small-scale models with artificial boundary 
conditions. The overall objective of Research Project 3-5-83-350 
was to study the performance of full-scale bridge decks designed 
taking arching action into account. Using a full-scale model of 
a realistic prototype highway bridge, both cast-in-place and 
precast, prestressed panel decks were considered. 

During the course of Project 3-5-83-350, an opportunity 
became available to study the distribution of loads to the gir
ders of the bridge. In the United States, slab and girder brid
ges are usually designed according to the AASHTO Specifications, 
which consider the slab and girders to act independently, and 
involve the use of empirical moment distribution coefficients. 
Several other procedures are also available. The specific objec
tives addressed in Report 350-2 were: 

1. To measure the girder loads and bending moments in 
a full-scale bridge; 

2. To compare the girder bending moments with those 
predicted using some of the available methods; 

3. Based on this comparison, to assess the relative 
merits of the procedures studied. 
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SUMMARY 

Background material on refined and simplified methods for 
the analysis of bridge superstructures was presented. Seven 
methods were briefly described: five refined methods and two 
simplified methods. Using the full-scale experimental specimen 
of Project 350, subjected to vertical loads at 4 points on the 
deck surface, the variation of bending moments along the length 
of center girder was determined, both before and after deck 
cracking. These experimentally determined girder moments were 
compared with the moments obtained from the AASHTO Specifica
tions, from the Ontario Highway Bridge Design Code, and from a 
finite element model of the bridge. 

The experimentally determined values were approximated 
fairly closely by those of the Ontario Code and the finite ele
ment analysis. The peak moment predicted using the AASHTO pro
cedure exceeded the corresponding experimental value by about 80 
percent. 

In assessing the proper role of these methods for estimating 
girder moments, it is important to recognize that each method has 
its place. An AASHTO-type method (or perhaps a simplification of 
the Ontario procedure) is necessary for preliminary design. 
After preliminary deck and girder sizes have been picked, an 
Ontario-type procedure can be used to produce a more efficient 
revised design. The finite element method appears advantageous 
primarily for checking local behavior. 
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IMP L E MEN TAT ION 

While the results discussed in this report were not included 
in the original objectives of Project 350, they were obtained 
during that Project's investigation into the behavior of Ontario
type bridge decks. The distribution of girder loads and moments 
in composite highway bridges is a current topic of several re
search projects being conducted in the United States. Because 
the results discussed here represent a valid set of data re
garding the distribution of moments in composite bridges, it was 
believed worthwhile to present them in the form of a research 
report. 
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C HAP T E R 1 

INTRODUCTION 

1.1 General 

Slab and girder bridges, which carry loads by the combined 
action of the slab and the girders, are a common element in modern 
highway systems. Because such structures are usually statically 
indeterminate, girder moments and loads cannot easily be determined. 
Estimates of girder loads in slab and girder bridges are important both 
for evaluating eXisting bridges and for designing new ones. As will be 
discussed later, the theoretical methods which can be used to analyze 
slab and girder bridges are rather complicated. 

In the United States, slab and girder bridges are usually 
designed according to the Specifications of the American Association of 
State Highway and Transportation Officials (AASHTO) [1]. This design 
procedure for slab and girder bridges, described in Section 3 of 
Reference 1, considers the slab and girders to act independently. 

The deck slab is usually designed as a one-way slab spanning 
transversely between the girders. In computing design moments for the 
sl3b, no longitudinal distribution of live load bending moments is 
assumed. Under live load, transverse moments per foot of width of slab 
are calculated using the load on one rear wheel of a truck. Once the 
transverse moments in the slab are obtained, the size and spacing of the 
main transverse reinforcement are determined. Longitudinal distribution 
reinforcement, placed perpendicular to the main reinforcement, is 
calculated as a percentage of the transverse reinforcement. 

Bending moments in the longitudinal girders are calculated 
according to Section 3.23 of the AASHTO Specifications. An individual 
girder is first isolated from the structure; if shear connectors are 
used to provide composite action, then an effective wldth of the slab is 
included as part of the girder. A single line of wheel loads from one 
truck is applied to the girder. The loads are placed on the span so as 
to produce maximum stress, and multiplied by an empirical distribution 
factor. Values of these empirical distribution factors for various 
types of bridges are listed in Table 3.23.1 of the AASHTO Specification 
(Table 1.1 on the following page). Design moments for the girder are 
calculated from these factored loads. 
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TABLE 1.1 AASHTO Empirical Load Distribution Factors 
(Table 3.23.1, Ref. 1) 

TABLE 3.23.1 Dlslrlbutlon of Wheel Loads In 
Lonaitudlnal Beams 

Brid!o!c Designed for 
Bridge Dcsign~d for T\\'o or MOI'c 

Kind of Floor One Traffic Lane Traffic Llltes 

Timber:" 
Plankb S/4.0 S • .3.75 
Nail laminated" 
'" thick or multiple 
layer~ floon over 5' 
thick Si4.S S/4.0 
Nail laminated" 
o' or more thick S/5.0 S/4.25 

Glued Laminated' 
Panels On Glued 
Laminated Stringers 
4' thick 
6' or more thick 

On Steel Stringers 
4' thick 
6' or more th ick 

Concrete: 
On Steel I·Beam 
Stringers- and 
Prestressed Concrete 
Girders 

On Concrete 
T·Beams 

On Timber 
Stringers 

Concrele Box 
Girders" 

If S exceeds 5' 
use footnote f. 

5/4.5 
5/6.0 
If S exceeds b' 
use footnote f. 

S/4.5 
5/5.25 
If S exceeds 5.5' 
use footnote f. 

517.0 
If S exceeds 10' 
use foolnole f. 

S/6.5 
If 5 exceeds o' 
use footnote f. 

S/o.O 
If 5 exceeds 6' 
use footnote f. 

If S exceeds 0.5' 
use footnote f. 

S/4.0 
S/5.0 
If 5 exceeds 7.5' 
use foolnote f. 

S/4.0 
S/4.5 
If S exceeds i' 
use footnote f. 

S/5.5 
If S exceeds 1-1' 
use footnote f. 

5/6.0 
If S eltceeds 10' 
use (ootnote f. 

5/5.0 
If 5 exceeds 10' 
use footnote f. 

S/8.0 511.0 
If S exceeds 12' If S exceeds 1 b • 

use footnote f. use footnote (. 
On Steel Box Girden See Anicle 10 . .39.2. 
On Prestressed Con· 

crete Spread Box 
Beams See Article 3.28. 

Bridge Designed for 
Bridge Designed for Two or More 

Kind of Floor One Traffic Lime Traffic lanes 

Steel Grid: 
ILess than 4' thick) S/-I.5 
14' or more) S/o.O 

Steel Bridge 
Corrugated Plank' 

If S exceeds o· 
use footnote f. 

(2' min. depth) S.5.5 

5 .:::: average stringer >pacing in feet. 

51-1.0 
S/S.O 
If S ~xceeds 10.5' 
use footnOle f. 

5/-1.5 

"Timber dimension~ \hown are for nominal thickn~s. 
'Plank floors consist of pie~e~ of lumber laid edge to ed~c with the 

wide faces bearing on the suppons I see Anicle 20.17-DilOision Ill. 
'!'>Iaillaminated floors conSI~1 of pieces of lumber laid face to face 

"'ilh the narro .. ' edges bfDring nn the ~uppons. each picce beinl! 
nailed 1<) the preceding piece hce Article lO.IS-Division Ill. 

"\1Uitipl~ lawr nOor\ con~ist of tl\'O or more layers of planks. ~:Ich 
layer bcing laid at an angl!.! to the other (sec Article 20. I 7-Di"ision 
[I). 

<Glued laminated panel floors consist of vertically glued iaminated 
members with the narrol\' edges of the laminations bearing on the 
suppons (see Ankle 20.1. I-Division II I. 

iln this case the load on each ~tringer shall be the reDction of the 
,. heel loads. as,uming the flooring between the stringers to act as a 
simple beam. 

g"Design of I·Beam Bridges" by N. M. Newmark-Proceedings. 
ASCE. March 1'148. 

hThe sidewalk live load (see Anicle .3.15) shall be omitted for inte· 
rior and exterior box girders designed in accordance with the wheel 
load distribution indicated herein. 

'Distribution factors for Sleel Bridge Corrugated Plank set fonh 
above are based substanlially on Ihe following reference: 

Jut/mal uf W"shillgrull Acuuf'III,I' uf SC'it!'II(·t!'S. Vol. 67. No.2. 
1'177 "Wheel Load Distribution of Sleel Bridge Plank." by Conrad 
P. Heins. Professor of Civil Engineering. University of Maryland. 

These distribution factors were developed based on studies us· 
ing 6' x 2' steel corrugated plank. The faetors should yield safe 
results for other cOlTIJgalion configurations provided primary bend· 
ing stiffness is the same as or greater than the o· x 2' corrugated 
plank used in the studies. 
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A qualitative example of this AASHTO procedure is illustrated 
in Fig. 1.1, and described below. The structure is a slab and steel 
girder bridge, simply supported, and loaded by four concentrated loads P 
which could represent the concentrated loads from a standard AASHTO H-20 
truck loading. In this example, the center girder is chosen for design. 
As shown in Fig. 1.1 b. two wheel loads are applied to that girder 50 as 
to produce maximum stress. The loads are multiplied by a distribution 
factor SIC, where S is the stringer spacing in ft, and C is a constant 
whose value depends on the bridge type. In the case of a slab and steel 
girder bridge designed for two or more lanes of traffic, the constant is 
5.5, resulting in a distribution factor of about 1.0 for typical girder 
spacings. The resulting moments (Fig. 1.1c) are used to design the 
center (interior) girder. The design moments in the exterior girders 
can be obtained similarly. Girder design moments can also be calculated 
using the lane loading described in Section 3.6 of the AASHTO 
Specifications. The larger moment from elther the lane loading or the 
truck loading should be used for design. 

In addition to the AASHTO procedure, distribution factors can 
be obtained from the Ontario Highway Bridge Design Code [2]. 
Alternatively, the designer can calculate girder moments using one of 
the more accurate analytical techniques described in Chapter 3 of this 
thesis. 

1.2 Objectives 

As will be discussed subsequently, the current AASHTO procedure 
for determining girder moments usually provides a conser'vative estimate 
of the actual moments. To assess the validity of the AASHTO procedure, 
it was decided to investigate experimentally the distribution of girder 
moments and loads in a typical bridge. The speCimen selected for study 
was a full-scale composite highway bridge on steel girders, constructed 
in the laboratory as part of another investigation [3]. In this thesis, 
some aspects of the testing of that bridge model will be described. The 
experimentally determined girder moments will be compared with the 
values obtained by theoretical analyses. both exact and approximat~. 
This study has the following objectives: 

1. to measure the girder loads and bending moments in a full-scale 
bridge; 

2~ to compare the girder bending moments with those predicted 
using some of the available methods; and 

3. based on this comparison. to assess the relative merits of the 
procedures studied. 
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REINfORCED CONCRETE 
DECK 

STEEL 
GIRDERS 

SIUPLE 
SUPPORTS 

P • (D.f.) 

(A) 

(8) 

P-P;--__ ~ P--;- J, J, 
.J, J.. 

P • (O.f.) 

CENTER GIRDER 
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In Chapter 2, background material is presented on various 
theoretical methods used to analyze bridge superstructures. The 
experimental test program and test results are discussed in Chapters 3 
and 4, and the observed and predicted girder moment distributions are 
compared in Chapter 5. In Chapter 6, the findings are summarized, and 
conclusions are presented. 





C HAP T E R 2 

THEORETICAL BACKGROUND 

2.1 Refined Methods of Analysis 

Refined methods of analysis for analyzing highway bridge 
superstructures and determining girder moments and loads can be 
classified into six categories: 

1. orthotropic plate theory methods [4,5,6] ; 

2. harmonic analysis methods [7] ; 

3. grillage analogy methods r8,9,10,11]; 

4. finite element methods [12,13,14]; 

5. finite strip methods [15,16,17]; and 

6. folded plate methods [18,19,20] • 

Refined methods of analysis with general applications are well reported 
in the technical literature. The references listed above are 
representative of a large number of published papers. 

The orthotropic plate approach idealizes the actual bridge 
structure as an equi valent orthotropic plate, which is then treated by 
classical theory [21]. This approach was first developed by Guyon for 
grillages with negligible torsional stiffness [22] and later for 
isotropic slabs [23]. Massonnet [24] extended this approach by 
including the effects of torsion. The combined work of Guyon and 
Massonnet, referred to as the Guyon-Massonnet load distribution theory 
[25]~ has been extended by others [26,27,28,29]. 

The harmonic analysis procedure, developed in the 1950 's by 
Hendry and Jaeger [7], considers the same flexural and torsional 
rigidities as the orthotropic plate analysis, but neglects the torsional 
rigidity in the transverse direction [30]. Loads are distributed to the 
individual girders as though the slab were a continuous beam over non
deflecting supports. The loading is expressed as a harmonic series or 
Fourier sine series. Expressions for shear, moment, slope, and 
deflection are found by successive integration of this load series. 
Girder bending moments are determined by considering the above series in 
conjunction with transverse force equilibrium and slope-deflection 
expressions in the transverse direction [30]. 
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The grillage analogy method idealizes the bridge structure 
using an equivalent grid system, which is then analyzed [30] by: 

a) slope-deflection and compatibility equations; 

b) moment or torque distribution; 

c) shear distribution; or 

d) reaction distribution. 

This method usually involves the solution of a large number of 
simultaneous equations or numerous arithmetic calculations [30]. 

The finite element and finite strip methods are widely used in 
the analysis of structures. A discussion of the theory and application 
of the finite element method to two-dimensional and three-dimensional 
systems involving plane stress, plane strain, plate bending, shells, and 
solids is given by Zienkiewicz [31]. The finite element and finite 
strip methods are general techniques for obtaining numerical solutions 
to boundary value problems. As discussed in Ref. 31, the finite element 
method involves dividing the structure to be analyzed into a finite 
number of simple elements, whose deformations are assumed to follow 
prescribed basis functions. The basis functions are selected to ensure 
compat i bi 11 ty between adj acent elements. Using var iational concepts, 
the combination of basis functions (for each element) is found which 
minimizes the static potential of the entire idealized structure. The 
resulting solution is an approximation to the exact response. 

Folded plate theory can be divided into two categories: a) the 
ordinary method [32J, in which the longitudinal behavior of the plate is 
calculated according to beam theory, and the transverse behavior 
according to one-way theory; and b) the stiffness method [33] J which 
combines slab theory and plane stress theory. The bridge is considered 
as an assembly of individual, elastic, isotropiC rectangular plate 
elements interconnected at the longitudinal joints, and simply supported 
at the ends [34]. 

Six refined methods of analysis have been briefly discussed. A 
more rigorous description of these methods can be found in the ci ted 
references. As will be discussed later, the power and versatility of 
the finite element method led to its choice for modeling the bridge 
specimen described in this report. 

2.2 Simplified Methods of Analysis 

Simplified methods have been developed from these more complex 
theories. The AASHTO distribution procedure, discussed in Section 1.1, 
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was developed over several years. The first edition of the AASHTO 
Specifications, published in 1931 [35], provided load fractions to be 
used for calculating design moments in interior stringers (of any type) 
with concrete or timber floors. The 7th edition of the AASHTO 
Speci f i cat ions [36] i ntrod uced a separate mod ifi cat ion factor for 
moments in interior steel stringers. This modification resulted from 
analytical and experimental studies conducted in the 1940's by Newmark 
[37]. The load distribution fractions ror concrete decks on steel or 
prestressed concrete stringers in the current 13th edition of the AASHTO 
Speci fications [1] are based on Newmark's work. According to that 
procedure, each girder is designed to carry a fraction, K, of the wheel 
load, where 

K = SIC (1 • 1 ) 

and S average girder spacing in ft; and 

c specified constant depending on bridge type. 

The constant C is 5.5 for a slab and girder bridge designed for two or 
more lanes of traffic, and is 7.0 for one lane. Equation 1.1 usually 
provides a conservative estimate of the actual girder loads, and is easy 
for the designer to apply to specific bridge types [34]. 

Another simpli fied method, developed in the 1970's by the 
Ontario (Canada) Ministry of Transportation and Communication, is 
described in Section 3.7 of the Ontario Bridge Design Code [2J. The 
distribution factor procedure of this method is comparable to that 
described in Section 3 of the current AASHTO Specifications, except that 
the distribution factors are selected from charts. Most of the key 
parameters affecting load distribution are considered: bridge span, 
bridge geometry, bridge width, girder spacing, number of loaded lanes, 
and bridge stiffness properties [34]. This is intended to provide 
improved accuracy. The charts were derived using orthotroplc plate 
theory, and checked using the grillage analogy method. 





C HAP T E R 3 

EXPERIMENTAL TEST PROGRAM 

3.1 General 

As explained in the introduction, one objective of this study 
was to measure the girder loads and bending moments in a full-scale 
highway bridge. As part of another investigation [3], a full-scale 
composite highway bridge was constructed and tested at the Phil M. 
Ferguson Structural Engineering Laboratory at The University of Texas at 
Austin. In the following sections, a description will be given of the 
bridge components, the construction procedure, the testing procedure, 
and the instrumentation. Appendix A lists the material properties. 

3.2 Specimen Description 

3.2.1 Steel Girders. As shown in Figs. 3.1 through 3.4, the 
three steel girders were W36x150 sections, 60 ft long, simply supported 
on a 48-ft span. The girders, donated to the project by the Texas State 
Department of Highways and Public Transportation (District 14), had been 
recovered from a bridge that had been replaced, and were in excellent 
condition. To ensure composite action, 7/8-in. diameter studs were 
welded to the top flange of each girder. The studs were placed in rows 
of three along the top flange, as shown in Figs. 3.5, 3.6 and 3.7. In 
the southern half of the bridge, the rows of studs were placed 
diagonally to allow adequate spacing between the panels. The girders 
were connected by steel diaphragms, shown in Figs. 3.8 and 3.9. The 
girders were simply supported on neoprene bearing pads, resting on 
anchor blocks, which in turn rested on the laboratory floor. 

3.2.2 Cast-In-Place Deck. Cast-In-place concrete with #4 
reinforcement was used for the entire deck on the northern half of the 
bridge, the deck above the precast, prestressed panels, and the 
cantilever overhangs. The design strength of the concrete was 4000 psi. 
The concrete used for the deck, supplied by Texas Readymix (Austin) met 
the Specifications of the Texas Department of Highways and Public 
Transportation for Class C concrete [38]. The deck thickness averaged 
7-1/2 in. To facilitate construction and subsequent evaluation of test 
results, the deck was cast with a uniform thickness. 
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3.2.3 Precast, Prestressed Panels. Six precast, transversely
prestressed panels, fabricated by J.D. Abrams Precast (Austin) spanned 
between the longitudinal girders. These panels, illustrated in Figs. 
3.2 and 3.10, rested on 1 x 1/2-in., asphalt-impregnated fiberboard 
strips. The panels were 6.5 ft wide by either 7 or 8 ft long. They 
were of 6000-psi concrete, 4 in. thick, and were later covered by a 3-
1/2 in. topping of 4000-psi concrete. 

3.3 Construct ion 

3.3.1 Steel Girders. Construction began in the summer of 1983 
with the placement of the three girders on top of the neoprene pads and 
anchor blocks. After pos i tioning the three girders at a 7-ft spacing, 
the interior and exterior diaphragms were welded to the girder webs. 
The shear studs were then welded to the top flanges of the girders with 
a portable stud welding machine, and all welds were checked for 
soundness. 

3.3.2 Precast, Prestressed Panels. The six precast, 
prestressed paneis-weretransported-by-truckto- the laboratory, lifted 
into position with an overhead crane, and placed between the girders as 
shown in Fig. 3.7. 

3.3.3 Formwork. The bridge was unshored. Wooden formwork was 
installed between the girders on the northern (cast-in-place) half of 
the bridge, and was supported by the girders using steel hangers. On 
the southern half of the bridge, the panels spanned between the girders, 
and served as formwork. Wooden formwork was used for short sections of 
deck underneath the north and south ends, and along the entire length of 
the bridge for the cantilever overhangs. 

Wooden formwork consisted of 1/2-in. plywood stiffened with 2x4 
and 2x6 lumber, lacquered and oiled. Care was exercised to prevent the 
form oil from getting onto the steel reinforcement. Caulking and 
styrofoam were used to seal cracks and prevent leaks, and all removable 
bolts and inserts were coated with grease to facilitate removal. 

3.3.4 Reinforcement for Cast-in-Place Deck. Steel 
reinforcement for -the-cast-ln=-pfacedeck-wasslippiiEi'd.-by Alamo Steel and 
Machine Company (Austin). Chairs provided 1-112 in. cover between the 
bottom formwork and the bottom layer of reinforcement. Top 
reinforcement was supported on 4-1/2 in. chairs. The mat of 
reinforcement lying on top of the precast, prestressed panels was 
elevated 112 in. above the surface of the panels with short lengths of 
#4 bar placed between the panels and the mat. Most of the deck was 
reinforced by 114 bars at 8-3/4 in. in both directions. The cantilever 
overhangs had 114 bars at 4-3/4 in. spacing in both directions, top and 
bottom. The layout of the steel reinforcement, shown in Fig. 3.11, 
conformed to Texas Standard Department of Highways and Public 
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Fig. 3.11 Layout of steel reinforcement 
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Transportation Drawing Number 1284 (Texas State Department of Highways 
and Public Transportation, Bridge Division, Drawing File 1284, Research 
Project 3-5-83-50, April 14, 1982) [39]. 

The tr"ansverse and longitudinal bars were continuous (without 
splices). The additional transverse steel in the overhangs extended 21 
in. inside of the top edge of the exterior girders. 

3.3.5 Placement and Cur ing of Concrete. The concrete deck was 
cast monolithically using ready-mix concrete, placed with a 1-yd. bucket 
on an overhead travelling crane. The concrete was vibrated with two 
portable vi brators, and finished with a 25-ft long vi bratory screed, 
moved longitudinally. Additional finishing was unnecessary Twenty-one 
standard 6x12-in. cylinders were cast, as well as nine 6x6x18-in. beams. 
Polyethylene sheets as well as a membrane curing compound were used to 
cure the deck. The test cylinders and beams were cured under the same 
conditions as the deck. 

3.3.6 Removal of Formwork. Wooden formwork was removed about 
seven days after the deck was cast. Four 3-in. diameter cores were 
removed from the deck to permit attachment of the hydraulic loading 
rams. 

The test setup, shown in Figs. 3.12 and 3.13, consisted of four 
identical 72-kip hydraUlic rams attached to two reaction beams. The 
rams were supplied by two hydraulic pumps with a combined capacity of 55 
gpm at 3000 psi [40,41]. The hydraulic lines on the rams were 
interconnected to a single servoval ve, so that an equal pressure could 
be applied to all four rams, producing an equal load in each ram. A 
schematic diagram of the loading system is shown in Fig. 3.14. A 
servocontroller and strain gage actuated load cell controlled the 
loading. 

Each of the two 21-ft reaction beams consisted of two S10x24.5 
sections attached together, and bolted at 4-ft intervals to the tie-down 
points on the test slab (Figs. 3.15 and 3.16). 

3.5 Instrumentation 

3.5.1 Beam Strain Measurement. The distribution of loads to 
the girders was determined using 54 electrical resistance strain gages, 
located as shown in Figs. 3.17, 3.18, and 3.19. Before the strain gages 
were applied, the steel surface was polished and cleaned. The strain 
gages were Precision Measurements W32 [42], attached to the steel with 
M-Bond 200 adhesive. The lead wires for these strain gages were 
soldered to shielded cable. The connection to the lead wires, and the 
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Fig. 3.15 Reaction beam 
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Fig. 3.19 Typical strain gage on steel girder 
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strain gage itself, were protected with M-Coat D waterproofing compound, 
and a Barrier-E rubber pad. 

The data acquisition system for these 54 strain gages consisted 
of 6 switch and balance units and 2 strain indicator boxes. Three 
switch units, wired to one strain indicator unit, were used to read the 
gages for each girder. 

3.5.2 Deflection and Slip Measurement. Vertical deClections 
along the steel girders were measured with dial gages and linear 
potentiometers, as shown in Figs. 3.20 and 3.21. Horizontal slip 
between the deck and girders was measured with dial gages and clip 
gages, as illustrated in Figs. 3.22 through 3.24. 

3.5.3 Crack !:!easur~!!!.ent. Crack widths in the concrete deck 
were measured visually with a crack template. Crack propagation was 
followed by marking cracks as the test progres'$ed. 

3.6 Loading Sequence and Testing Procedure 

Figure 3.25 outlines the loading sequence. The bridge was 
first loaded statically to 30 kips per ram in increments of 5 kips. The 
loading continued from 30 kips to a maximum of 60 kips in increments of 
2.5 kips. The weld between the center diaphragm and the east girder 
failed when the peak load of 60 kips was attained, as shown in Figs. 3.9 
and 3.26. The load was then decreased from 60 kips to 0 kips in 
increments of 20 kips. At each of these load stages, all gages were 
read. About 8 minutes were required per load stage to scan 54 channels 
on the switch and balance units and record the strains. 

After re-welding the broken diaphragm, the structure was then 
subjected to 5 million cycles of fatigue loading. The load varied 
sinusoidally from 5 kips to 26 kips, the average load being 15.5 kips. 
The loading frequency was about 2 ~ycles per second, as shown in 
Fig. 3.27. The diaphragm welds broke again in several locations during 
the fatigue loading. 

After the 5 million cycles had been attained, the diaphragms 
were again re-welded. The bridge was then loaded statically to 40 kips 
per ram in increments of 5 kips, and unloaded in increments of 10 kips. 
Readings were again taken at each load stage. 
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Fig. 3.22 Dial gage to measure slip between deck and girder 

Fig. 3.23 Clip sage to measure slip between deck and girder 
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Fig. 3.26 Failed diaphragm weld 
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C HAP T E R 4 

TEST RESULTS 

4.1 General 

The results of the pre-cracking and post-fatigue tests are 
presented in this chapter. The pre-cracking test was conducted in July 
1984. The post-fatigue test was conducted in August 1984, after the 
structure had been subjected to several static tests (to a maximum load 
of 60 kips/ram), 5 million cycles of fatigue loading, and several more 
static tests to a maximum load of 40 kips/ram. 

The distribution of girder loads was determined from strain 
readings. The procedure for doing this, discussed in detail in Section 
4.5, involved the following steps: 

1. longitudinal strains were measured in the girders at a series 
of evenly spaced pOints along the bridge, at 3 different 
heights at each pOint: 

2. at each pOint, the strain variation with height was used to 
compute the curvatures of the girders along the bridge: 

3. at each point, these curvatures were multiplied by the 
calculated flexural stiffness (El) of the girder to determine 
the moment variations along the length of each girder; and 

4. the moment variations were numerically differentiated twice to 
obtain the load applied to each girder over its length. 

As will be discussed in Section 4.6, errors were introduced by 
the strain gages, and also from approximations used 1n the data 
reduction. Such errors are generally increased by the process of 
differentiation. In order to assess the accuracy of the above 
procedures for calculating girder loads, other types of data were also 
collected during the testing: vertical deflections of the steel 
girders; slip between the deck and the girders; and cracking patterns in 
the deck. These were used to check the validity of the numerical 
procedure, and also to check the internal consistency of the strain 
readings. These data are analyzed in Sections 4.2, 4.3 and 4.4, and the 
results are compared with the strain data in Section 4.5. 
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!l.2 Deflections 

!l.2.1 Load vs. Deflection. Figures !l.1 and 4.2 show the 
curves of load vs. midspan deflection for the exterior and interior 
girders. Girder deflections varied linearly with applied load. One 
assumption (which will be discussed in Section 4.5), involving the 
procedure used to smooth the strain readings, was that the structure was 
linear and elastic. The lineari ty of Figs. 4.1 and !l.2 clearly 
substantiates this assumption. 

In Fig. 4.1, the resul ts of the pre-cracking test are shown by 
the solid line, and the post-fatigue test, by the dashed line. Vertical 
deflections of the girders were measured with dial gages, which 
registered deflections at the bottom flange of the steel girders, and 
were placed at the center of the span, at the loaded points, and over 
the supports. During the pre-cracking test, the dial gage at the center 
of the interior girder malfunctioned at the !lO-kip load stage. 
Consequently, Figs. 4.1 and 4.2 show load-deflection data for both tests 
up to a maximum load of only 40 kips. 

During the pre-cracking test, the girders had a linear load
deflection relationship under loads ranging from 0 kips up to about 35 
kips. When the cracking load of 38 kips was attained, the solid lines 
shown in Figs. 4.1 and 4.2 exhibited a decrease in slope, reflecting the 
decreased flexural stiffness of the cracked deck. 

The load-deflection plots for the post-fatigue test were 
similar to those for the pre-cracking test. Because the deck was 
already cracked, the load-deflection behavior was linear throughout the 
entire test. At each load stage, corresponding deflections increased by 
about 6 percent after the 5 million fatigue cycles, reflecting some 
softening as a result of the fatigue loading. 

4.2.2 Variation of Deflection in Longitudinal Direction. The 
deflections shown n gs. 4.1 and 4.2 were obtained from dial gages 
located at the girder midspans. As will be explained subsequently, 
vertical deflections at other points along the length of the girders 
were calculated from measured girder strains, in order to compare the 
calculated deflections with the experimentally determined ones, and to 
assess the accuracy of the strain gage readings. 

The vertical deflections were calculated from measured girder 
strains (curvatures) using the moment-area theorems, and included the 
experimentally measured deformations of the bearing pads. The measured 
midspan deflections are compared with the calculated values in Figs. 4.3 
through 4.6, and the centerline values are seen to agree within about 5 
percent. 

The fact that these deflections agreed so closely is important. 
The variation of deflection in the longitudinal direction was calculated 



43 
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Fig. 4.1 Midspan deflection of exterior girder 
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using curvatures obtained from girder strain readings, and a comparison 
with the experimental deflections provides a check on the accuracy of 
the strain gage readings. 

These strain gage readings are used in Section ~.5 to calculate 
the variation of moment and load in the longitudinal direction. Error 
was introduced by approximating the loads from the moments, and from 
several other sources. Based on the comparison of deflections presented 
here, it is concluded that a relatively small percentage of the total 
error was contributed by the strain gages themselves. 

4.3 Slip Between Deck and Girders 

The pre-cracking and post-fatigue slip between the deck and the 
steel girders is shown in Appendix B. In most cases the slip was small 
(less than 0.01 in.) indicating that the bridge was behaving as a 
composi te structure. 

Two typical load-slip diagrams, shown in Figs. 4.1 and 4.8, 
correspond to the northern (cast-in-place) end. Figure 4.1 shows the 
pre-cracked load-slip relationship, and Fig. 4.8 illustrates the load
slip behavior at the same point after fatigue loading. 

The slip between the deck and the steel beams can be described 
by [43]: 

(4" 1) 

where: y slip between the deck and steel beam, 

x = distance along the beam, 

€S - longitudinal strain in the slab, and 

€b longitudinal strain in the beam. 

The slip is zero at the center of the bridge, and increases to a maximum 
at the ends. 

The pre-cracked plots indicate that the slip increased 
nonlinearly with increasing load. In general, the cast-in-place end 
seemed to slip more than the panel end, and the slab over the center 
girder slipped more than the slab over either of the two exterior 
girders. The largest slip occurred at the north end of the center 
girder. 

The post-fatigue load-slip plots, shown in Appendix B, were 
also nonlinear, and the maximum slip was only 0.005 in. Slip at all 
load stages showed a slight but consistent decrease after 5 million 
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LOAD VS SLIP 
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Fig. 4.7 Pre-cracked load-slip data, center girder, north end 
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Fig. ~.8 Post-fatigue load-slip data, center girder, north end 
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cycles of fatigue loading. This decrease in slip under fatigue loading 
suggests that the composite behavior of the bridge did not deteriorate 
under fatigue. The reasons for the decrease are not clear. Although it 
might have been expected to result from a decrease in the in-plane 
stiffness of the deck owing to cracking, little change in overall bridge 
stiffness is apparent In Figs. 4.1 and 4.2. 

4.4 Cracking Patterns in Deck 

Cracking patterns in the deck are shown in Fig. 4.9 and 4.10. 
Strains and deflections were originally assumed to be equal in both 
exterior girders, and the symmetry of the cracking patterns about the 
center girder substantiated this assumption. The cracking patterns were 
non-symmetric about midspan, and the strains and deflections also 
differed from one end of the bridge to the other. 

Most of the cracking occurred in the bottom of the deck at the 
cast-in-place end. Four short cracks formed on the bottom of the panel 
end, near the loaded pOints, and some cracks formed on the top surface 
of the deck over the panel jOints. The 5 million cycles of fatigue 
loading extended many of the cracks, and produced several new ones. 

Crack widths under load ranged from less than 0.005 in. to 
about 0.05 in. The narrowest cracks formed on the top of the deck, and 
were caused primarily by shrinkage of the concrete. The widest cracks 
were observed near the loaded pOints on the bottom of the cast-in-place 
deck. These wide cracks opened up as the load was applied, and closed 
almost completely when the load was removed. 

The absence of longitudinal cracks over the exterior girder's 
indicated that the slabs there, and the girders supporting them, rotated 
parallel to the longitudinal axis of the bridge as the load was applied. 
The pattern of cracks on the bottom of the cast-in-place end suggested 
the start of yield line fans on each side of the north end. 

4.5 Calculation of Girder Loads from Strain Data 

4.5.1 Q~~~!:.~!'. The distribution of girder loads was 
determined from steel strain readings. Usefulness of raw strain data 
was decreased by significant scatter as a result of errors caused by the 
gages themselves, and also by errors introduced in reading the data. 
Scatter was particularly noticeable for the gages near the supports, 
which registered small strains. As will be discussed subsequently, the 
steel strain readings were first smoothed, and the smoothed values were 
used to calculate girder curvatures and the longitudinal variation of 
girder moments and loads. 
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4.5.2 Load-Strain Diagrams. The 108 plots of load va. girder 
strain data are shown in Appendices C and D. The plots in Appendix C 
correspond to the pre-cracking test, and the plots in Append i x D 
correspond to the post-fatigue test. A typical pre-cracking load-strain 
plot (for Strain Gage 19) is shown in Fig. 4.11. This strain gage was 
located on gage line 7, on the top flange of the west girder (refer to 
Fig. 3.18). 

The triangles in Fig. 4.11, representIng original load-strain 
data points, were rather scattered. It was reasoned that load-strain 
data from an ideal gage would lie on a straight line passing through the 
origin. The line shown in Fig. 4.11 represents load-strain data from 
such an ideal gage. It passes through the origin, and is drawn to 
minimize the sum of the squares of the deviations on the horizontal 
axis. This smoothing procedure ~as used for all 108 load-strain plots 
in Append ices C and D. 

The smoothing procedure of Fig. 4.11 forced the experimentally 
recorded load-strain behavior of the girders to be linear and elastic. 
As noted earli er, this ass umption is cons is tent with the li near tty of 
the br idge's behav ior as evidenced by load-deflection plots (Figs. 4.1 
and 4.2), and the correspondence between measured deflections and those 
computed using linear elastic theory (Figs. 4.3 through 4.6). 

4.5.3 Strain Gradient Diagrams. The strain gradients over the 
depth of the girders for the pre-cracking and post-fatigue tests are 
shown in Appendix E. Fig. 4.12 shows a typical strain gradient diagram 
for the interior girder near the supports on the panel end, at the 25-
kip load stage. The three points on each strain gradient diagram are 
smoothed strains corresponding to the 25-kip load stage. Each gradient 
was then obtained as that line which would result in the smallest least
square error for the three strain readings. Because the smoothed load
strain curves were straight lines passing through the origin, the strain 
gradients at each point were proportional to the applied loads. If the 
load of 25 kips per ram were increased to 50 kips, then all smoothed 
strains would double, and so would the strain gradients. The location 
of the neutral axis of the composite section, read directly from the 
plots in Appendix E, ranged from 24 to 34 in. above the bottom fiber of 
the steel girders, with an average value of about 31 in. 

The position of the neutral axis was also calculated assuming a 
fully composi te section wi th an effecti ve width of 84 in. as gi ven by 
the AASHTO Specifications [1]. Because the concrete strains were small 
under the applied loads, it was thought that the initial tangent modulus 
should be used for concrete. The initial tangent modulus was calculated 
by modifying the current ACI formula [44] for the secant modulus at 0.5 
fd as explained below: 
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1. Ec was calculated using the current ACI formula [441, 

Ec = Wc
1 •5 33 (fc)0.5 

2. Assuming a stress-strain curve of the form suggested by 
Hognestad [45], the ratio between Ec and ET was calculated. 

when E: 
C 

f = f'[2(8 Ie ) - (8 Ie )2], 
c ceo C 0 

0.5 fc', 2(8 Ie ) 
C 0 

(8 Ie ) 
C 0 

2x - x2 = 0.5, x = 0.293 

ETIEc = 21(0.5/0.293) = 1.17 

0.5 

3. ET was computed by multiplying the current ACI value for Ec by 
that ratio: 

Young's modulus for the steel girders was taken as 29,000 ksi, glVlng 
tangent modular ratios (EslEr) of 5.76 and 4.86 for the cast-in-place 
and panel ends of the bridge, respectively. Using the AASHTO effective 
~idth of 84 in., and considering the contribution of the reinforcement 
in the deck, the theoretical position of the neutral axis was calculated 
to be about 33 in. from the bottom of the girder. This number was close 
to the average experimental value of 32 in. The calculation of the 
position of the neutral axis according to the AASHTO Specification 
assumes complete composite action. This assumption was substantiated by 
the slip data in Section 4.3. The small slip between the deck and the 
girders, shown in Figs. 4.7 and 4.8, indicated that the bridge was 
indeed behaving as a composite structure. 

4.5.4 Moment Diagrams. Once the strain gradients had been 
determined, the-longitudinal distribution of girder moments was 
calculated using the following procedure: 

1. the curvatures (strain gradients in Fig. 4.12) were calculated 
at each point along the girder; 

2. these curvatures ~ere multiplied by the corresponding 
theoretical transformed EI values (calculated as discussed 
above) to obtain the moments according to Eq. 4.2 below: 

(4.2) 



where ES Young's modulus for steel; 

IS = moment of inertia of the composite section 
transformed to steel; 

M(x) = moment 
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The calculated moment diagrams for the exterior and interior girders are 
shown in Figs. 4.13 and 4.14, for an applied load of 25 kips per ram. 
As a result of the smoothing procedure used for the load-strain data, 
the ordinates of each diagram are proportional to the applied load, and 
the moment at any other load stage can be obtained by scaling. The pre
cracking moment diagram is shown by the solid line, and the post-fatigue 
diagram, by the dashed line. Because the panel end experienced little 
cracking, the moment diagrams for that end were about the same before 
and after the fatigue loading. Adjacent to the loads, cracks formed 
over the girders on the cast-in-place end. These reduced the transverse 
stHfness of the deck near the loads, and transferred the load 
longitudinally to adjacent transverse slab strips. As a result, the 
load was smoothed out along the length of the girder after cracking; the 
moment diagrams reflected this behavior by also becoming smoother and 
more rounded after fatigue loading. 

4.5.5 Load Diagrams. Girder loads were computed from the 
moments in Section 4.5.4 using the differential equation of a beam 
deforming in flexure: 

W(x) (4.3) 

where W(x) load, and 

M(x) moment. 

The previously discussed moment diagrams were numerically differentiated 
twice using the central difference operator: 

where Wi 

Wi ~ (Mi-1 - 2Mi + Mi+l)/h2 

load at the ith point on the girder; 

Mi - moment at the ith point on the gIrder; and 

h = uniform dIstance between pOints on the girder. 

(4.4) 

The load diagrams for the exterior and interior girders are shown in 
Figs. 4.15 and 4.16 for an applied load of 25 kips per ram. The pre
cracking load diagram is shown by the solid line, and the post-fatigue 
diagram, by the dashed line. 



60 

......... 0 o 
(/)0 

0..'" 
H 
~ 

'0 Zo 
HO 
_N 

PANEL END 

LOAD = 25 KIPS 
EXTERIOR GIRDER 

CAST-IN-PLACE END 

O~~------------~--~~---------R 
o '0 20 30 

DISTANCE ALONG BEAM 
40 
(FT) 

50 
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The panel deck on the southern end of the bridge was stiffer 
than the totally cast-in-place deck on the northern end, did not crack 
much, and did not exhibit the longitudinal redistribution of load shown 
by the cast-in-place end. As a result, the load diagrams for the panel 
end had peaks at the loaded points that were consistently higher than 
the corresponding peaks on the cast-in-place end. 

Before the cast-in-place end cracked, it transferred the load 
transversely (between the girders), as shown in Figs. 4.15 and 4.16: 
the peak value at the loaded point was -110 Ibs/in. for the exterior 
girder, and -150 lbs/in. for the interior girder. After the deck over 
the interior girder cracked, its transverse stiffness was reduced. and 
more load was transferred from the interior to the exterior girder. 
This behavior is shown in Fig. 4.15 by the increase in load on the 
exterior girder at the cast-in-place end from -110 lbs/in. to -190 
lbs/in. at the loaded pOint. 

4.6 Computed vs. Experimentally Determined Load Diagrams 

The load diagrams shown in Figs. 4.15 and 4.16 were used for 
checking the accuracy of the techniques used to measure and reduce the 
experimental data. Using the trapezoidal rule, the area under the load 
diagrams was calculated (for both the interior and exterior girders). 
and the total load so calculated was compared with the total load 
actually applied at each load stage. This comparison, shown in Table 
4.1. provided an overall check on the procedure used to compute girder 
loads from smoothed curvatures. 

As shown in Table 4.1, the calculated load was 13 percent low 
in the pre-cracked test. and 6 percent low in the post-fatigue test. 

TABLE 4.1 Comparison of Calculated Load with Actual Applied Load 

Pre-Cracking 

Post-Fatigue 

Exterior 
Girder 

24.7 

26.5 

Interior 
Girder 

37.6 

41.0 

Total 

87.0 

94.0 

Actual 
Applied 
Load, % 
kips Error 

100 13 

100 6 

One possible source of error was the approximation of the actual area 
under the load diagram by a series of trapezoids. Another possible 
source of error was the fact that the data were collected from strain 
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gages using switching and balance units. Errors were introduced from 
the strain gages themselves, and from the recording of the strains 
during the testing. 

The reduction in percent error (Table 4.1)- from 13 percent 
before cracking to 6 percent after fatigue loading could be explained by 
the fact that the post-fatigue load plots are smoother than the pre
cracking plots. The smoothness would be expected to reduce the error in 
approximating the curved load diagrams by straight lines. The error in 
the experimentally determined loads was between 6 and 13 percent. Since 
the experimental load diagrams were obtained by differentiating the 
moments, the error in the moment diagrams is believed to be at most 6 to 
13 percent. Because of this small error, the experimentally determined 
moment diagrams are used as a reference for the moment comparisons shown 
in the next chapter. 





C HAP T E R 5 

COMPARISON OF EXPERIMENTALLY DETERMINED MOMENTS WITH THEORY 

5.1 General 

In this chapter, the moment diagrams derived using the 
procedures of the AASHTO Code, the Ontario Highway Bridge Design Code, 
and those obtained from a finite element model w ill be compared. As 
discussed in Chapter 1, the AASHTO design moments for a bridge girder 
are determined by loading the bridge with part of a truck load so as to 
produce a maximum stress in a particular girder, and the design moments 
in that girder are then calculated using a distribution factor times the 
moment in that girder acting alone. Because the loads on the test 
bridge were placed so as to produce a maximum stress in the center 
girder, those girder moments can meaningfully be compared with predicted 
code val ues. 

5.2 Design Moments from AASHTO 

The AASHTO procedure used to calculate girder moments for a 
bridge was outlined quantitatively in Chapter 1. This procedure is 
illustrated numerically in Fig. 5.1 for the center girder of the 
laboratory specimen. A pair of 25-kip loads were applied to the center 
girder, and multiplied by a distribution factor of (715.5), producing a 
peak design moment in the center girder of 5730 in.-kips. The 
experimental and theoretical moments are compared in Figs. 5.2 and 5.3. 
The shapes of the curves are clearly different, and the peak moment 
exceeds the experimentally determined value by about 80 percent. 

5.3 Design Moments from Ontario Highway Bridge Code 

The Ontario design approach for determining girder loads for a 
highway bridge is similar to that of the AASHTO Code, except that the 
distribution constant C is determined from charts. The design procedure 
for calculating the moments in the interior girder of the laboratory 
specimen is illustrated in Appendix F. The design moment for the center 
girder is also shown in Figs. 5.2 and 5.3. The peak value of 4230 in.
kips is higher than the experimental value by about 30 percent. 
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Fig. 5.1 Design moments from AASHTO Code, center girder of 
laboratory specimen 
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Fig. 5.2 Comparison of moment diagrams from experiment, AASHTO, 
Ontario Code, and finite element analysis (25 kips, 
interior girder, pre-cracking) 
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5.q Moments from Finite Element Method 

The laboratory specimen was modeled using the finite element 
method, which can closely approximate the actual solution for a wide 
range of structures with complex geometry, connecti vi ty, and material 
characteristics. 

The finite element model was developed as part of another 
investigation [46]. In this finite element model, two types of elements 
are used to model the composite bridge. The reinforced concrete deck is 
modeled by two layers of thick shell elements in order to follow the 
cracking of the deck at top and bottom surfaces. The steel girder is 
modeled by three-dimensional beam elements. The computer program used 
for this analysis, SAPIV [47], was designed for linear elastic analyses 
only, and its application to the nonlinear analysis of reinforced 
concrete was achieved using a sequential linear elastic technique. 
Cracking of the deck was modeled using a smeared cracking model [48]. 

The finite element program gave moments for the steel girders, 
but computation of overall longitudinal moments in the composite girders 
was difficult and time-consuming. Examination of the output from the 
finite element program showed that transverse sections through the steel 
girder and concrete deck remained plane under load. Because plane 
sections remained plane. composite girder moments were calculated from 
steel beam moments by multiplying the steel beam moments by the ratio of 
the flexural stiffness of the compos i te gi rders to the flexural 
stiffness of the steel beam. 

Moments so obtained from the finite element model are shown in 
Figs. 5.2 and 5.3. The fini te element moment diagrams follow the 
experimental diagrams in the outer two 15-ft sections of the bridge. 
nearest the supports. Adjacent to the loaded points, the finite element 
solution is still close to the experimental solution. In the middle 20 
ft, however, between the loaded points, the peak finite element moments 
are 40 percent lower than the experimental values for the precracked 
case, and 28 percent lower after cracking. In this middle portion, the 
shape of the finite element solution also differs significantly from the 
experimental data. 

The reasons for this are not clear. Other comparisons [46] 
showed that local finite element results agreed very well with 
experimental values. The most logical explanation is that the procedure 
used to calculate overall girder moments (multiplying steel beam moments 
by the ratio of overall girder EI to steel beam EI) was not sufficiently 
accurate in regions of the bridge subjected to higher local deformations 
under concentrated loads. While it might have been possible to use more 
precise procedures, this was not attempted due to lack of time. and 
because a more exact comparison was not essential to the scope of this 
study. 





C HAP T E R 6 

SUMMARY AND CONCLUSIONS 

6.1 Summary 

The objectives of this thesis, given in Chapter 1, were as 
follows: 

1. to measure the girder loads and bending moments in a full-scale 
bridge; 

2. to compare the experimental girder bending moments with those 
predicted using some of the available analytical methods; and 

3. based on this comparison, to assess the relative merits of the 
procedures studied. 

Background material on refined and simplified methods for the analysis 
of bridge superstructures was presented in Chapter 2. Seven methods 
were briefly described: five refined methods and two simplified 
methods. An experimental test program for a slab and girder bridge was 
described in Chapter 3, and the test data were presented and discussed 
in Chapter 4. Although many plots and figures were described in Chapter 
4, the test data were used primarily to obtain plots of the longitudinal 
moments (both pre-cracking and post-fatigue) for the center girder. In 
order to confirm the validity of the data reduction program, computed 
girder loads were compared with those actually applied. Other data, 
such as load-deflection or load-slip plots, were useful for checking 
purposes. The experimentally determined girder moments of Chapter 4 were 
compared with the moments obtained from the AASHTO Specifications, from 
the Ontario Highway Bridge Design Code, and from a finite element model 
of the bridge. These comparisons are presented in Chapter 5. 

6.2 Conclusions 

No method for determining girder design moments is clearly 
superior for all applications. Each has advantages and disadvantages. 

One advantage of the experimental procedure is its accuracy. 
The error in girder moments (probably within 13 percent) was considered 
low enough to permit the use of the experimental moment diagrams as a 
basis against which to compare the other moment diagrams. A disadvantage 
of this approach, however, was the time and expense involved in testing 
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a full-scale model, and the difficulty in applying the laboratory 
results to other structures. 

The finite element method is more suited for analysis than 
typical design. One advantage of the finite element method was that the 
predicted moments were very close to the experimental values for some 
regions along the girder. It is believed that more precise procedures 
for computing overall girder moments from finite element results would 
have given good accuracy for the entire girder span. A second advantage 
of the finite element method was its ability to predict the cracking 
behavior of the deck. Disadvantages included: the need to use a 
computer; the time required to develop a model; and the need for prior 
knowledge of member sizes and material properties. 

The AASHTO load distribution method is a simplified design 
procedure which calculates girder design moments as though each girder 
were acting alone. As a result, the shape of the AASHTO-predicted 
moment diagram will not match the shape of the experimental diagram, and 
predicted peak moments can be expected to differ significantly from 
actual values. In the experiment described here, the peak moment value 
predicted by AASHTO was 80 percent higher than the experimental value 
(uncracked case). One advantage of the AASHTO load distribution method, 
however, is its speed. The load distribution fractions are simply read 
from a table. A second advantage is the fact that the designer does not 
have to know the relative stiffnesses of the bridge members. The only 
parameters needed for design are the beam type, the stringer spacing, 
and the number of lanes. The convenience of the AASHTO Code, and its 
long history of successful use in this country have led to general 
acceptance by U.S. highway designers. 

Like the AASHTO Code, the Ontario Bridge Code provides a 
simplified method of design that determines the girder design moments 
assuming the girder to act alone. It can therefore be expected to show 
the same kinds of inaccuracies as the AASHTO procedure. The Ontario 
procedure attempts to offer the designer more precise moment estimates. 
For the bridge studied here, Ontario-predicted peak moments were 30 
percent higher than experimental values. This prediction was not only 
much more accurate than that of AASHTO, it also compares favorably with 
the solution obtained using the fini te element method. However, the 
Ontario Bridge Code has several disadvantages: 1) determination of 
girder moments required much more extensive calculations than needed for 
AASHTO; and 2) the designer had to know beforehand the relative 
stiffnesses of the girders and deck. 

Accuracy should not be the only criterion by which these 
methods are judged. When predicted moments are used for design, the 
overall factor of safety of the resulting structure will depend on the 
accuracy of the analysis and the conservatism of the design, and also on 
the degree of indeterm inacy and quali ty of construct ion of the 
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structure. Without looking at this total picture, it is not possible to 
define the desired degree of accuracy of a given method. 

In assessing the proper role of these methods for estimating 
girder moments, it is important to recognize that each method has its 
place. A method such as AASHTO (or perhaps a simplification of the 
Ontario procedure) is necessary for preliminary design. After 
preliminary deck and girder sizes have been picked, a method such as the 
Ontario procedure can be used to produce a more efficient revised 
design. The finite element method appears advantageous primarily for 
Checking local behavior. 

6.3 Suggestions for Further Research 

In the course of this experiment, a number of questions arose 
which were not directly within the scope of this thesis. While time was 
not available to answer them here, the author feels that the following 
issues deserve further study: 

1. The behavior of the clip gages. In this and other related 
studies, clip gages (used here for detecting slip) showed 
erratic behavior at low strain levels. Ways of reduCing this 
erratic behavior should be found, or the gages should be 
supplemented with surface strain gages. 

2. Finite element girder moments. Different techniques should be 
investigated for calculating overall composite girder moments 
from the finite element output. Results achieved here (by 
multiplying by EI ratios) were reasonably successful, but less 
accurate than would have been expected based on other 
comparisons of finite element and experimental results. 

3. Use of finite element procedures for design. Using parameter 
studies with finite element bridge models, it should be 
possible to develop design charts similar to, and perhaps more 
accurate than, those currently used in the Ontario Code. 

4. Diaphragm behavior. It would be useful to know more about 
diaphragm behavior, in order to improve diaphragm design and 
detailing, and to prevent the early diaphragm failures observed 
in these tests. 

5. DeSign procedures for other situations. It would be useful to 
conduct studies similar to this one on a bridge with continuous 
girders. 
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TABLE A.l Concrete Mix Design for Cast-in-Place Deck 

Design Strength: 3600 psi 

Water-Cement Ratio: 0.485 

Slump: 3 in. 

Type I Cement: 0.36% 

Water: 0.42% 

Aggregate: 0.22% 

Added Water: 0% 

Admixture: 6% air entrained 

TABLE A.2 Cast-in-Place Deck Properties 

.-----------
Concrete 

Cast date: 2/28/84 

fc: 14 day: 3510 psi 

28 dny: 4240 psi 

180 day: 5160 psi 

Slump: 3 in. 

Steel 

Si ze: 

Grade: 

Tested 
yield 
strength: 

1/4 

60 

73 ksi 



-
o 
o 
o 
q-

o 
o 
o 
(\J 

o 

79 

14 28 180 

AGE (days) 

Fig. A.l Strength vs. age for cast-in-place C()l1';i:'~':~ 
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TABLE A.3 Precast, Prestressed Panel Properties 

Concrete 

Release strength: 

Design strength: 

Type: 

Cast ins date: 

7 day: 

Sl ump: 

Prestressing Steel: 

Size of strand: 

Type: 

Grade: 

Prestress force 
per strand: 

4000 psi 

6000 psi 

Texas Class H, 
Type III (high early 
strength) cement, 
6-1/2 sacks/cu.yd. 

2/2/84 

5104 psi 

6593 psi 

4 in. 

3/8-in. diameter 

7-wire 

270, stress relieved 

16.1 l<ips 
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TABLE A.4 Seven-Day Modulus of Rupture Data 

Breaking r~odulus 

Beam Load P of Rupture 
No. ( lbs) (psi) 

1 3465 1133 
2 3470 434 
3 4050 506 
4 3890 486 
5 2880 360 
6 3080 385 
7 3040 380 
8 3580 448 
9 3700 463 

Average: 433 psi 
S. D.: 49.6 psi 

C in 

p 
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CALCULATIONS FOR INTERIOR GIRDER OF HIGHWAY BRIDGE MODEL 

The design procedure for calculating the moments in the 

interior girder of the laboratory specimen according to the Ontario 

Highway Bridge Design Code [2] are shown below. The notation used is 

listed at the end of this appendix, and is taken directly from Ref. 2. 

The first step in the Ontario procedure is to calculate the 

parameter Dx for the interior girder: 

D is 

Dx = EI I beam spacing 

Ox = (E • (25,000 in.4) • <3 beams) • (2.54 cm/in.)4) 1213.4 cm 

Dx = 14,630 • E cm4 

then calculated as: 

Dy = (E x (slab thickness) 3) I 12 

Dy = (E (19.05 cm)3) I 12 

Dy = 576 . E 

Neglecting the contribution of the steel beam to the torsional moment 

of inertia: 

Dxy = Dyx = (G (slab thic kness) 3) I 6 

DXY = (E x (1 9. 05 ) 3 ) I (2 . ( 1 + 0.15) • 6) 

Dxy = 501 . E 

D1 = °2 = V x (lesser of Dx and Dy) 

D1 = 0.15 (576 . E) 

D1 = 86 • E 
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The parameter s a. and ~ are then calcul ated as: 

a. = «501 + 501 + 86 + 86) • E) I (2«14,630 • E) • (516E»O.5) 

a. = 0.202 

~ = b/L (D 10 )0.25 x y 

~ = 305cm/1524cm «14,530 • E)/(516 • E)O.25 

~ = 0.449 

Witha = 0.202 and g. = 0.449, the values of 0 and Ct can be read from 

Fig. 3.1.1.2.2(b) of Ref. 2 (Fig. F.1): 

o = 2.35 

The width of a design lane is calculated as: 

vie = vlclo 

\~e = 6.10m/2 

We = 3.05m 

The value of IJ. is calculated as: 

IJ. = (We - 3.3)/0.6 ~ 1.0 

IJ. = (3.05 - 3.3)/0.6 

IJ. = -0.411 

The Ontario load distribution factor, which is analogous to the value 

5.5 from the AASHTO Specifications, is calculated as: 
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3-7.1.2.2(b) 
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Fig. F.l Charts for C and D (Fig. 3-7.1.2.2(b) Ref. [2]) 



Dd :: D (1 + (I-L Ct /100» 

Dd :: 2.35 (1 - (0.417 (9)/100» 

Dd :: 2.26 m 

Dd :: 7.41 ft (3.280 ft :: 1 in.) 
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According to the Ontario Code, the design moment for the center girder 

1s then: 

Design moment:: P (15 ft) (SIC) 

:: 25 k (15 ft) <7.017.41) 12 

:: 4230 In.-k 
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The following notation is used in the calculation of girder 

design moments by the Ontario Bridge Code: 

C1 a correction factor used to adjust the D value for 
longitudinal moment and longitudinal shear 

D the load distribution factor 

Dd the load distribution factor modified for design 

D, the coupling rigidity per unit width 

D2 the coupling rigidity per unit length 

Dx the longitudinal flexural rigidity per unit width 

Dxy the longitudinal torsional rigidity per unit width 

Dy the transverse flexural rigidity per unit length 

Dyx the transverse torsional rigidity per unit length 

E the modulus of elasticity 

G the shear modulus 

L the span of a bridge 

Wc the bridge deck width, m 

We the width of a design lane, m 

b the half-width of a bridge 

a. torsional parameter 

Q a flexural parameter 

= (Dxy + Dyx + D1 + D2)/2([DxDy]O.5 

= (b/L) [D ID ]0.25 x y 

~ (We - 3.3)/0.6 > 1.0 

v Poisson's ratio 
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NOT A T ION 

C = specified constant for various bridge types 

D.F. = distribution factor 

Ec = secant modulus of elasticity of concrete at O.5f6 

ES = modulus of elasticity of steel (29,000 ksi) 

EI = calculated flexural stiffness of girder 

ET = initial tangent modulus of elasticity of concrete 

fc = compressive stress in concrete 

Q = 28-day compressive strength of 6-in. by 12-in. concrete 
cylinders 

S = average girder spacing (ft) 

h = uniform distance between points on the girder 

IS = calculated moment of inertia of composite girder section, 

L 

M(x) 

p 

W(x) 

y 

€ c 

transformed to steel 

= span length 

= moment at the ith point on the girder 

= moment at distance x along girder 

= concentrated load 

= unit weight of concrete (pcf) 

= load at the ith point on the girder 

= load at distance x along girder 

= slip between deck and steel beam 

= longitudinal strain in the beam 

= strain in concrete 

= compressive strain in concrete corresponding to maximum 
stress 

= longitudinal strain in the slab 
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