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PREFACE 

This report is the final in a series which summarizes a detailed 

investigation of the behavior of pan-formed concrete slab and girder bridge 

systems, which are widely used by the Texas Highway Department. The initial 

report treated the detailed techniques developed for the utilization of 

reduced scale models and also reported on the degree of correlation between 

the model tests and the full-scale prototype testing. The second report 

treated the techniques employed and the results obtained in the field 

testing of the full scale prototype bridge. 

This work is a part of Research Contract 3-5-66-94 entitled 

"Structural Model Study of Concrete Slab and Girder Spans." The studies 

described herein were conducted as a part of the overall research program 

at The University of Texas at Austin Center for Highway Research, under 

the administrative direction of Dean John J. McKetta. The work was spon

sored jointly by the Texas Highway Department and the U.S. Bureau of Public 

Roads under an agreement between The University of Texas at Austin and the 

Texas Highway Department. 

Liaison with the Texas Highway Department was maintained through the 

contact representatives, Mr. L. G. Walker and Mr. B. R. Winn; Mr. I. C. 

Daniel was the contact representative for the Bureau of Public Roads. 

Particular thanks are due all of these contact representatives as well as 

Mr. H. D. Butler, Design Engineer, Texas Highway Department, who rendered 

continued assistance during the life of the project. 

This study was directed by John E. Breen, Professor of Civil 

Engineering. The model study phase was supervised by E. V. Leyendecker and 

the field study phase by T. A. Armstrong, both Research Engineers, Center 

for Highway Research. 
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A B S T R ACT 

Detailed results of a research program to study the behavior of 

40-ft. simple span pan-formed concrete slab and girder bridges are pre

sented. The investigation was carried out using approximately 1/6-scale 

direct models of the bridges (including substructure); these model tests 

were supplemented by full-size field testing as well as analytical pro

cedures. Four accurate models were tested at service loads, moderate 

overloads, and ultimate load levels in order to fully document the behavior 

of the structures for the full range of load conditions. Patterns of load 

distribution were obtained using both strain gages and deflection measure

ments. The main variables in the investigation were angle of skew, load 

level, and grade and quantity of reinforcement. 

Comparisons are made with the service load AASHO load distribution 

factors for design of slab and stringer bridges, and with distribution 

factors computed from an orthotropic plate solution using a discrete ele

ment mathematical model. Design recommendations are made for computation 

of ultimate load capacity. 
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C HAP T E R I 

INTRODUCTION 

1.1 General 

This report is the final in a series of reports on a research program 

entitled "Structural Model Studies of Concrete Slab and Girder Bridges." 

This report summarizes the important behavior of the bridge systems tested 

and the conclusions which can be found therefrom. Details of the model 

techniques used, the instrumentation procedures and the results from the 

full-scale bridge investigated, and the degree of corroboration between 

the model and full-scale testing have been outlined in the previous reports 

of the series. 

The manner in which a slab and girder bridge carries a load is 

dependent upon the stiffnesses and connections of the various bridge com

ponents. Consider the five girders interconnected by cross beams in 

Fig. l.la. The beam-to-girder connections are by frictionless hinges. A 

load P applied to girder C will result in a deflected shape similar to 

Fig. l.lb. Girder C is restrained from deflecting by the hinged cross 

beams which exert an upward shear force. Shear forces exist at each hinge 

of the cross beams, with the differential shear acting on the adjacent 

longitudinal girder, causing it to deflect. Thus, each of the girders will 

carry a portion of the applied load. This deflection profile is shown in 

Fig. l.lc (to a larger vertical scale) where it is labeled "frictionless 

hinges." If the hinges are allowed to "rust," they will be capable of 

transmitting a certain amount of moment. The ability to transfer moment 

as well as shear will reduce the deflection under the loaded girder C, while 

at the same time the other girders must deflect more than for the case with 

frictionless hinges. If the hinges are allowed to "rust" until they form 

1 
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Cross Beams 

A B C D E 

(a) Girders Connected by Hinged Cross Beams. 

p 

A E 

C 

(b) Loaded System. 

B c D 

~ ___ Rusty Hinges 

Frictionless Hinges 

(c) Girder Deflection with Varying Hinge Restraints. 

Fig. 1.1. Load Distribution Behavior. 



a rigid connection between the girders and cross beams, then the unloaded 

girders will carry more load than for either the frictionless or rusty 

hinge case. These three cases are shown qualitatively in . 1.lc. 

This research program was concerned with eva1uat the transverse 

load distribution characteristics of the pan-formed concrete system 

described herein and with evaluating current design The 

primary research tool used was the structural model supplemented by a dis

crete element analytical method. 

1.2 Definition of Types of Plate Action 

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

classified as: 

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

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

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

Strictly speaking, an orthotropic plate is one in which the physical 

properties of the plate material varies. They may be referred to as a 

"naturally orthotropic" plate. Another type of orthotropy occurs when a 

plate is stiffened with ribs. If the geometric arrangement of ribs differs 

in perpendicular directions, the plate may be referred to as "structurally 

orthotropic." Two types of "structural orthotropy" are illustrated in 

Fig. 1.2. Structural orthotropy exists in the case of . 1. 2a, due to 

different moment capacities in perpendicular directions. The structural 

orthotropy in Fig. 1.2b is due to different rib arrangements. Hereafter 

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

simply be referred to as orthotropic plates. 

1.3 Methods of Analysis 

Analysis of slab and girder structures may be divided into three 

basic categories, which will be reviewed here. These categories are the 

3 
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(a) Two-Way Reinforced Concrete Slab. 

(b) "Til Beam Construction. 

Fig. 1.2. Structural Orthoropic Elements. 



grillage method, primary and secondary members method, and the orthotropic 

plate method. In addition, the design requirements of the American Asso

ciation of State Highway Officials (AASHO), as set forth in the Standard 

Specifications for Highway Bridges,2* will be reviewed. 

1.3.1 Grillage Method. Lazarides
12 

solved the slab and girder 

bridge by dividing the structure into a grillage of longitudinal and trans

verse members. Slope deflection equations were then set up for joint inter

sections of members, resulting in a set of simultaneous equations. Lightfoot 

and Sawko17 have shown that electronic computers may be used to deal with 

the abundance of arithmetic involved with this procedure. 

1.3.2 Primary and Secondary Members Method. Another method of 

analysis separates the structure into primary longitudinal members and 

substitutes some form of secondary cross connection for the transverse 

members. This method has been used with the various assumptions listed 

below: 

(a) Newmark
26 

assumed the slab was an analogous continuous beam 

over any number of rigid or flexible girders extending between supports. 

Newmark's procedure was similar to the Hardy Cross method of moment dis

tribution, involving flexural stiffnesses, carryover factors, and fixed end 

moments for the analogous slab. In certain cases the girder torsional 

restraint may be taken into account. Newmark and Siess used this method 

to study moments in I-beam bridge/7,30 The theoretical solution for rectangu

lar slabs was confirmed by experimental results for right angle bridges. 

While skew slabs on I-beams were not solved theoretically, they were 
29 

included in the experimental study. The results of these investigations 

led to design recommendations for slab and stringer highway bridges. 

(b) Hetenyi
9 

assumed no rotation of individual members at an 

intersection and used a sine series to represent the load and deflection 

of the system in the longitudinal direction. 

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

members and replaced the transverse members with a continuous medium. 

*Superscript numbers refer to references in the Bibliography. 

5 



6 

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

a single member at midspan with no torsional stiffness. 

8 (e) Hendry and Jaeger assumed the transverse members could be 

replaced by a continuous medium. The effects of rotation of longitudinal 

members may be included where necessary. The differential equation for 

the loading on each member is written using "harmonic analysis" to derive 

the deflections and bending moments on each longitudinal member. 

1.3.3 Orthotropic Plate Method. The orthotropic plate approach 

replaces the actual bridge structure by an equivalent orthotropic plate 
45 which is then treated by classical theory. This approach was first 

developed by Guyon for grillages with members of negligible torsional 

stiffness6 and later for isotropic slabs. 7 Massonnet20 extended this 

approach by including the effects of torsion. The combined work of Guyon 

and Massonnet is referred to as the Guyon-Massonnet load distribution 

theory. 

Guyon and Massonnet's work has been extended by others22 ,23,25,35 

and includes the development of a design procedure. An excellent presenta-

tion of the Guyon-Massonnet theory 

Bridge Design.
40 

In the same book 
..:1>-15,18 36,37 numerous tes ts on mout::: 

may be found in Rowe's book Concrete 

Rowe has summarized the results of 
. 24 38 39 and full-size br1dges ' , that have 

been analyzed using the Guyon-Massonnet theory. Agreement between theoreti

cal and experimental results were shown to be good. Mattock and Kaar2l have 

compared this theory with good results to an experimental study of a one-half 

scale continuous prestressed concrete bridge_ 

Orthotropic plate systems have also been solved by the use of 

discrete element mathematical models. Basically the method involves 

breaking a plate into a system of discrete parts, consisting of elastic 

blocks connected by rigid bars. The equations describing the discrete 

element system are obtained by free-body analysis of the model. Various 

discrete element models have been proposed, such as those described by Ang 
4 11 

and Lopez and Hudson and Matlock. The primary difference in the various 

models is the technique for modeling torsional stiffness. The value of a 

discrete element model lies in the ability to allow point-to-point variation 

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



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

smaller the elements the better the approximation. 

1.3.4 The problem of a skewed slab on girders or 

a skewed orthotropic plate has not been solved in a closed form. Hence, 

all of the methods discussed are limited to a rectangular system, with 

the possible exception of the discrete element techniques. 

Furthermore, the methods discussed are limited to the linear 

elastic range of load response. This is a serious drawback in the case of 

reinforced concrete, which has a significant portion of its load-carrying 

capacity in the inelastic or nonlinear range. 

1.3.5 Design Requirements. The Standard Specifications for 

Highway Bridges 2 contains an empirical method for determining the distribu

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

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

where 

k 

k = number of wheel loads 

s 
c 

S average girder spacing in feet 

C = constant 

(1.1) 

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

of traffic lanes. In the case of a concrete slab on concrete girders 

designed for one traffic land, the constant is 6.0. The constant is 5.0 

for two or three traffic lanes. 

The specifications are based on Ref. 28 by Newmark and Siess. The 

procedures described in Ref. 28 were considered generally applicable for 

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

1.4 Role of Mathematical and Structural Models 

7 

In the analysis of the behavior of complex structures, the structural 

engineer has traditionally utilized a mathematical model for obtaining an 

understanding, or at least an insight, into the response of the structure 

to given sets of loadings. Due to the wide acceptance of the elastic 
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theory of analysis, the mathematical models developed tended to be linear, 

elastic formulations of the problems. As designers realized that the 

complexity of the problems was outstripping the methods of analysis avail

able, a system of techniques for using linear, elastic, small-scale physical 

models of the prototype structure as analogue computers was developed. 

Usually the models were carefully fabricated from linear, elastic materials, 

such as plastics or light gage metals. Care was taken in loading to keep 

stresses within the proportional limits. Under these conditions the 

results of studies using structural models tended to confirm the results 

of elastic analyses. With the increased capability for handling large 

systems of simultaneous equations, through the use of high-speed digital 

computers, there was a decline in interest in the use of the elastic struc

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

However, developments in structural engineering in the past two 

decades have pointed out a growing awareness of some serious limitations 

of present methods of analysis. The development of plastic design concepts 

in structural steel, ultimate strength design concepts in reinforced con

crete, as well as nonlinear analysis concepts, have created a demand for 

further observation of actual structural behavior to permit the accurate 

construction of new types of mathematical models for design tools. Further 

observations are required to correctly assess the limits of applicability 

of the design technique developed. 

Needless to say, it would be impractical, and in some cases almost 

impossible, to gather all the required data from tests (including load tests 

to destruction) of prototype structures. To meet the needs for data 

describing basic cross-sectional capacities, tests have been run on indi

vidual structural members. In most cases the tests have been performed on 

reduced-scale structural models of the members manufactured from the same 

type materials as would be used in the prototype. Reduced-scale structural 

model tests of individual structural members have become a very accepted 

basis for structural research. 

With the development of more accurate mathematical discrete element 

models for predicting the response of a member to a load stimulus, this 

study focuses attention on the adequacy of methods of structural analysis 



to predict load distributions and overall structural behavior of 

pan-formed concrete slab and girder bridges subject to realistic loading. 

In particular, since most reinforced concrete structures are subject to 

localized cracking and inelastic stress distributions, the adequacy of 

linear methods of structural analysis must be examined. Since in beam 

and slab-type structures the moments developed in the slabs may be quite 

sensitive to beam deflections and the load distributed to the beam may be 

quite sensitive to slab stiffness, changes in flexural stiffness due to 

cracking or inelastic effects could greatly modify the results of conven

tion methods of analysis. 

Concurrent with the growing awareness of a need to reexamine 

design methods for complex structures, there has been the development of 

a system of "direct" structural model testing which emphasizes basic 

agreement between prototype and model physical characteristics. This is 

a welcome supplement to the indirect model which was simply an analogue 

computer representing the assumptions of the analysis rather than the 

properties of the structure. A great advantage of the detailed structural 

model is the ability to observe design omissions and detailing errors as 

well as design inconsistencies. 

All of these points have been realized in this reinforced micro

concrete model study of concrete slab and girder bridge systems. Extensive 

developmental work has been completed to gain experience and confidence in 

microconcrete model techniques. Programs of investigation of material 

characteristics have developed microconcretes with typical values of ff and 
c 

E as found in practice, as well as test equipment and methods suitable 
c 

for reduced scale testing. Methods of fabrication have been developed for 

reinforcement cages and dimensional tolerances have been controlled to 

ensure repeatability. Complete loading and instrumentation systems have 

been developed to permit simulation and measurement of actual behavior at 

both service and ultimate loads. Comparisons with field measurements 
15 16 verified the accuracy. ' 

In the same way, one of the most advanced methods of analysis of 

orthotropic plate systems was utilized to obtain a mathematical solution of 

the expected behavior of the bridge system. Utilizing programs developed 

9 
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by Matlock et ale the results of a discrete element solution were 

compared to the measured behavior. By combining both the mathematical 

model and the structural model results it is felt that a significant 

insight has been obtained regarding the fundamental behavior of reinforced 

concrete pan-formed slab and girder systems. 

1.5 Prototype Bridge System 

The basic structural system investigated was the Texas Highway 

Department's widely used pan-formed slab and girder bridge system known 

as the CG Series. The basic structure is a monolithically cast pan-formed 

slab and girder unit, as shown in Fig. 1.3. It is designed as a simply 

supported span with a nominal span length of 40 ft.-O in. for a right 

angle bridge. Standard designs are available for skew spans varying from 

0
0 

to 45
0

, with the angle of skew being the angle between the axis of the 

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

Figure 1.3 shows the transverse cross section, comprised of a 

series of semicircular arch units. This shape is obtained by casting on 

a series of standard semicircular pan forms. Detailed plans for these 

forms are given in Figs. A.l and A.2 in Appendix A of this report. 

Typical girder and slab reinforcement, as well as a general view of the 

pan forms, is shown in Fig. 1.4. 

The roadway width can be varied in three-foot increments by 

adding or subtracting the three-foot pan form units. The skew angle 

may be varied by sliding pans relative to one another until the desired 

skew is obtained. Skew angles are controlled by having a uniform hole 

spacing on the bottom connecting angles on each pan. Skew variations are 

obtained by slipping the pans one or more holes relative to the adjacent 

pans. Standard details are available for a one, two, three, or four-hole 

skew corresponding to skew angles as shown in Fig. 1.5. An increasing 

skew angle also slightly increases the span length. This is partially 

due to the greater width of the bent cap when measured on a skewed line. 

In addition, there is a need to increase the clear distance between bents 

to accommodate the standard square-end pans. The increase in clear 

distance is also indicated in Fig. 1.5(c). 



Fig. 1.3. Tygical CGSeries Span, CG-0-35-40 
(0 Skew Shown). 
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(a) Girder Steel. 

(b) Slab Steel and Vieh' :)f Pan .L':-~s., 
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" 1 4 Prototype Reinforcement and Pan Forms .• 
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all spans. 

(c) Four Hole Skew. 

Not Shown 

One Ho Ie Skew 
Three Hole Skew 

Span Length 
Bevel C.to C. of bert:s 

None 40 1-0" 

1 :4 40 1-10" 

1:2 41' -9" 

3:4 421-9" 

1: 1 43' .. 10" 

Fig. 1.5. Pan Arrangement for Standard Skews. 
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Major economic benefits are realized by the design of the pan forms 

as structural units supported from the bent caps without interior falsework 

during construction. Pan support details vary according to the angle of 

skew, but basically the pans are supported from clips bolted to the faces 

of the bent caps. Typical pan supports are shown in Fig. 1.6 for a 

26
0
-34' skew. The triangular gap between the pan form and bent cap is 

usually formed with a piece of plywood. 

The end diaphragms are cast directly on asphalt board lying on the 

top surface of the bent cap. The asphalt board is shown in place on the 

expansion end support in Fig. 1.6. Details for both supports are shown 

in Fig. 1. 7. 

The basic concrete cross section is used for several typical 

loadings (i.e., HIS, H20, and H20-Sl6 MSHO trucks). Flexural capacity 

is varied by changing the quantity of flexural reinforcement provided. 

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

1.6 Object and Scope of Investigation 

A detailed investigation was carried out on the CG Series of pan 

fonn slab and girder bridges, using approximately 1/6-scale "direct models" 

of the bridges (including substructure); these model tests were supple

mented by full-size field testing, as well as analytical procedures. The 

overall objectives of the investigation were as follows: 

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

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

(c) To evaluate the effectiveness of the end diaphragms in partici
pating with the bent caps to carry slab loads. 

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

Objective (a) included an evaluation of "load distribution" patterns 

to the girders at various load levels. This was particularly desirable, 

since the curved cross section of the structure implies a higher transverse 
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Fig. 1.6. Pan Form Support Details. 
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rigidity than encountered in the usual slab and girder bridges having 

constant thickness slabs. This transverse rigidity caused some doubt 

over the accuracy of the usual AASHO slab and girder design procedures 

when applied to this type of bridge. 

The desirability of testing at various levels of loading (some of 

which would cause cracking in the prototype) warranted the use of more 

complex microconcrete test specimens rather than an elastic test specimen. 

1.7 Program of Research 

The following criteria for the model study were adopted to meet 

the objectives of the investigation: 

(~) Model materials must have properties closely resembling the 

prototype materials. While it is possible to utilize the mathematical 

theory of similitude to interpret and correlate the behavior of linear 

models with different material properties in the model and the prototype, 

no such procedure is valid in ultimate strength models. Since the failure 

mechanism in the prototype materials is not understood completely, it is 

felt essential to strive to utilize model materials with physical proper

ties as identical as possible to those of the prototype to minimize varia

tion in failure criteria. 

(£) Boundary conditions must match the prototype as faithfully as 

possible. To carry this out it was considered essential to model a typical 

substructure unit in order to include typical support deflection and rota

tion effects. It was also felt necessary to include dead load effects 

from adjacent spans on these supports as well as typical joint details. 

While the span is idealized as having "simple supports," the actual details, 

as shown in Fig. 1.7, prevent both translation and rotation at one end and, 

hence, the span is "partially fixed." These support details were carefully 

modeled to assess this effect. 

(£) Wherever possible independent checks of statically determinate 

subsystems must be utilized for verification of accuracy. Since inclusion 

of true boundary conditions makes theoretical analysis extremely difficult, 

all loading and measuring systems were verified in tests on simply supported 

17 
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meITJers with known behavior. In addition, backup check measurement systems 

wer~ provided where possible. These precautions developed confidence in 

the techniques used with the indeterminate slab and girder system. 

The overall study consisted of the following principal test 

specimens: 

(a) Model SG-1. o This is a 1/S.S-sca1e model of a 0 skew, 40-ft. 

span, CG Series bridge. Details are shown on the Texas Highway Department 

Plan Sheet CG-0-3S-40 (Fig. A.3) in Appendix A. The model was cast in 

place on a model of the substructure design for the prototype span. Sub

structure details are shown on the Texas Highway Department plan Sheet 

BCG-0-3S-40 (Fig. A.4) in Appendix A. 

(b) Model SG-2. This is a 1/S.S-sca1e model of a 45 0 skew, 

40 ft.-10 in. span. Details are shown in Figs. A.3 and A.S. 

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

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

and f s 
24 ksi) was substituted for intermediate grade steel (f = 40 ksi 

y 
and f 

s 
= 20 ksi). The area of steel provided was changed so that the 

total tensile 

(i.e., A 
sSG3 

force at allowable steel stress was maintained constant 

20 A ). The model was cast in place on the same 
24 sSG2 

substructure used for Model SG-2. 

(d) Model SG-4. This is a 1/S.S-sca1e model of a 260-34' skew, 

41 ft.-9 in. span. Details are shown on the Texas Highway Department 

Plan Sheet CG-0-33-40 (Fig. A.6) in Appendix A. The model was cast in 

place on a model of the substructure designed for the prototype span. Sub

structure details are shown on Texas Highway Department Plan Sheet 

BCG-0-33-40 (260-34')(Fig. A.7) in Appendix A. 

Model SG-4 (including substructure) is the reduced scale model of 

the full-size prototype bridge CG-1, which was tested at service load 

levels. 

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

260-34' skew, 41 ft.-9 in. span, with the same details shown in Figs. A.6 



and A.7 for Model SG-4. The bridge was part of a farm-to-market road near 

Belton, Texas. 

Secondary tests were run on several models, as follows: 

(a) Shear Tests. Model SG-2 was loaded for maximum moment and 

then reloaded with a maximum shear loading in order to determine which 

was more critical for design. 

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

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

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

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

loading the cap of one bent with a series of concentrated loads which were 

increased until failure occurred. The remaining bent was then loaded to 

failure by applying the same load configuration through the end diaphragms 

to determine the stiffening effect of these diaphragms. 

Models SG-l, SG-2, SG-3, and SG-4, along with the auxiliary shear 

19 

and punching tests, were tested in order to meet objective (~) in Section 1.6. 

Model SG-4 and Prototype CG-l were tested in order to meet objective (£) in 

Section 1.6. The bent cap tests were performed in order to meet objective 

(£). Collectively, the results from all tests were designed to meet 

objective (~). 

All of the details concerning similitude, model technology, and 

model reliability have been documented in a previous report in this series. 

In this report very detailed information concerning the materials used, 

fabrication technique, instrumentation systems, and loading procedures 

are given. In addition, a very detailed comparison is presented with the 

results of load distribution studies at service load levels between the 

models and prototype. The study indicates the credibility of the model 

results. Also, data are presented which establish the ultimate strength 

reliability of the structural model. 

Physical tests can give definitive information only for the actual 

conditions existing in the specimens tested. Therefore, it is difficult to 

cover a wide range of variables using complex structural models such as 
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those of this investigation. For this reason it is desirable to have an 

accurate mathematical analysis which may be used for more rapid and economi~ 

cal study of many variables. Previous mathematical analyses were not felt 

sufficient to adequately describe the behavior of this type of concrete 

slab and girder bridge, because of limitations in representing transverse 

slab stiffness for the series of arches. Previous solutions were restricted 

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

In this investigation a discrete element mathematical model of 

an orthotropic plate was selected to obtain a theoretical solution, since 

properties may be varied from point to point. ll ,3l Both the theoretical 

solution and the experimental results are compared with each other as well 

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

fications for Highway Bridges.
2 



C HAP T E R I I 

DIRECT MODEL SIMILITUDE 

2.1 Introduction 

Two very different types of structural models are available, i.e., 

"indirect models II or "direct models." These models have very different 

ranges of application and represent very different model technologies. 

The indirect model is essentially an analogue computer for solu

tion of idealized structural systems. The indirect model is usually 

fabricated from linearly elastic materials and is loaded so that stresses 

do not reach the proportional limit. Under those load conditions such 

models tend to confirm the results of mathematical analyses based on 

linear elastic assumptions. 

Since it was evident from the outset that the present study had 

to consider structural behavior in both the uncracked and cracked section 

range, and since the fundamental relationships between factors such as 

flexural and torsional stiffness were not completely understood in both of 

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

The direct model is essentially an analogue computer for solution 

of the actual structural system with a minimum of "idealized" boundary 

conditions. The direct model emphasizes the agreement between prototype 

and model physical characteristics and boundary conditions. As such it does 

not satisfy erroneous analytical assumptions which distort the true 

nature of the structure. 

The ideal direct model is a true-to-sca1e model, in which all 

details are linearly reproduced, although practicality requires that this 

type of model sometimes be simplified to omit minor details that should not 

significantly affect the structural behavior. The direct model is extremely 

21 
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valuable in that it may be used to document elastic, inelastic, and 

ultimate load behavior. This use over the full range of loadings is 

valuable in determining the range of applicability of elastic theories for 

a prototype structure constructed from an inelastic material such as 

reinforced concrete. 

2.2 Scale Relations 

2.2.1 Materials. A generalized stress-strain curve illustrating 

idealized relations between the prototype and model materials is shown in 

Fig. 2.1. The factors Sf and SG are referred to as the stress and strain 

scale factors, respectively. The geometrical scale factor, S£ ' relates 

the model and prototype dimensions (model length = liSt x prototype length). 

Microconcrete may be designed with a resultant stress-strain diagram equal 

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

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

steel. 

Where shear and torsional stresses may be important as well as with 

significant plate behavior, it is essential that Poisson's ratio for the 

model and prototype materials be equal. This requirement is readily 

achieved where the model materials are essentially the same as the proto-
1 

type materials. 

2.2.2 Loads. The "direct model" chosen utilizes the same material 

properties as the prototype, hence S~ = Sf = 1. Thus, the prototype and 

model loads are related only by the geometrical scaling factor. In this 

case the load relations become:
16 

1. Loads distributed over an area 

Model load per unit area = prototype load per unit area 

2. Loads distributed over a length 

3. 

4. 

Model load per unit length = 1 
S prototype load per unit 
'I length 

Concentrated loads 

Model load ~ ( ~t 'f x prototype load 

Gravity loads 

Model density = Si x prototype density 
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If the above requirements are met, then the measured strain in 

is equal to the prototype strain and the model deflections are 

prototype deflections. 

the model 
1 . -- t1mes 
S1' 

The unrealistic requirement for substantially increased model 

density may be overcome by the application of external loads as discussed 

in a later section. 

2.2.3 Geometrical Scale Factor. The geometric scale factor, 

S = ~, is determined by economics, available materials, fabrication 
Jl<.m 
methods, and testing procedures. Frequently the major considerations are 

16 other than economic. 

At the beginning of this project a study was made of the factors 

affecting the fabrication and loading costs for these models for a number 

of scale factors. The total combined cost of fabrication and loading 

indicated a minimum cost at about 1/8 scale, with very little difference 

the 

in costs in the range of 1/5 to 1/10 scales when compared to the cost of 

full-size testing (15 to 17 percent of prototype). In this study the main 

reinforcing steel in the prototype was a No. 11 bar; the availability of 

deformed No.2 bars was a major consideration in the selection of the scale 

as 1/ ~ = 2 / 11 = 1/ 5 . 5 . 



CHAPTER I I I 

MODEL TECHNOLOGY 

3.1 Introduction 

The basic goal in the direct modeling process is to obtain a 

realistic approximation of the behavior of the prototype over a complete 

spectrum of loads from dead load through service loads up to collapse loads. 

The detailed procedures developed in this study to obtain this realistic 
16 approximation have been given in detail in the previous report. The pur-

pose of this chapter is to summarize the most important elements of this 

technology. 

3.2 Materials 

3.2.1 Microconcrete. The model concrete used in this investigation 

is referred to as microconcrete. It is designed based on geometric scaling 

of the aggregate gradation curve, using a typical Texas Highway Department 

mix design for superstructure concrete as a prototype. The model aggregate 

used the following combinations of aggregates·: 

TCM 1/8 26% 
Ottawa Silica Bond Sand 30% 
No. 1 Blast Sand 28/0 
No. 2 Blast Sand 8% 
Colorado River Red Sand 8% 

Final mix design was based on a trial batch basis until a workable 

concrete with stress-strain characteristics quite similar to the prototype 

concrete were obtained. A Texas Highway Department approved retarding 

agent "Airsene L" was used to delay initial set and improve workability. 

The final mix design used was: 
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Water-cement ratio by weight 
Cement factor (sacks per cu. yd.) 
Aggregate-cement ratio by weight 
Retarding agent (fl. oz. per sack) 

0.687 
5.0 
6.53 
6.0 

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

unit of 133 lbs. per cu. ft. 

Stress-strain curves for both the microconcrete and the prototype 

concrete are shown in Fig. 3.1. The microconcrete of this investigation 

(shown as a solid curve with data points plotted) had an ultimate strength 

of 4530 psi, while the prototype concrete (shown as a dashed curve with 

data points plotted) had an ultimate strength of 4700 psi. The other 

curves (ultimate strengths on the order of 3000 psi) are taken from a 

study by Aldridge
l 

and tend to verify the shape of the stress-strain curves 

for the prototype and microconcrete. 

The computed moduli of elasticity shown are 3,410,000 psi and 

3,950,000 psi for the microconcrete and prototype concrete, respectively. 

The values closely match the observed values for the secant modulus at 

0.45 fl and shown that the difference between moduli is mostly a function 
c 

of unit weight. 

Split cylinder tensile strengths were obtained using cylinders from 

the same batches of microconcrete and prototype concrete. The microconcrete 

split cylinder strength was 555 psi, which is about 0.12 fl or 8.3 JfT. The 
c c 

prototype concrete split cylinder strength was 480 psi, which is about 

0.10 fl or 7.0 JfT. The slightly increased tensile strength of the micro-
c c 

concrete should not greatly affect strength calculations but would lead to 

somewhat higher crack formation loads in microconcretes. 

3.2.2 Reinforcement. In direct models it is essential that the 

steel used in the model and the prototype have virtually identical stress

strain curves, particularly with reference to sharpness of definition of 

yielding. The SWG wire initially obtained for this project exhibited a 

IIround house ll (i.e., no sharply defined yield plateau) stress-strain curve. 

Heat treatment was used to give the wire a desired IIflat topll yield plateau, 

typical of intermediate grade reinforcement. 
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Smooth (nondeformed) SWG wires and No.2 bars do not function in 

bond in the same manner as deformed bars, hence their use is limited to 

studies where bond is not a major factor. The smooth wires used in this 

investigation were allowed to rust to improve bond properties. After two 

of the bridge models had been tested, a special supply of No.2 deformed 

bars became available. Comparative tests using the No.2 smooth and then 

the deformed bars as the main flexural reinforcement showed conclusively 
16 

that the use of deformed bars resulted in more realistic crack patterns. 

Therefore, subsequent bridge models were reinforced with deformed No.2 

bars as the main flexural steel. 

Typical stress-strain curves for the main reinforcement used in 

this investigation are shown in Fig. 3.2. Model SG-3 was identical to 

Model SG-2, except that high strength steel was used in the former and 

intermediate grade steel was used in the latter. The substitution was 

made by adjusting the areas so that the total bar force at design stress 

(24 ksi) for the high strength steel was equivalent to the total bar force 

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

3.3 Fabrication Techniques 

In realistic modeling, fabrication tolerances must be reduced in 

proportion to the scale utilized. This requires careful consideration of 

forming and fabrication techniques. Carefully constructed Plexiglas forms 

were used. The transparent property of the Plexiglas forms greatly facili

tated the placement of the large quantities of reinforcement to close 

tolerances. Detailed information on form manufacture and application is 

given in Ref. 16. 

The substructure was detailed following Texas Highway Department 

Standard Plans, with each bridge model having the substructure which was 

usually designed for it. Bent caps werf' positioned in the test frame, the 

pan forms suspended from them and the slab cast in place. This procedure 

allowed modeling of the true support boundary conditions of the prototype 

as shown in Fig. 3.3. A 0
0 

skew and a 45
0 

skew model are shown ready for 

casting in Fig. 3.4(a) and (b). 
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Ca) 0° Skew Bridge. 

(b) 45° Skew Bridge. 

(c) Location of Reinforcement. 

Fig. 3.4. Models Ready for Casting. 
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Figure 3.4 also illustrates the ease with which steel placement may 

be checked when Plexiglas is used as a form material. The procedure for 

passing strain gage lead wires through the forms and in the wires used to 

support the dead load blocks are also shown. 

Microconcrete was placed in uniform lifts and compacted with a 

standard laboratory immersion vibrator operating through a Variac. After 

casting, screeding, and troweling, the deck was sprayed with a membrane 

curing compound and covered with wet burlap. Forms were left in place as 

a moisture barrier for about three days, then stripped. 

3.4 Instrumentation 

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

hydraulic pressure system. However, since pressure gage readings are not 

reliable enough at low load levels, ram loads were controlled by the 

pancake-type electronic strain transducer load cell developed by Lee. 13 

This load cell has a sensitivity of about three pounds per microinch of 

strain, with a maximum working capacity of about 8000 pounds. 

3.4.2 Structural Response. Concrete strains were measured with 

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

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

A wide variety of reinforcement steel strains were measured with 

electrical resistance strain gages attached to the reinforcement and 

waterproofed so that they could be immersed in the concrete. The main 

girder flexural steel had 1/4-in. gage length foil gages, while similar 

gages with a 1/8-in. gage length were applied to the smaller size transverse 

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

Deflection measurements with reference to a movable gage base line 

system were taken using Federal dial gages with a least count of 0.001 in. 

with estimation to the nearest 0.0001 in. Deflections were taken at the 

ends, 1/8, 1/4, 3/8, and 1/2 spans over each girder for a maximum of 108 

deflections per load. Frequently, only readings in the vicinity of the 

applied load were taken. 



3.5 Loading 

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

are difficult to reproduce in a model, since available model materials do 

not meet the density similitude requirerlents (model density = S.f x proto

type density). With quasi-static loadings this was overcome by the appli

cation of compensating external uniform loads equal to (S~ - 1) times the 

model weight (179 psf for these models).16closely spaced dead weigh~ hung 

below the structure were used to simulate the basic moment envelope due to 

gravity load. 

3.5.2 Live Loads. Live loading consisted of single wheel loads, 

axle loads, single truck loads, double truck loads, triple truck loads, 

a special overload vehicle, and ultimate loads. A versatile loading system 

was designed, as shown in Fig. 3.5 Using this system loads could be placed 

at any coordinate on the test slab. The two additional spans shown in 

Fig. 3.5 were used to simulate the boundary conditions of a typical interior 

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

2 
Truck loads were modeled from the AASHO design vehicles. The rela-

tion between the full size H20-Sl6 truck and the model truck (with a scale 

factor of SJ = 5.5) is illustrated in Fig. 3.6. The dimensions of the 

loading pads (or "wheels") were determined by using an allowable tire pres

sure of 80 psi, the total load on the wheel, and a tire width based on the 

1965 AASHO specifications.
2 

A special vehicle, referred to as the overload 

truck, was used to apply moderate overloads. The prototype and model over

load truck configuration is shown in Fig. 3.7. This truck was designated 

by the Texas Highway Department as the most severe vehicle which might be 

allowed on the bridge tested. A special permit is required to allow passage 

of this truck over the bridges tested. The vehicle is described in Ref. 44. 

Whenever multiple trucks were applied to the model bridge, all trucks were 

assumed to be heading in the same direction. 
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Width of Each Rear 
Tire Equals I-in. 
per Ton of Total 
weigh~ of Loaded 
Truck 

W = Combined Weight on the First Two Axles 

~ ..........• --

Item Full Size Truck Model Truck 

Truck Type H20-Sl6 H20-Sl6 
w, lbs. 40,000 1,322.5 
d l , ft. 6.0 1.091 
12 ' ft. 14.0 2.546 

Fig. 3.6. Relation between Full Size and Model 
AASHO H20-S16 Truck. 
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x 
w 

p 

P = Total Weight on Truck 

Item Full Size Truck 

P, Ibs. 81,400 
x w' ft. 6.0 

xA' ft. 4.0 

Model Truck 

2,690 
1.091 

0.727 

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



C HAP T E R I V 

MODEL RELIABILITY 

4.1 Introduction 

The main objective in the utilization of the direct structural model 

in this study was to establish the behavioral characteristics of the proto

type structure over a wide range of loadings. In order to validate this 

technique for this type of structure, several studies were run to illustrate 

the credibility and reliability of the techniques utilized and reported in 

detail in Refs. 15 and 16 . 

4.2 Comparison at Service Load Levels 

To assess the general relationship between response characteristics 

of the model and prototype at service load levels, a prototype bridge (CG-l) 

was instrumented and load-tested at service load levels. A corresponding 

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

Loading consisted of single, double, and triple truck loads placed on 

the bridges. The prototype test vehicles were trucks loaded with sand until 

their total weight was equal to that of the standard AASHO H20 design truck. 

A slight difference between the design vehicle configuration and those 

actually used in both prototype and model tests was the distribution of the 

rear axle load, as shown in Fig. 4.1. The H20 design vehicle assumes a 

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

A representative sample of typical midspan strain measurements is 

presented in Fig. 4.2. The lower plot shows the actual strains observed. 

The upper plot shows the strain distribution as a percent of the total midspan 

strain observed. Because of the relatively low magnitude of the strains, the 

latter is probably the better measure of the pattern of load distribution. 
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Fig. 4.1. Comparison of AASHO H20 Design Vehicle and 
Test Vehicle. 
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Midspan strain data have been plotted for twelve widely differing 

load cases in Fig. 4.3. Each datum point indicates the model and proto

type strains for corresponding locations and loadings. Ideally, these 

should fall along the dashed 45
0 

line. The regression equations shown 

were obtained as least squares curve fits. The equations and data show 

less than a perfect correlation between the two structures. The coeffi

cient of linear correlation
42 

for the data shown is 0.90 and indicates 

relatively good linear correlation. 

Overall examination of the results indicated that the model 

technique gave a very reasonable indication of the service load level 

participation of each girder and can be used to determine overall load 

participation in this type of a bridge system. 16 

4.3 VI timate Strength Re liabili ty 

Since an ultimate load test of the prototype was not feasible, the 

accuracy of the model technique at ultimate load levels was established 

by testing statically determinate models of a reduced section of the bridge 

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

Two statically determinate models of reduced sections of the bridge, 

each consisting of two scaled girders, were tested to failure. Loading con

sisted of uniformly distributed blocks for dead load compensation, plus two 

equal concentrated loads at midspan. 

Both specimens failed by first indicating yielding of the main 

flexural reinforcement, with concrete crushing after extensive deflection. 

Computed ultimate moments, based on conventional ultimate strength theory, 

indicated ratios of test to calculated ultimate moment of 0.998 and 0.985. 

The excellent agreement in these two tests established confidence in the 

d . d d l' h . 16 loa ing system, instrumentat10n, an mo e 1ng tec n1ques. 
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C HAP T E R V 

MATHEMATICAL ANALYSIS 

5.1 Introduction 

Although not originally in the scope of this investigation, an 

analytic study under a parallel project was crosschecked with these test 

results. A brief introduction to the procedure utilized is presented in 

this chapter and some typical result curves are shown in subsequent chapters, 

since they greatly improve the overall application of the results. Complete 

descriptions of the procedures used will be presented in reports on 

Project 3-5-68-115 entitled "Experimental Verification of Computer Simula

tion for Slab and Girder Bridge Systems. 11 

In view of the successful application of orthotropic plate theory 

h 1 · f 1 b d . db· d 21 ,40 h . 1 d to t e ana ys~s a s a an g~r er r~ ges, t ~s concept was se ecte 

for the analytical approach. However, the Guyon-Massonnet procedures repre

sent the longitudinal and transverse cross sections with a single parameter 

for each direction. While valid for constant thickness elastic slabs, it 

was not considered realistic to use a single stiffness value to describe the 

transverse arch system of the bridges tested. However, it was possible to 

use a discrete element mathematical model permitting point-to-point variation 

of longitudinal and transverse stiffnesses with a final solution based on 

the orthotropic plate equations for solutions to compare with the right 

angle bridge. 

5.2 Discrete Element Mathematical Model 

10 11 
Hudson and Matlock ' developed a computer program for the solution 

of orthotropic plates using adiscrete el~ment physical model. The original 
43 31 

program has been improved by Stelzer and Hudson and Panak and Matlock 

43 
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but the originald~c~e element model has remained the same. This model 

represents the stiffness, geometry, and support conditions of the actual 

slab as shown in fig. 5.1. 

The discrete element model is solved by writing the equilibrium 

equations for each joint. The deflection at each joint is the unknown in 

the equilibrium equations which are applied at each joint. The procedure 

used for the solution of this system of equations is an implicit alternating-
19 

direction iterative process which is described in detail by Matlock, 
43 11 

Stelzer, and Hudson. The computer program used is DSLAB 30 described 

by Panak and Matlock. 
31 

5.4 Section Properties 

The Guyon-Massonnet procedure uses a single stiffness value in each 

direction to describe the equivalent slab system. In contrast, in the dis

c rete element method the equilibrium equations are applied at each joint 

and each may have its own unique section properties. Thus, an irregular 

slab and girder bridge may be closely approximated by using a very fine 

grid system with varying stiffnesses. 

The pan-formed concrete slab and girder bridge cross section was 

divided into fifty increments. The flexural and torsional stiffnesses used 

were varied in different runs of the program to check the effect of varia

tion of stiffness of the structures. One series of data was based on the 

gross section properties, another series of data run was based on the 

gross-transformed section properties, and a final series of data runs was 

made using the crack section properties. In general it was found that the 

results using the gross section and the gross-transformed section properties 

agreed fairly well with the experimental data for service load levels, while 

the results of the cracked section properties were much closer to test 

results measured under high overloads and near ultimate loads. Details of 

these computations will be included in a forthcoming report on "Experimental 

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

Initial attempts to mathematically model the skew bridge structures 

utilizing the same program were unsuccessful. However, it appears that 
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the major portion of the difficulty encountered was due to the use of an 

incorrect technique for inputing boundary conditions and it is anticipated 

that analytical comparisons with the skew model results will be available 

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



CHAPTER VI 

EXPERIMENTAL STUDY 

6.1 Introduction 

The procedures used in selecting materials and constructing the 

models of this investigation as well as scaling procedures have been 

described in Chapter III. Instrumentation and loading were described in 

general in the same chapter. 

This chapter describes in detail specific dimensions and material 

properties of the test bridges. In addition, detailed instrumentation and 

loading are discussed. 

6.2 Section Details 

6.2.1 Dimensions. Gross cross section dimensions are shown in 

Fig. 6.1. Concrete dimensions for SG-l, SG-2, and SG-3 (identical in cross 

section except for reinforcement) are shown in Fig. 6.la. Dimensions for 

SG-4 are shown in Fig. 6.lb. The two basic cross sections differ only in 

the edge detail, with the slab overhang being 1'-0" shorter on the prototype 

for SG-4. 

6.2.2 Reinforcement. Cross section reinforcement details are shown 

in Fig. 6.2 for the exterior girder and first interior girder (which are 

typical). The main longitudinal flexural reinforcement, which varies for 

each model, is provided by bars E, F, and Z. These bar sizes are shown in 

Table 6.1. Reinforcement properties are given in Table 6.2. Typical stress

strain curves are shown in Fig. 3.2. 

Bridge 

SG-l No. 2 
SG-2 No. 2 
SG-3 No. 2 
SG-4 No. 2 

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

Bar E Bar F Bar Z 

Smooth (No. 11) No. 2 Smooth (No. 11) None 
Smooth (No. 11) No. 2 Smooth (No. 11) Sv!G 11 (No. 
Deformed (No. 11) No. 2 DefonTIed (No. 11) None 
Deformed (No. 11) SWG 4 (No. 10) None 
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81 16" (37' -3") . 
I-- Face of Rail (Omitted from Model) 
~ 

Roadway Width = 74.60" (35'-0") -
40.58" (18'-7-1/2") ~ 37.30" (17' -,6") 
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(a) Cross Section for SG-1, SG-2, and SG-3. 
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(b) Cross Section for SG-4. 

Fig. 6.1. Bridge Model Cross Sections. (Prototype Dimensions in Parentheses.) 
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TABLE 6.2 REINFORCEMENT PROPERTIES 

(a) Reinforcement Common to All Bridges 

Prototype Bar D, in. A , in. 2 
f , ksi f , ksi 

Reinforcement Size s y u 

No. 9 SWG 5 0.2056 0.0332 40.2 48.0 
No. 8 SWG 6 0.1898 0.0283 31.8 45.7 
No. 7 SWG 8 0.1609 0.0203 36.0 47.8 
No. 6 SWG 10 0.1352 0.0144 44.5 52.9 
No. 5 SWG 11 0.1194 0.0112 38.2 48.0 
No. 4 SWG 13 0.0905 0.00642 35.8 47.1 
No. 3 SWG 15 0.0722 0.00408 30.9 42.0 
No. 2 SWG 18 0.0461 0.00167 31. 3 45.6 

(b) Special Reinforcement 

SG-1 

No. 11 No.2, 0.2471 0.0480 46.6 64.5 
Smooth 

SG-2 

No. 11 No.2, 0.2477 0.0482 44.9 63.5 
Smooth 

SG-3 

No. 11 No.2, 0.250 0.0491 57.3 76.5 
Deformed 

SG-4 

No. 11 No.2, 0.250 0.0491 57.3 76.5 
Deformed 

No. 10 SWG 4 0.2255 0.0400 35.9 40.7 



6.2.3 Microconcrete. The results of compression tests and split 

cylinder tests based on 3-in. diameter cylinders are shown in Table 6.3. 

Although unintentional, the compressive strengths varied from 3770 psi to 

4750 psi. 

TABLE 6.3 MICROCONCRETE PROPERTIES 

Bridge fl 
c' psi f~ , psi 

SG-l 3770 450 
SG-2 4040 
SG-3 4320 530 
SG-4 4750 550 

6.3 Instrumentation 

6.3.1 Grid System. The model slab surfaces were divided into grid 

systems for controlling load locations. Each girder was identified by an 

alphabetical letter A through M (omitting the letter I). In the span direc

tion the bridge was divided into 1/8 points. The grid systems for SG-l, 

SG-2 and SG-3, and SG-4 are shown in Figs. 6.3, 6.4, and 6.5, respectively. 

6.3.2 Deflections. A portable dial system was used to measure 

deflections. Nine dial gages were mounted on a portable 2 in. x 2 in. 

aluminum box tubing ten feet long, which spanned between steel reference 

frames installed over each bent cap and supported independently of the test 

specimens. A system of guides was used to position the tubing above the 

centerline of each girder as desired, with deflection errors of less than 

0.0005 in. Sheet metal pads glued to the deck at all dial gage points pro

vided a smooth surface for the gage tips. 

Since it was sometimes necessary to place loads over the supports, 

dial gages could not be placed exactly on support centerlines. Support 

deflections were obtained by slightly offsetting dial gages. The effect of 

this offset is discussed in Sec. 6.6.2. 

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

gage length foil strain gages, located on No.2 bars as shown in Fig. 6.6. 

Transverse strain was measured with liS-in. gage length foil strain gages 

located on SWG 11 gage wire, also shown in Fig. 6.6. 
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Exact strain gage locations for bridges SG-l, SG-2, SG-3, and SG-4 

are shown in Figs. 6.7, 6.8, 6.9, and 6.10, respectively. In these figures 

the longitudinal lines A through M locate the girder strain gages. The 

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

installed. 

6.4 Loading 

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

summarized in Fig. 6.11 and described below. 

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

bring the model weight per square foot up to the same weight per square 

foot as the prototype structure. Adjacent dummy span loads were also 

applied at this time. 

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

rear wheel of an AASHO H20-Sl6 truck. The wheel load and loading area are 

shown in Fig. 6.l2a. 

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

axle of an AASHO H20-Sl6 truck. The axle load and configuration are shown 

in Fig. 6.l2b. 

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

AASHO H20-Sl6 truck, which is the design vehicle for SG-l, SG-2, and SG-3. 

Truck axle loads and spacings are shown in Fig. 6.l2c. In the case of SG-4 

the design vehicle is an AASHO H20 truck; hence both H20 and H20-Sl6 loadings 

were applied to SG-4. 

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

H20-Sl6 trucks; in addition, H20 truck loads were applied to SG-4. 

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

H20-Sl6 trucks; in addition H20 truck loads were applied to SG-4. 

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

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

of bridge tested. The axle loads and spacings are shown in Fig. 6.l2d. 
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(h) Ultimate Loads. Ultimate load tests varied for the different 

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

various bridges. 

Load placement was referenced to the previously described grid 

systems (Sec. 6.3.1). Transverse load placement was referred to girders or 

crowns. Longitudinal placement was designated by the adjacent grid line 

(and a particular axle in the case of a truck). Transverse placement for 

wheel loads is shown in Fig. 6.l3a. The wheel load at B-5 means the wheel 

is located over girder B at grid line 5 (this is 5/8 of the span from grid 

line 0). On the other hand, the designation KL-5 means the wheel is located 

on the crown midway between girders K and L on grid line 5. The orientation 

of the wheel pad with respect to the grid system is shown in Fig. 6.14. Note 

that in Fig. 6.l4b the loading pad is oriented in the direction of traffic 

flow. Placement of trucks is similar to the designation for wheel loads. 
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For example, referring to Fig. 6.l3b, one truck is designated as Axle 2 at 

B3-D3. This means that Axle 2 of the truck loading (the middle axle in the 

case of an HS loading) is located with its wheels at grids B-2 and D-3. The 

other axles fall at their proper spacing from Axle 2 but still on grid lines 

Band D. It should be pointed out that the girder spacing is at 3' -0" centers 

(on the prototype), and thus, if one wheel of an axle falls over a girder, 

then the other wheel must be two girders away. Orientation of the reference 

axle is shown in Fig. 6.14 (only the reference axle is shown). Note that 

for the skew bridge in Fig. 6.l4b the axle orientation is in the direction 

of traffic flow (as are the girders). In the case of skew the wheel designa

tion is nominal. For instance the axle designated at B3-D3 actually has the 

centroid of load at C-3 with the axle oriented in the direction of traffic 

flow. 

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

slightly but was approximately as follows: 

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

on each grid line for typical exterior and interior girders and crowns. In 

this manner bridge behavior could be studied as a wheel moved along a girder 

or crown. 
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(b) Single Axle Loads (25 load positions)--Single axles of the 

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

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

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

centrated at midspan with locations varying transversely. Some loads were 

placed at the 1/8, 1/4, and 3/8 points. In the case of SG-4 the H-20 design 

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

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

with Axle 2 at midspan and varied in location transversely. In the case of 

SG-4 the H-20 design trucks were also placed on the bridge in addition to 

the HS-20 trucks. 

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

almost equally across the bridge width with Axle 2 at midspan. Data were 

taken for different directions of truck travel. In the case of SG-4 the 

H-20 design trucks were placed on the bridge in addition t() the HS-20 trucks. 

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

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

middle of the bridges. 

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

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

Chapter VII. 

6.5 Test Procedure 

The same test procedure was used for all models. Deflection dial 

and strain gage readings were taken before the addition of auxiliary dead 

load. Gage readings were taken at various intervals and upon completion of 

the supplementary dead load phase of loading. TIlereafter, for each location 

of wheel, axle, and truck load gage readings were taken before and after 

the application of each load. In this manner zero drift due to temperature 

change was minimized for the live load readings. 

Loadings were divided into three classes, as follows: 

(a) Class 1 - Read all strain gages and dial gages. 



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

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

6.6 Data Reduction and Processing 

6.6.1 General. All data were reduced on a CDC 6600 computer at 

The University of Texas at Austin Computation Center. Computer programs 
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were written to reduce strain gage and deflection dial readings into true 

strains and deflections. Two values of output were obtained from the programs. 

Changes due to live load only and total absolute changes due to both live load 

and dead load were obtained. In computing both of these values, account was 

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

6.6.2 Deflections. In measuring deflections account was taken of 

support settlement by dial gages placed near but not on the centerline of 

the supports. This offset requires a theoretical correction to the measured 

deflections (corrected for support settlement). The pr< l cedure used is shown 

in Fig. 6.15 using the method of area moments. The case cf uniform load 

is used as an example. 

From symmetry, the elastic deflection curve is horizontal at midspan. 

A reference tangent through point c deflects but does not rotate. Hence, 

since a and a' do not deflect, the tangential deviation of a with respect to 

c, t , may be used to find the deflection at c,y. Assuming constant EI 
ac c 

t 1 (Moment about a of M diagram from a to c) ac EI 

1 
(5/8 x L/2 x 2/3 

2 
EI x wL /8 x L/2) 

5 
4 

( 5w ) 4 wL 
384 EI 384 EI L 

In the case illustrated point "a" lies the amount t above the reference 
ac 

tangent, hence the tangent deflected downwards. Thus 

Y t c ac 

Similarly tbc may be computed assuming constant EI. 
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1 2 2 
tbc ~ [1/3 x B/2 x 1/2 x B/2 x w/8(L -B ) 

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

+ 1/2 x B/2 x 2/3 x B/2 x WB
2

/32] 

After reduction 

( 5 L 
4 

) ~ (-L
B 

\,2." - 15 (-L
B \J~] tbc = 38: El ~ 

From Fig. 6.lSb 

y = 
b 

The actual measured deflection, Ycb' is the deflection of point c with 

respect to b. Thus the true deflection y consists of two parts. 
c 

However, from Fig. 7.lb 

Hence 

where 

- t bc 

5 
(6.1) 

'fue correction factor t /tb for uniform load depends only on the ratio ac c 
B/L if El is constant. Each type of loading requires a different correction 

factor. 

The validity of the deflection correction factor was confirmed 

experimentally by testing a statically determinate beam, MSG-3. This beam 

was obtained by cutting an undamaged section two girders wide from bridge 

model SG-l after it had been loaded to failure. A section consisting of 

girders K and L (refer to Fig. 6.1) was obtained by cutting down the center

line of the crowns between girders J and K and girders Land M. MSG-3 was 

loaded with uniform load and midspan concentrated loads. The span length L 
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was 86.25 in. and the distance B was 76.0 in. Dial gages were placed at 

points a, b, c, b ' , and a ' (refer to Fig. 6.15). Using these dial gages 

the true centerline deflection was measured, as well as the centerline 

deflection relative to bb'. 

Using Eq. 6.1 the deflection correction factor is 1.17 for the 

case of uniform load. Applying this correction factor to the full uniform 

load deflection of 0.0247 in. relative to bb ' , a corrected centerline 

deflection of 0.0290 in. was obtained. This compares excellently with the 

true measured deflection of 0.0291 in. The full uniform load deflection 

was 0.0294 in. (average of 12 girders) for the model SG-l from which MSG-3 

was cut. 

The range of application of the correction factor was checked by 

loading beam MSG-3 to flexural ultimate with a concentrated load at midspan. 

The correction factor for a midspan concentrated load derived from area 

moment principles may be obtained from Eq. 6.2 

Correction factor 
2 

(6.2) 
3(B/L)2 - (B/L)3 

which gives 1.215 for the case being investigated. The c<xrected center

line deflections and the measured centerline deflections for the concen-

trated load are compared for beam MSG-3 in Fig. 6.16. If the correction 

factor is valid the deflections should fall along the 45 0 line. This is 

the case even for the deflection taken at ultimate load. Deflections taken 

after the flexural ultimate capacity was reached deviate only slightly from 

the line of equality. This is to be expected, since the correction factors 

were derived assuming constant EI. This is not the case, particularly 

near the ultimate load. 

TABLE 6.4 B AND L DIAL GAGE DISTANCES 

Bridge L B 
B/L 

Model in. in. 

SG-l 87.27 76.25 0.874 
SG-2 95.64 84.25 0.881 
SG-3 95.64 84.25 0.881 
SG-4 91.09 79.97 0.877 
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6.6.3 Strain Gages. For each location of load complete strain 

readings were taken at the locations indicated in Sec. 6.6.3. Gage zero 

readings were taken before and after applying each load. In this manner 

zero drift was minimized in computing live load strains. Total strain due 

to dead weight, creep, and live load was computed for each load by assuming 

that the change due to zero drift was the same as the change in similar 

unloaded strain gages. The unloaded gages were read along with the gages 

on the test specimen. The drift correction gages were the same type of 

strain gage used on the test specimens. Concrete cover on the correction 

gage and loaded gages was similar. 

It was desirable for later interpretation of data to have strain 

readings on the tensile steel for each girder at midspan. In model SG-l 

the steel on girders G, J, and L was not instrumented with strain gages at 

midspan (all subsequent models had midspan strain gages on all girders). 

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

f L .. l' f 1 41 o a agrang1an 1nterpo at10n ormu a. 

If the points of interpolation are xo. x, xl' ...• 

y 

where 

A (x) 
s 

n 

\' 
L A (x)y + R 

s s 
s=o 

R represents the error function 

x , 
n 

then 

(6.3) 

(6.4) 

1 -(n+l) 
R = (n+l) ~ (x-x o ) (x-xl) ... (x-xn ) Y (6.5) 

where y(n+l) is the maximum value of the (n+l)th derivative of y with 

respect to x. 

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

be written as 

y 
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where 

y ; unknown value at x 

YO' Yl' Y2 = known values at points xo' xl' and x2 ' respectively. 

The procedure used was to number each midspan strain gage from 1 to 12 

and use these as the known x values. Measured strains were then used as the 

y values. The actual strain gages used for interpolation of each unknown 

strain are shown in Fig. 6.17. The validity of this procedure was checked 

by applying the interpolation procedure to one of the bridges that was 

completely instrumented at midspan. Computed strains agreed quite well 

with measured strains, except for the case of a single point load directly 

over the strain gage in question. 
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CHAPTER V I I 

TEST RESULTS 

7.1 Introduction 

The overall objectives of this investigation were as follows: 

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

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

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

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

Objectives (a), (c), and (d) will be covered in this chapt~r. Obiective (b) 
16 

has been covered elsewhere and briefly reviewed in Chapter IV. 

The span data, material properties, and design trucks are summarized 

in Table 7.1. For simplicity, model SG-4 will be referred to as a 26 0 skew 

TABLE 7.1 BRIDGE MODEL SUMMARY 

Sean Longitudinal Tension Model Model 
Reinforcement f' f Design 

Model Skew Model Prototype Model Prototype c. p~i Truck PS1 

SG-l 00 -00' 87.27" 40' -00" 4-No. 2 4-No. 11 3770 46.6 HS-20 
SG-2 450 -00' 95.64" 43'-10" 4-No. 2 4-No. 11 4040 44.9 HS-20 

2-SWG 5 2-No. 5 40.2 
SG-3 45 0 -00' 95.64" 43'-10" 4-No. 2 4-No. 11 4320 57.3 HS-20 
SG-4 260 -34' 91.09 41'- 9" 2-No. 2 2-No. 11 4750 57.3 H-20 

2-SWG 4 2-No. 10 35.9 
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bridge in the test and figures. The steel area, A , used for identification s 
in tables and figures is the longitudinal tensile flexural reinforcement in 

each girder. The yield point in figures and tables other than Table 7.1 is 

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

7.2 Dead Load 

The dead load deflections and strains for the four models tested 

are shown in Figs. 7.1 and 7.2, respectively. Each datum point represents 

the average of the deflection or strain measured in three girders (A, F, 

and M). Measured data do not include the effect of model self-weight, which 

varies slightly for the different skew models. The applied load is the 

ratio 4.5/5.5 multiplied by the total dead load. Total dead load deflections 

and strains are found by extrapolating backward to the zero load axis the 

measured initial linear portions of the deflections and strains. 1~ese 

values are then added to the measured quantities to obtain total dead load 

deflections and strains. 

The deflection measurements in Fig. 7.1 indicate that cracking 

occurred between 80 percent and 100 percent of full dead load for all models. 

Cracking is slight in models SG-l (00 skew), SG-Z (45 0 skew), and SG-4 (26 0 

skew). Model SG-3 (45 0 skew, high strength steel) shows more cracking 

effects than its companion model SG-2, which had intermediate grade steel 

and hence a higher steel area. 

Midspan strain measurements are much more sensitive to behavior at 

the highest stressed section than are deflection measurements. The strain 

readings shown in Fig. 7.2 indicate that models SG-l and SG-3 cracked at a 

slightly lower load level than indicated by deflection data. 

Average total midspan strains and deflections are shown in Fig. 7.3a 

and 7.3b, respectively. Each value is the average of the data for three 

girders. Theoretical strains and deflections computed using the discrete 

element model for SG-l with both the gross and gross-transformed sections 

are also shown. 

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

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

Sustained 
Bridge Skew A f Instantaneous D. Load A 

s y 
in. 2 ksi Span Span 

SG-l 00 0.1920 46.6 1/2690 1/896 

SG-2 45 0 0.2152 44.9 1/2820 1/940 

SG-3 45 0 0.1964 57.3 1/1970 1/656 

SG-4 26 0 0.1782 57.3 1/2540 1/856 

observed deflections include the effect of self-weight by using the previously 

described extrapolation technique. A factor of 3.0 was assumed for computing 

the sustained load deflection-to-span ratios in Table 7.2, in accordance 

with AASHO Specifications ,2 recommendation that the concrete sustained load 

modulus of elasticity be assumed as 1/30 of that of steel. A factor of 3.0 
3 

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

The long-time deflection-to-span ratios agree well with the AASHO 

recommendation of L/800 for the li \Ie load, except for the case of SG-3. 

The sustained load deflections (prototype values) for SG-l, SG-2, SG-3, and 

SG-4 are 0.535 in., 0.560 in., 0.803 in., and 0.585 in., respectively. 

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

7.3 Distribution Factors 

7.3.1 Introduction. The AASHO load distribution factor, k
A

, 

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

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

vJhere 

S 
C 

kA number of wheel loads carried by a girder 

S average girder spacing in feet 

C = constant 

( 1.1) 



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

number of traffic lanes. In the case of a concrete slab on girders designed 

for one traffic lane, the constant is 6.0. The constant is 5.0 for two or 

three traffic lanes. The factor kA is varied according to the number of 

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

The Guyon-Massonnet type longitudinal moment distribution factor, 

kGM , for a girder may be stated as 

where 

M = longitudinal moment in a specific girder 

MA = average longitudinal moment in all girders 

MT = total longitudinal moment on all girders 

NG = number of longirudinal girders 

(7.1) 

The Guyon-Massonnet type factor may be determined from measured 

test results or from an accurate analytical solution. The AASHO factor is 

a design criterion based on an extensive test program of slab and girder 

bridges. 

Sec. 7.3.2. 

The relationship between these two factors is derived in 

7.3.2 Relationship between Distribution Factors. Let Ml be the 

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

AASHO design moment, MD, per girder is 

(7.2) 

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

M (7.3) 

If the moment, M, is referred to as the design moment, M
D

, Eq. 7.3 becomes 

(7.4) 

Equating Eqs. 7.2 and 7.4 

(7.5) 
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The average moment, MA, is 

M = 
A 

(7.6) 

The total moment, M
T

, for the case of NW equal wheel lines may be written as 

Combining Eqs. 7.6 and 7.7, the average moment is 

Substituting Eq. 7.8 into Eq. 7.5, 

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

or, 

C 

S 
C 

Hhere S is the prototype girder spacing in feet. 

(7.7) 

(7.8) 

(7.9) 

(7.10) 

(7.11) 

Comparisons between the test results and the AASHO design factors, 

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

7.3.3 Comparisons among the data may be made on 

the basis of dimensionless data ratios or may use absolute magnitudes of 

data. The deflection distribution factor may be defined for a particular 

loading as the ratio of the deflection of an individual girder to the average 

deflection of all girders. The definition of the longitudinal moment dis

tribution factor is similar. Theoretical curves for the distribution of 

longitudinal moment are constructed by dividing the moment computed or 

measured as acting on a girder by the average moment per obtained by 

determining the total moment acting across the entire section and dividing 

this value by the number of girders. With relatively constant lever arms 

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

to the longitudinal moment distribution. 



7.4 Service Loads 

7.4.1 Influence Lines. Computed influence lines for midspan 

deflection and longitudinal tensile steel strain on girders Band E are 

shown in Figs. 7.4 and 7.5, respectively. These are influence lines for 

one HS-20 rear wheel passing directly over an exterior (B) and an interior 

(E) girder. The agreement of the observed data and the discrete element 

theoretical solution for SG-l is considered good. Data for all models 

agree reasonably well with the theoretical solutions for SG-l based on the 

gross-transformed section. 

Figs. 7.4 and 7.5 indicate that discrete element solution influence 

lines can be used in designing the various girders. However, the experi

mental data were obtained for the lowest level of total stress, i.e., dead 

load plus one AASHO wheel. 
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The influence line for strain for a simply supported constant section 

beam reflects the shape of the moment diagram. Thus the influence line at 

midspan for strain for a simply supported beam is a triangle with the maximum 

ordinate at midspan. When a wheel moves along a slab the wheel deflects 

the slab locally into a depression similar to a saucer-like pattern. The 

local depression moves with the wheel along the slab. A similar slab effect 

occurs on a slab and girder bridge. It is this local effect which causes 

the influence line for strain to be curved. The shape shown in Figs. 7.4a 

and 7.sa is typical for the midspan influence line for strain on a loaded 

girder. The influence line for midspan strain on an unloaded girder (that 

is not loaded directly by the wheel load) is curved similar to the shape of 

a parabola. The sum of the influence lines for midspan strain on each girder 

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

7.4.2 Reciprocal Theorem. Deflection profiles are shown in 

Figs. 7.6, 7.7, 7.8, and 7.9. Deflection profiles for girder B are shown 

in Fig. 7.6 for a load at B-4, and Fig. 7.8 for a load at E-4. Deflection 

profiles for girder E are shown in Fig. 7.7 for a load at E-4, and Fig. 7.9 

for a load at B-4. Experimental data as well as a discrete element solution 

using the gross-transformed section are shown in each figure. 
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Figures 7.8 and 7.9 are important when thought of in terms of 

Maxwell's "Reciprocal Theorem" for elastic structures. This theorem states 

that the deflection at point Y due to a load at point X is equal to the 

deflection at point X due to the same load at point Y. Thus the deflection 

profiles in Figs. 7.8 and 7.9 should be the same. As may be seen in the 

figures, the experimental data are essentially the same. 

These data indicate that the reciprocal theorem is valid for these 

low stress levels of dead load plus one wheel load. 

7.4.3 Wheel Loads. Variations in midspan strain and deflection 

distribution factors for a wheel in various transverse locations on the 

bridge may be seen by comparing Figs. 7.10, 7.11, 7.12, and 7.13. Distribu

tions are shown for placement of wheel loads over girders A, B, C, and E, 

respectively. Experimental datum points are shown for all four bridges 

tested. nvo theoretical curves obtained from the discrete element mathe

matical model are shown. The solid curves were obtained using the gross

transformed section properties. The dashed curves were obtained using gross 

section properties. Only the solid curve is shown when the two solutions 

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

The gross-transformed section theoretical curve predicts the shape 

of the deflection distribution with the wheel at A-4 in Fig. 7.10. The 

theoretical solution underestimates the actual strain distribution directly 

under the point of application of the wheel load. The larger actual strain 

may be due to a small flexural crack passing over or near the strain gage. 

Such a crack would cause stress formerly carried by the uncracked concrete 

to be transferred to the tensile steel. This would result in an increased 

steel strain. Figures 7.10 through 7.13 indicate the same trends as in 

Fig. 7.10. In all cases the gross-transformed section gives a reasonable 

prediction of strain and deflection distribution within experimental error, 

except under the point of load application. 

The experimental strain and deflection distribution factors under 

the load points A, B, C, and E (Figs. 7.10 through 7.13, respectively) are 

compared in Fig. 7.14. The theoretical solution for SG-l is shown for 

reference. 
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There is no apparent pattern evident in Fig. 7.14 showing the effect 

of skew or quantity of longitudinal tensile steel. Since no pattern is 

evident, the maximum measured ,train distribution factor is used for the 

value of kGM in discussing design criteria. The AASHO type load distribu

tion factor, k = SiC (Eq. 1.1), is used for a design criterion. The value 
A 

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

TABLE 7.3 SERVICE LOAD SINGLE WHEEL DESIGN CRITERIA 

Load 
Location 

A-4 
B-4 
C-4 
E-4 

Girder 

A 
B 
C 
E 

kGM 

6.35 
4.03 
3.47 
4.22 

Prototype AASHO 
kA Recommendation 

S/5.66 None 
S/8.93 None 
S/10.38 None 
S/8.54 None 

There are no AASHO service load design recommendations in terms of 

kA = SIC for a single wheel. The service load data in Table 7.3 suggest 

using a factor of S/5.5 in designing the exterior girder and a factor of 

S/9.0 in designing girder B. Girders more than two spaces away from the 

edge could be designed using a factor of S/lO.O. The data for girder E of 

bridge SG-l indicate a more severe ratio of SIC than girder C, but the pre

ponderance of data (as well as the theoretical solution) indicate sic ratios 

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

7.4.4 Single Truck Loads. Midspan strain distribution factors for 

an AASHO HS-20 truck in various transverse positions are shown in Figs. 7.15 

through 7.17. Theoretical deflection distribution curves are also shown, 

although no experimental data are plotted. Deflection measurements were taken 

for girders in the vicinity of the applied load. These data are not suffi

cient for plotting distributions, since data from all girders are required 

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

in Sec. 7.4.7 and Sec. 7.4.8. 

The loadings represented in Figs. 7.15, 7.16, and 7.17 are for trucks 

at the edge (A4-C4), near the edge (B4-D4), and near the middle (E4-G4) of 
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the bridge cross section, respectively. The gross-transformed section 

discrete element solution predicts the shape of the strain distributions 

except for the point midway between the wheels. The accuracy of the pre

dicted strain distributions improves as the truck is moved away from the 

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

The theoretical and experimental strain distribution factors are 

summarized in Fig. 7.18 for the same three loadings shown in Figs. 7.15 

through 7.17. Only the factors for the girders beneath each truck are 

shown in Fig. 7.18. 

There is no apparent pattern of an effect of skew in the distribu

tion factors summarized in Fig. 7.18. Since no pattern is evident, the 

maximum strain distribution factor over each girder will be used in dis

cussing a design criterion. The AASHO load distribution factor, kA = sic 

(Eq. 1.1), is used for a design criterion. The value of C = l8/kGM for use 

in the ratio sic in the prototype is found using Eq. 7.11. 

The current AASHO design recommendation for a single truck load is 

Sic = S/6.0. The factor kA for the data in Fig. 7.18 is given in Table 7.4. 

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

TABLE 7.4 SERVICE LOAD SINGLE AASHO TRUCK DESIGN CRITERIA 

Load kGM Prototype AASHO 
Location Girder kA Recommendation 

A4-C4 A 3.91 S/4.5 Special Case* 
B 3.01 S/5.98 S/6.0 
C 2.28 S/7.9 S/6.0 

B4-D4 B 2.38 S/7.55 S/6.0 
C 2.49 S/7.22 S/6.0 
D 2.00 S/9.00 S/6.0 

E4-G4 E 1.56 S/11.55 S/6.0 
F 2.07 S/8.6 S/6.0 
G 1.83 S/9.85 S/6.0 

*The exterior girder is designed by applying to the girder the 
reaction of the wheel load obtained by assuming the flooring to act as 
a simple beam between girders. The fraction of a wheel load shall not 
be less than S/5.5, where S is 6.0 ft. or less. 
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The data in Table 7.4 indicate that the AASHO design criterion of 

S/6.0 is in excellent agreement with the experimental factor S/S.98 for 

girder B under the A4-C4 loading. The loading over B4-D4 results in a 

ratio of S /C S/7.22 for girder C. The loading E4-G4 results in a ratio 

of S/8.6 for girder F. These factors indicate that, with the exception of 

the two edge girders, the AASHO factor is 20 percent to 43 percent conserva

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

7.4.S Double Truck Loads. Midspan strain and deflection distribu-

tion factors for two HS-20 trucks in various transverse positions on the 

bridge are shown in Figs. 7.19 through 7.21. The theoretical solutions for 

the gross and gross-transformed solutions coincide for all practical pur

poses at the scale used. 

The theoretical solution for the right angle bridge agrees well 

with the experimental data for the right angle bridge. The predicted 

deflection distribution is in better agreement with the test results than 

the strain distributions. The distribution factors for the three loading 

cases in Figs. 7.19 through 7.21 are summarized in Figs. 7.22 and 7.23 for 

strain and deflection, respectively. In each of these two figures only the 

data under the truck with the largest distributions factors from each loading 

are shown. 

The AASHO distribution factor for the double truck loading is S/S.O. 

The value of thp factor C = 9/kGM (Eq. 7.11) is used in determining an 

experimental ratio for Sic. The strain distributions indicate that kGM 1.37 

is appropriate for use with any of the loading combinations shown. The 

resulting Sic ratio is S/6.S6. The AASHO distribution factor is about 30 per

cent conservative for this type of bridge with double HS-20 truck loading. 

The bridges tested in this study were designed for two traffic lanes. 

7.4.6 Triple Truck Loads. Midspan strain and deflection distribu

tions for three HS-20 trucks are shown in Fig. 7.24. Deflections are essen

tially constant across the bridge cross section. Strain distributions 

indicate a factor kGM = 1.21 should be used for design. This is an AASHO 

type factor of SIC = S/4.96. The AASHO specifications use a value of 

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

indicate that the midspan strain and deflection distributions are not 

critically dependent on the angle of skew or steel percentage for the type 

of bridge tested. This cannot be stated conclusively, due to scatter in 

test data. It was felt that the effect of variation in skew would be more 

apparent if actual absolute magnitudes of strains and deflections were com

pared. Three similarly reinforced bridges were selected for comparison. 

Data for the three bridges are shown in Tab Ie 7.5. Mode 1 SG-4 has less 

reinforcement than SG-l and SG-3, but was the only model available with an 

intermediate skew. 

TABLE 7.5 BRIDGE DATA FOR SKEW CCMPARISONS 

Model Span As fy f' 
Bridge Skew 

c 
in. in. 2 ksi psi 

SG-l 0
0 

87.27 0.1920 46.6 3770 
SG-3 45 0 95.64 0.1964 57.3 4320 
SG-4 260 91.09 0.1782 57.3 4750 

Five typical loading cases are shown in Figs. 7.25 through 7.30. 

107 

Data points shown are for measured midspan strains and deflections. Theoreti

cal curves for the 0
0 

skew bridge based on the discrete element solutions 

using both the gross and gross-transformed sections are also shown for 

comparison, 

For these five loading cases the 00 skew bridge deflections are 

closely predicted by the gross-transformed section theoretical curve. Strain 

data are more erratic than deflection data, but generally fall between the 

two theoretical curves. 

Strains on the right angle bridge near the load are always near or 

above the gross section solution while they are nearer the gross-trans£ormed 

solution values away from the load. This indicates the local cracking 

effects near the load which are reflected in the strain measurements. 
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The local cracking does not significantly affect midspan 

deflections. Midspan deflections are affected by the state of cracking 

along the entire length of the span. 

No consistent effect of skew is apparent in Figs. 7.25 through 7.30. 

While considerable scatter is evident it seems largely independent of skew. 

The possibility of a skew effect is investigated further in Fig. 7.31. In 

constructing Fig. 7.31 the average strain and deflection for all five 

loading cases in Figs. 7.25 through 7.30 were found for each bridge. Then, 

using the no-skew bridge as a basis of comparison, the relative average 

strains and deflections for the skew bridges were computed. The data for 

bridge SG-2 were not included in Figs. 7.25 through 7.30 because of the 

large difference in absolute values. However, the averaged results for 

this model are shown in Fig. 7.31. 

Both deflection and strain data indicate no appreciable difference 

among the similarly reinforced bridges. The difference in strains and 

deflections between SG-l (00 skew) and SG-2 (45 0 skew) are significant. 

On the average the deflection for SG-2 (45 0 skew) was 73 percent of the 

00 skew deflections. 

The comparisons among the four bridges cannot be used to arrive at 

a definite conclusion of any skew effect. It is possible that the true 

measure of skew effect may be obscured by different states of cracking 

among the models. 

7.4.8 Effect of Longitudinal Reinforcement Percentage. The effect 

of varying longitudinal reinforcement percentage was investigated by testing 

two 45 0 skew bridges SG-2 and SG-3. SG-2 was reinforced with four No.2 

bars and two SWG No. 11 wire (four No. 11 and two No. 5 bars in the proto

type) of intermediate grade steel. SG-3 was reinforced with No. 2 bars 

(four No. 11 bars in the prototype) of A-432 grade steel. The ratios of 

steel areas should be 1.2, since the general design procedure would call 

for the steel in SG-3 to be reduced by the ratio of the allowable steel 

stresses (24 ksi/20 ksi). The actual ratio used was 1.1, since four No. 11 

bars were assumed in the prototype rather than the more accurate reduced 

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

deformed bars for the main flexural reinforcement. 

Five loading cases are shown in Figs. 7.32 through 7.37. These 

are the same loading cases used in considering the effect of skew. Since 

both strain and deflection should be generally proportional to steel stress 

and since the steel stress is usually thought of as directly related to 

steel area, the strains and deflections in SG-3 might be expected to be 

1.1 times as large as those measured in SG-2. However, as shown in Fig. 7.31, 

the average strain in SG-3 is 1.58 times the average strain in SG-2. This 

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

Referring to Fig. 7.2, the full dead load moment brought SG-3 to a 

marked cracking stage, while SG-2 was barely showing cracking effects. The 

ratio of (DL + LL)/DL is 1.29 for one AASHO truck and 1.57 for two AASHO 

trucks. Since the ratio of steel areas is 1.1, model SG-2 should also dis

play marked cracking effects under these loads but will always be stiffer 

than SG-3. 

The observed deflection data for one AASHO truck in Figs. 7.32 

and 7.33 do not show much difference between SG-2 and SG-3, although SG-3 

(less A ) shows somewhat larger deflections. The data for double trucks 
s 

(Figs. 7.33 and 7.34) indicate a larger difference in deflections. The 

triple truck loading in Fig. 7.37 shows still larger deflections for SG-3. 

The strain data in Figs. 7.32 through 7.37 show the same trend. 

Again, in Fig. 7.31 the average deflection for SG-3 is 1.3 times 

the average for SG-2. This confirms the effect of cracking on the higher 

stressed SG-3. 

o 
Model SG-2 (45 skew) shows a pronounced skew effect in Fig. 7.31 

which reduced strains and deflections when compared to model SG-l (no-skew). 

Model SG-3, which differed from SG-2 only by having 8.5 percent less steel 

area, does not show any significant skew effect at service loads. It was 

suggested in Sec. 7.4.7 that the effect of skew was obscured by different 

states of cracking among the models. The data in this section comparing 

models SG-2 and SG-3 (Figs. 7.32 through 7.37) support this idea, although 

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

measured on the transverse mat reinforcement were small at service loads. 

An indication of the magnitudes of these strains is shown in Fig. 7.38a for 

an AASHO HS-20 truck at B4-D4. The transverse reinforcement size was the 

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

At service loads, regardless of loading, the mat steel strain never 

exceeded a measured value of 30xlO- 6 in./in. This is a stress of 870 psi 

which indicates that the mat steel stress is so small that it is insignifi

cant. This is reasonable if the concrete is uncracked, since the steel is 
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at the midheight or neutral axis (in the transverse direction) at the thinnest 

portion of the slab. 

The transverse midspan moments obtained from the discrete element 

solution are shown in Fig. 7.38b for an AASHO truck at B4-D4. The cracking 

moment for the transverse concrete slab system is also shown in Fig. 7.38b. 

The cracking moment was obtained by multiplying the split cylinder tensile 

strength by the section modulus for each discrete element slab segment. The 

comparison of the discrete element moments and the cracking moments indicates 

that the slab system is uncracked. This indicates that transverse moments 

are not critical in des ign criteria for this particular type of bridge 

and level of load. 

7.5 Moderate Overloads 

The overload truck described in Sec. 3.5.2 is the most severe loading 

allowed on the type of bridge tested and it is allowed only with special 

permits. Only one vehicle at a time is permitted on the bridge. Data are 

presented for a level of 1.0 overload plus impact. This is a load of 350 lb. 

per wheel on the model (10,582 lb./whee1 on the prototype). The wheel lines 

are positioned over girders Band D. 

7.5.1 Deflection and Strain Distribution. Deflection and strain 

distributions are shown in Fig. 7.39. The theoretical and experimental 

results are in about the same agreement as for the AASHO loadings. The 

experimental results do not show any clearly defined effect of skew angle. 
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The strain distributions indicate that the three exterior girders 

may be designed using a load distribution factor sic = S/7.85. This is a 

somewhat more favorable design factor than the S/7.2 obtained for an HS-20 

truck similarly located (Fig. 7.16) and a substantial improvement over the 

AASHO design criterion of S/6.0. 

The theoretical strain distributions for the HS truck (Fig. 7.16) 

and the overload truck (Fig. 7.39) differ markedly in the area of the wheel 

loads. In particular the overload truck does not exhibit the double peaks 

under the wheels indicated for the HS loading. This is apparently due to 

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

7.5.2 Effect of Skew and Steel Percentage. The actual magnitudes 

of deflections and strains are shown in Figs. 7.40 and 7.41, respectively. 

Theoretical curves are shown for the right angle bridge for comparison, 

using the gross-transformed and gross section properties. 

Deflections in Fig. 7.40 are predicted accurately by the discrete 

element solution, using the gross-transformed section in the vicinity of 

the load for the right angle bridge. This same theoretical solution also 
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is a good indicator of the deflection for SG-2 and SG-4. However, the deflec

tions for the 45 0 skew bridge with low steel percentage exceed those of the 

right angle bridge SG-l. These deflections were about the same for the 

AASHO loadings. 

Steel strains in the right angle bridge, SG-l, are of about the same 

magnitude as the theoretical solution using the gross section. This indicates 

increased cracking at midspan when compared to the AASHO HS-20 truck stress 

levels. 

No clearly defined effect of skew may be observed in the strain or 

deflection data. Two changes are evident over the AASHO loadings. Bridges 

SG-l and SG-4 still have about the same magnitudes of strain and deflection. 

However, SG-2 now has strains and deflections that are much closer to SG-l 

than for the AASHO loadings. Deflections are now almost the same (previously 

73 percent) and strains are about 85 perGent of the right angle bridge strains 

compared to a previous average value of about 65 percent. On the other hand, 

the data for the more highly cracked model SG-3, whichwere about the same as 

for SG-l, are now about 30 percent greater in the area of the load. 
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The two 45 0 skew bridges with different amounts of longitudinal 

reinforcement behave about the same as under the AASHO loadings. No sig

nificant differences are readily apparent. 

7.5.3 Transverse Strains. Measured transverse strains were small 

with the overload truck in the position shown in Fig. 7.42. The maximum 

strain observed was on model SG-4 on crown BC. The observed strain was 

45xlO-
6 

in./in. or a stress of 1300 psi. This indicates that the transverse 

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

7.6 Ultimate Load Behavior 

7.6.1 Introduction. The closely spaced multiple axle overload 

vehicle was used in the ultimate load tests for bridges SG-l, SG-2, and SG-3. 

The use of this loading in the ultimate tests was recommended by the Texas 

Highway Department, since it is the most severe loading allowed on this 

type bridge, even though a special permit is required. 

The primary ultimate load position selected for SG-l, SG-2, and SG-3 

was with axle 3 at B4-D4. Service load data indicate that an edge loading 

is the most severe transverse truck position. Clearance requirements from 

the face of the rail would make it very difficult to position the vehicle 

over A4-C4. A truck position over AB4-CD4 is just possible, but it was felt 

that the driver of such a heavv vehicle would drive nearer the center of the 

bridge. The position B4-D4 was a compromise between the most severe edge 

loading and the feeling that the truck driver would tend to stay away from 

the edge. 

Load placement for secondary tests on SG-2 and SG-3 was selected 

based on an evaluation of the remaining structure following the failures 

during the primary ultimate load tests. 

The ultimate loading selected for SG-4 was two H-20 trucks, the design 

vehicle for that bridge. It was felt that no significant additional informa

tion would be obtained by using the overload vehicle on this last model tested. 

The load positions selected were based on trucks traveling in two lanes. The 

intent was to obtain data on whether or not all girders could be yielded with 

more than one truck on the bridge. 



7.6.2 Factor of Safety. The overall factor of safety, FS, for 

each of the bridges is computed from 

UL 
FS = DL + (LL + I) (7.12) 

where 

UL ultimate load DL + X(LL + 1) 

DL dead load 

X number of (LL + I) units 

LL live load 

I impact load = 0.30 LL 

In view of the generally low LL/DL ratios used and the relative 

certainty of dead load calculations, the live load plus impact factor of 

safety, X, should be of substantial interest as the primary measure of 

overload capacity. 

7.6.3 
o Medel g;-l, 0 Skew. Model SG-l was tested to failure using the 

wheel pattern of the overload truck. Axle 3 of the test vehicle was placed 

at midspan with the wheel lines over girders Band D as indicated in the 
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top of Fig. 7.43. Wheel loads were increased monotonical~ until failure 

occurred. The load increments were multiples of 350 pounds per wheel, repre-
i'\ 

senting 1.0 overload truck plus impact of 30 percent, 1.0(OL + I). Readings 

were taken of all strain gages and both midspan and support dial gages after 

each load increment. In addition, dial gages located at the quarter points 

were read every other load increment. 

Midspan live load deflections are shown in Fig. 7.43 at intervals 

of 1.0(OL + 1)(350 lb./wheel) until failure. Data taken between these 

intervals are not shown. Girder deflection data are shown with a solid 

circle before yield of the longitudinal tensile steel. 

Midspan strains observed during the test are shown in Fig. 7.44. 

The strains at zero live load are dead load strains immediately before 

starting the ultimate load cycle. 

* OL + I = overload truck plus impact. 
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The allowable steel stress in this model was 20.0 ksi. At a load 

of 2.0(OL + I) the total stress (including that due to dead load) in girder B 

at midspan was 19.6 ksi. At 2.3(OL + I) the steel stress in girders A, B, 

and C had exceeded the allowable steel stress. The steel in girder D 

exceeded the design stress at 2.7(OL + I). Only the steel in these four 

girders yielded at ultimate load. 

The dead load strain on gage E was subject to significant drift 

during the course of the test. This gage indicated a compressive strain at 

the start of the ultimate loading and probably should be discarded. The 

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

Deflections increased rapidly when the steel yielded in girders A. 

B, C and D. The deflection increase may be observed in Fig. 7.43 by com

paring data taken at 4.38(OL + I) with data taken at 4.25(OL + I), the pre

ceding load level. Strain gage readings do not clearly indicate yield of 

steel, although it was determined that yield had occurred by observation of 

crack widths. A massive longitudinal break through the slab, progressing 

from quarter-point to quarter-point, occurred between girders D and E at 

4.38(OL + I). This crack is shown in Fig. 7.45. The formation of this 

crack prevented the further transfer of any significant load to other girders. 

Close examination of this longitudinal break indicates that it is predomi

nantly due to shear-diagonal tension rather than torsion or transverse 

bending. The formation of this crack or break occurs as a secondary failure 

in the general mode of failure. 

The formation of the slab break between girders D and E caused a 

sudden drop in applied load. In order to obtain meaningful deflection data 

the load was allowed to drop slightly rather than maintaining load. This is 

probably the reason the strain in girders A through D do not show clear yield

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

An investigation of strain data in the girder steel indicated that 

gage E registered unusually low strains, even when considering a shift in 

dead load strain. If the curve for gage E is moved to have the same starting 

point as gage F, then the strains are about the same as for gage F. It is 

felt that the true strain should lie between girders D and F. If E is 
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Fig. 7.45. Longitudinal Crack between 
Girders D and E, Model SG-l. 



assumed midway between D and F, then the tensile steel in girder E reached 

70 to 80 percent of the yield strain. This is thought to be closer to the 

actual case. 

The complete crack patterns for the top and bottom of the bridge 

are shown in Fig. 7.46. The ten small rectangles are the load connections 

near midspan of the highly loaded girders rather than being more uniformly 

spaced over the girder length. This is considered to be the result of 

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

The measured total factor of safety against failure at 4.38(OL + I) 

is 2.25 for this bridge and loading. 

7.6.4 Model SG-2, 450 Skew. Model SG-2 was tested to failure under 

two loading conditions, both using the wheel pattern of the overload truck. 

In the first test Axle 3 was placed at midspan over girders Band D for a 

flexural test. The second test was conducted with the truck placed near 

the support for a shear test with the wheels over girder J and L on the 

relatively undamaged side. In both tests wheel loads were increased 

monotonically until failure occurred. The load increments were multiples 

of 350 lb./wheel representing 1.0(OL + I). After each increment of load 
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was added, readings were taken of all strain gages and both midspan and 

support dial gages. Dial gages located at the quarter-points were read every 

other load increment. 

Midspan deflections for live load are shown in Fig. 7.47 for the 

first ultimate load test. Deflections plotted with an open circle indicate 

that the steel in that location has yielded. 

Midspan strains observed during the test are shown in Fig. 7.48. 

The strains at zero live load are dead load strains immediately before 

starting the ultimate load cycle. The allowable steel stress in this model 

was 20.0 ksi. This stress was exceeded in girders Band C at a load of 

2.0(OL + I). At a load of 2.5(OL + I) the design stress was exceeded in 

girders A, B, C, and D. Girder E exceeded the design stress at 3.0(OL + I). 

The steel in girders A, B, C, and D yielded at failure, while the steel in 

girder E reached 93.5 percent of yield. 
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The first yield of steel occurred at a load level of 4.75(OL + I) 

in girder C. Referring to the crack pattern in Fig. 7.49, the cracks in 

the bottom of the crown between A and Band Band C were formed at the same 

time. The cracks from A to F were formed by the first ultimate test, while 

the cracks from G to H were formed by the second ultimate test. The crack 

between F and G was a combination of both tests. 
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As indicated in Fig. 7.47, the yielding in this bridge was more 

gradual than the yielding in model SG-l. Numerous cracks began to form in 

the top of the slab at 5.25(OL + I). Instrumentation indicated that failure 

was close, so a second set of readings was taken. Both sets of data are 

shown in Fig. 7.47. 

A massive longitudinal break formed in the slab between girders D 

and E at 5.25(OL + I) preventing further transfer of load to other girders. 

This was similar to the break in model SG-l. Girders A, B, C, and D yielded 

at failure. A fifth girder E was at 93.5 percent of yield. The factor of 

safety against failure was 2.42. 

The complete crack pattern is shown in • 7.49. 

The second ultimate test was intended to represent maximum shear 

loading and was conducted with the wheels of the overload truck located as 

shown in Fig. 7.49 with the wheels as close to the support as possible 

while still having all wheels on the bridge. The maximum moment due to live 

load occurs under the fourth axle from grid line zero. General yielding 

between grid lines three and four was indicated by flexural cracking. Midspan 

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

The failure was a flexural type with the steel yielding in girders 

H through M. The sequence of yielding is not known, since the strain gages 

at midspan were not at the position of maximum moment. They were the nearest 

gages to the points of maximum moment. An ultimate load of 6.25(OL + I) was 

reached in this test. This load was not maintained long enough for deflection 

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

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

design problem. Except for being closer to the support, this test was 
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Top View Bottom View 

Fig. 7.49. SG-2 Crack Pattern. 
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similar to the ultimate load test with the truck placed over girders Band D. 

Based on the results of this test, it was concluded that if punching did not 

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

7.6.5 Model SG-3, 45 0 Skew. Model SG-3 was tested to failure under 

two loading conditions, both using the overload truck wheel pattern. Axle 3 

was placed at midspan with the location varying transversely. Load incre

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

Midspan deflections for live load are shown in Fig. 7.52 for the 

first ultimate load test with wheel lines directly over the centerlines of 

Band D. Strains are shown in Fig. 7.53. 

The allowable stress in this model was 24.0 ksi. This stress was 

exceeded in girders A B, C, and E at a load level of 1.5(OL + I). The 

companion bridge SG-2 with more steel (allowable f 
s 

20 ksi) did not exceed 

the allowable stress until 2.0(OL + I) under identical loading. This is 

probably due to the advanced state of cracking in model SG-3 as observed, 
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even at service loads, by larger strains and deflections in SG-3. Under 

1.0(OL + I) the observed strains for SG-3 were about 1.3 times those for SG-2. 

The load level 2.0(OL + 1)/1.3 is 1.54(OL + I). This is felt to account for 

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

The steel in girders A, B, C, D and E yielded at ultimate load. 

The steel in girders F, G, and H exceeded the design stress but did not 

yield at ultimate load. 

First yield of steel occurred at a load level of 4.25(OL + I) in 

girder C. The steel in girder C also yielded first in model SG-2. Referring 

to the final crack patterns in Fig. 7.54, the crack in the top of the slab 

between E and F also formed at 4.5(OL + I). The cracks from A to F were 

formed by the first ultimate load test, while the cracks from G to M were 

formed by the second ultimate test. The crack between F and G was a combina

tion of both tests. A crack was noticed in the bottom of the crown between 

A and B at 5.0(OL + I). The steel in girders A through E yielded at 5.5(OL + I). 

As the load was increased to 6.0(OL + I) deflections increased rapidly with 

the remaining cracks in Fig. 7.54 forming at that time. The last crack to 

form was the typical diagonal crack observed in previous tests to the right 
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of the line of wheels over girder D. At this point the load could not be 

maintained so the test was discontinued. 

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

The second ultimate load test was performed by locating the wheel 

lines of the overload truck pattern over crowns HJ and KL as shown in the 

top of Fig. 7.55. Dial gages were read only for girders G through M. Other 

data were recorded as described previously. Observed deflections are shown 

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

For this loading the design stress was exceeded in girders Hand K 

at a load of 1.5(OL + I). At a load of 2.0(OL + I) the design stress was 

exceeded in girders H, J, K, L, and M. First yield of flexural steel 

occurred in girders J and K at a load of 4.5(OL + I). At ultimate load the 

steel had yielded in girders H through M. The crack in the top of the slab 

(Fig. 7.54) between G and H occurred at a load of 5.0(OL + I), as did the 

crack in the bottom of the slab between K and L. The remaining cracks 
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formed at failure. At a load of 5.5(OL + I) girders H through M had yielded. 

At a load of 6.0(OL + I) girders H through L failed in shear. The shearing 

crack shows through the deck in Fig. 7.54 as the crack near the quarter

point and extends around the wheels continuing down the crown 1M. The 

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

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

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

the bridge as shown at the top of Fig. 7.57, with Axle 2 at midspan. Actual 

wheel locations are shown in Fig. 7.60. Wheel loads were increased monotoni

cally in the proportions for an H20 truck until failure occurred. Load 

increments were in multiples of 689 lbs./wheel of Axle 2, representing the 

load on one rear wheel of each H20 truck plus 30 percent impact. This is 

abbreviated as 1.0(H20 +1). Strain gages and both midspan and support dial 

gages were read after each load increment. In addition, dial gages located 

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

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

to a smaller scale. Data for deflections in a girder are shown with a solid 
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circle before yield of flexural steel and with an open circle after yield. 

Strain data for girders A through F are shown in Fig. 7.59a and in 

Fig. 7.59b for girders G through M. 

The allowable stress in this model was 20.0 ksi. At a load of 

2.0(H20 + 1)* the steel in girder K slightly exceeded this value. At a 

load of 3.0(H20 + I) the steel in girders C, E through K, and M exceeded 

the design stress. 

Before discussing yield of steel and ultimate load data, attention 

should be called to the type of steel used in this bridge. The design 

criteria called for two No. 11 and two No. 10 bars of intermediate grade 

steel in the prototype. This amounts to two No.2 bars and two SWG No.4 

wire in the model. No.2 deformed bars with a yield point of 57.3 ksi were 

substituted for the intermediate grade steel which was only available in 

smooth bars. It was considered desirable to use deformed bars where pos

sible. Smooth SWG No.4 wire with a yield of 35.8 ksi was used for the 

second layer of steel. These changes affect the ultimate flexural strength 

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

The instrumented No.2 bars indicated yield in girders E, H, and K 

at a load of 5.75(H20 + I). The steel in girders C, E, H, J, and K had 

yielded at 6.00(H20 + I). Yielding then progressed until the steel in all 

girders yielded by 7.75(H20 + I). First yield for intermediate grade steel 

(f assumed at 40 ksi) would have occurred at 5.0(H20 + I) in girders 
y 

C, H, J and K. 

Load continued to increase over the yield load to a maximum of 

9.50(H20 + I). Deflections were large, as may be observed in Fig. 7.6la. 

The rear wheel position H-4 punched through the structure around the loading 

pad at 9.5(H20 + I) (Fig. 7.6lb). The model wheel load was 6546 lb., repre

senting 198,000 lb. on the prototype. The wheel was located directly over a 

girder. Cracking had penetrated well into the slab at this point, leaving 

only a thin slab depth to carry the load. 

* This is the load per truck. 
, 
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Fig. 7.60. SG-4 Crack Pattern. 
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The ultimate flexural capacity, neglecting strain hardening, should 

be taken as 7.75(H20 + I), due to the large deflection increase in going 

from 7.50 to 7.75(H20 + I) (Figs. 7.57 and 7.58). 

The total factor of safety for 7.75(H20 + I) is 3.50. The total 

factor of safety for 9.50(H20 + I) is 5.16. These large safety factors 

are due to the steel in the central girders having entered strain hardening 

when the first girders yielded. 

7.6.7 Deterioration of Deflection and Strain Distribution. The 

experimental distribution of strain and deflection as shown in Fig. 7.39 

remained reasonably constant for each bridge until the design stress was 

exceeded in one or more girders. At this point the ability of the bridge 

section to transfer load to unloaded girders was altered. This alteration 

resulted in the most heavily loaded girders carrying a larger percentage 

of the total load than previously. Thus, the ability of the bridge to 

transfer load deteriorated. Table 7.6 has been prepared to show that the 

deterioration of strain and deflection distribution occurred at the same 

load level which caused the steel to exceed its design stress. These load 

levels were larger than the usual design service loads and moderate over

loads. This observation further justifies the use of AASHO-type factors in 

the form of SIC for service loads and moderate overloads. 

TABLE 7.6 DISTRIBUTION DETERIORATION 

A f 
Design 

Exceeded Deterioration 
Bridge Skew s y Stress 

Design of Strain and 
2 Deflection in. ksi Ksi Stress Distribution 

SG-1 00 0.1920 46.6 20.0 2.0(OL+I) 2.0(OL+I) 
SG-2 45 0 0.2152 44.9 20.0 2.0(OL+I) 2.0(OL+I) 
SG-3 450 0.1964 57.3 24.0 1. 5 (01+1) 1. 5 (OL+I) 
SG-4 260 0.1782 57.3 20.0 2.0(H20+I) 2.0 (H20+I) 

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

at ultimate load levels. Observed data were of the same order of magnitude 

for the same loads in the skew and no-skew bridges. The 45 0 skew bridges 

did appear somewhat more ductile than the no-skew bridge. This ductility 
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was exhibited in the form of gradual yielding of girders and plentiful 

warning of the formation of a failure mode. The formation of a failure 

mode in the case of the no-skew bridge was rapid and occurred shortly after 

the yield of flexural reinforcement. 

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

deflections for the two 45 0 skew bridges varied, due to different steel 

percentages. The difference was smaller than at service loads. For 

instance, at a load level of 5.0(OL + I) the deflection of girder B for 

SG-3 was 1.1 times the deflection for SG-2. (The ratio of longitudinal 

steel areas was also 1.1.) This indicates that near ultimate the two 

bridges were cracked about equally. 

7.6.10 Transverse Strains. Transverse strains were small until 

the bridges were very close to ultimate load. Table 7.7 has been prepared 

to illustrate this. As shown in Table 7.7, the transverse strains do not 

exceed their service load design level until at least 80 percent of the 

ultimate load. However, there is no assurance that the increase in trans

verse stresses is linear through the ultimate load. These do justify the 

conclusiol, that transverse moments are not ciritical for service loads. It 

is thought that the transverse moments do not playa critical part in the 

failure mode. This is felt to be substantiated by the majority of the data 

in Table 7.7, although the data for SG-4 indicate that transverse moments 

might be important at ultimate. 

TABLE 7.7 TRANSVERSE STRESSES 

Bridge Exceeds Design Stress Exceeds Yield Stress 

SG-l At ultimate load No 
SG-2 At 95% of ultimate load No 
SG-3 At 80% of ultimate load No 
SG-4 At 80% of ultimate load At 90% of ultimate load 

7.7 Ultimate Load Calculations 

7.7.1 Introduction. Ultimate load calculations based on elastic 

distribution factors may be of little value, due to redistribution of loads 



and moments. It is important to be able to assess the ultimate load 

capacity of a bridge in order to determine the actual factor of safety of 

the structure under specific loadings. 

40 
Rowe suggests dividing a slab and girder type of bridge into a 
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grillage of T-beams interconnected by diaphragms. The ultimate load capacity 
33 

of the grillage may then be computed using a method described by Reynolds, 

who has reported a procedure for calculating the ultimate strength of 

grillages. He uses a procedure similar to the limit analysis of frames. 

That is, the grillage capacity is computed for various collapse mechanisms 

consisting of torsion and moment hinges. In this manner he arrives at a 

collapse mechanism. 

Because of the predominance of longitudinal flexural action the 

procedure suggested by Rowe did not seem applicable to the type of bridge 

tested. Instead, an ultimate load procedure based on observed failure 

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

7.7.2 Basis for Hypothesis. A general failure mechanism was 

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

procedure. These observations are outlined below: 

(a) Longitudinal Flexure - The primary mode of failure was by 

yielding of tensile steel in certain longitudinal girders. Based on 

detailed observations of the bridges tested in this study, a distribution 

zone boundary inclined 300 from the horizontal is proposed, as shown in 

Fig. 7.62a. The main longitudinal tension steel will yield or be very close 

to yield in all girders in which the tensile steel layers are enclosed 

within such a 30
0 

cone. This is referred to as the yield zone. The load 

causing yielding of the girders within the yield zone is referred to as the 

yield load Py • The ultimate load, PU' is the sum of the yield load, Py ' 

plus the load, PT, which is transferred to girders outside the yield zone. 

Tests on SG-l, SG-2, and SG-3 indicate that the amount of transferred load 

is limited by the slab shear capacity in the transverse direction, unless 

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

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

the edge of the wheel rather than flexure is the observed mode of transverse 
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failure. Consider the system in Fig. 7.62b. In this figure three thick 

slab sections are connected by thin slab sections. The center thick section 

is loaded. Consider the thick portions to be replaced by stiff springs and 

the thin sections to be replaced by flexible springs. The thin sections 

cannot significantly aid in carrying load, since the loaded thick section 

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

applied load. Once the loaded section reaches its yield load at a load Py ' 

any additional load must be carried elsewhere unless a collapse mechanism 

is formed. In this case the weak springs must absorb the increased load 

while assisting in load transfer. Any increased load, PT, must be trans

ferred across the weak springs. 

In this analogy the stiff springs represent the girders and the 

weak springs represent the crowns. 

Test results indicate that a crown length approximately equal to 

the load length plus twice the total girder depth is effective in trans

ferring the increased load P
T 

outside the yield zone. The failure zone and 

shear transfer length is illustrated in Fig. 7.63. The minimum crown 

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

(c) Transverse Moment - Test results indicate that for these sections 

transverse bending moment is not critical in transferring load outside the 

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

(d) Punching - Test results indicated that punching of a single 

wheel is not a design problem, hence it will be neglected in this ultimate 

load procedure. 

7.7.3 Proposed Calculation Procedure. The proposed calculation pro

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

the AASHO Specification
2 

does not apply, since it refers only to service 

loads. The ACI Code
3 

contains specific ultimate load recommendations. There

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

The ACI Code contains recommendations for basic strength equations. 

The basic strengths are then reduced by ~ factors which are intended to 

account for material variations and uncertainty about the basic strength 
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equations. A 0 factor of 0.9 is presently used for flexure and 0.85 is 

presently used for shear in the ACI Code. The proposed calculation proce

dure makes use of flexure and shear equations in the failure model. The 

o factors are taken as unity, since the material properties are known. In 

design the 0 factors should be used along with appropriate load factors. 

The determination of both 0 factors and load factors that should be used 

are beyond the scope of this study. 

The Bureau of Public Roads 46 has recommended load factors of 1.35 

and 2.25 for dead live and live load, respectively. The ultimate live load 

factors from these tests are compared with the Bureau of Public Roads 

recommendations in Sec. 7.7.6. 

The proposed calculation procedure is outlined below: 

(a) Divide the structure investigated into a right angle grillage 

consisting of an appropriate number of longitudinal girders (twelve for 

the bridges of this investigation). 

(b) Estimate the number of girders within the yield zone with a 

boundary defined by lines inclined 300 with the horizontal from the loaded 

area. 
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(c) Compute the service live load, P
S

' and service live load moment, 

MSLL • 

(d) Compute the live load capacity per girder, MyLL . 

(e) Compute the live load yield capacity of the yield zone, Py . 

(f) Compute the transferred load, PT· 

(g) Compute the yield load, PR' of the girders outside the yield 

zone in (b). 

(h) Check to see if the transferred load, P
T

' is greater than the 

load capacity, PR' of the remaining girders. 

(i) If PR< PT, then the ultimate capacity is simply the product of 

the number of girders times the live load yield moment. 

(j) If PR > PT, the ultimate load Pu is the sum of Py and PT. The 

ultimate live load moment is the product of the ratio PUlPS times the live 

load yield moment. 

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

compute Service Live Load, PS ' and Service Live Load 
Moment, MSLL 

Compute Live Load Moment Capacity per Girder, MYLL 

Compute Live Load Yield Load, Py 

P Y =( P S ) ( N MyLL) 
M~J.l 

Compute Transferred Load, P
T 

PT '" vub.fc 

Compute PR of Remaining Girders 

Is PT Large Enough to Yield Girders Outside Yield Zone? 

~ No 

Compute Ultimate Load, Pu Pu = Py + PT 

Compute Ult·imate Live Load 
Moment, ~L 

MuLL -r:~bLL) 

1 Yes 

Compute Ultimate Live 
Load Moment, MuLL 

MuLL = (MYLL) 
(No. of Girders) 

Fig. 7.64. Proposed Calculation Procedure. 



7.7.4 Application to this Study. Six ultimate load cases are 

available for comparing with the failure hypothesis. The quantities needed 

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

Truck positions are shown in Fig. 7.65 for estimating the girders 

lying within the yield zone. Shear transfer lengths for the overload truck 

and the H20 truck are computed in Fig. 7.66. 

The six ultimate load cases calculated are: 

(a) Model SG-l 0 (0 Skew) 

(b) Model SG-2 (450 Skew), Ultimate No. 1 

(c) Model SG-2 (450 Skew) , Ultimate No. 2 

(d) Model SG-3 (45 0 Skew) • Ultimate No. 1 

(e) Model SG-3 (450 Skew). Ultimate No. 2 

(f) Model SG-4 (26 0 Skew) 

(a) Model SG-l (0 0 Skew) 

Load 

Overload Truck Wheel Configuration, Axle 3 at B4-D4 

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

Service Live Load, Ps 
The service live load is 1.0 (OL + I). 

Ps = (10 wheels) (350 lb./wheel) 

Ps = 3500 lb. 

Service Live Load Moment. MSLL 

MSLL = 4.84 kip-ft. 

(Table 7.8b) 

(Table 7.8b) 
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TABLE 7.8 QUANTITIES FOR ULTIMATE LOAD CALCULATIONS 

(a) Bridge ProEerties 

Yield f' 2R 
Bridge Moment c c 

kiE-ft. psi psi 
girder 

SG-l 3.90 3770 123 
SG-2 4.11 4040 127 
SG-3 4.87 4320 132 
SG-4 3.78 4750 138 

(b) Load Data 

Maximum Dead Load 
Live Load Load per Moment at 
Moment for Wheel for Point of 
One Live One Live Maximum 
Load Unit Load Unit Moment 

Service 
Bridge Live Load Load kip- ft. lb./rear kiE-ft. Ultimate 

Unit Location wheel girder Load No. 

SG-l 1 OL + I B4-D4 4.84 350 0.69 1 
SG-2 1 OL + I B4-D4 5.45 350 0.89 1 

1 OL + I J-L 4.67>'< 350 0.86** 2 
near support 

SG-3 1 OL + I B4-D4 5.45 350 0.89 1 
1 OL + I HJ4-KL4 5.45 350 0.86 2 

SG-4 2 (H20 + 1) C4-E4 5.65 689 0.80 1 
H4-K4 

*At fourth axle from support. 
*''<At fourth axle. 



Yielded Girders Are Shaded. 

(a) Truck at B4-D4. 

(b) Truck at HJ4-KL4. 

(c) Truck at C4-E4 and H4-K4. 

Fig. 7.65. Estimating Girders with Steel Yielding at 
Ultimate. 
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6.00" 8.72" 8.72" 8. 72" 

Slab Load Len th = 36.7011 Slab 

Depth 
Shear Transfer Length = 48.70" 

Depth 

(a) Overload Truck. 

30.56 11 

0.45 11 

I 6. 00" 

Slab Load Length = 31. 92" Slab 

Depth Depth 
Shear Transfer Len th = 43.9211 

(b) H20 Truck. 

Fig. 7.66. Shear Transfer Lengths. 



Live Load Moment Capacity, MyLL 

Yield Moments, My (Table 7.8a) 

Dead Load Moment, ~L (Table 7.8b) 

MyLL 

Yield Load, Py 

a 3.90 kip-ft./girder 

= 0.69 
= 3.21 kip-ft./girder 

Py • (ps)C ~~~) _ 3500 x 5 x 3.21 
4.84 

Py - 11,600 lb. 

Transferred Load, PT 

P = v b t T usc 

v = 123 psi 
u 

b = 48.70 in. 
s 

tc = 0.82 in. 

PT = 123 x 48.70 x 0.82 

PT = 4910 lb. 

(Table 7.8a) 

(Fig. 7. 66a) 

Capacity of Girders ~Jtside Yield Zone, PR 

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

= 22.5 kip-ft. 

PR = 3500 x !~8g 

= 16,250 lb. > PT - 4910 lb. 

Ultimate Load, Pu 
Pu = Py + PT = 11,600 + 4910 

Pu = 16,510 lb. 

Ultimate Live Load Moment, MyLL 

~L • G:) (MSLL) • (l~:~~~) (4.84) 

MuLL = 22.8 kip-ft. 
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Calculated Factor of Safety, FS 
c 

FS = c 

FS "" 2.37 
c 

= 12(0.69) + 22.8 
12(0.69) + 4.84 

Measured Factor of Safety, FS 
m 

Maximum Measured Load"" 4.38(QL + I) 

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

FS = 
m 

FS .. 
m 

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

2.25 

Ratio FS /FS 
m c 

FS 
m 

FS 
c 

2.25 
2.37 

= 0.95 

Ratio of Calculated and Measured Live Load Capacity 

Measured MULL 21.20 
= = 0.93 

Calculated ~L 22.80 

The difference between calculated and measured live loads is not 

considered serious in view of the overall factor of safety of the bridge 

under this particular loading. This is the only ultimate load case for 

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

(b) Model SG-2 (450 Skew), Ultimate No.1 

Load 

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



Yield Zone 

The yield zone consists of girders A, B, C, D, and E 
(Fig. 7. 65a) 

Service Load, Ps 
The service live load is 1.0 (OL + I) 

Ps = (10 wheels) (350 lb./wheel) 

Ps = 3500 lb. 

Service Live Load Moment, MSLL 

MSLL = 5.45 kip-ft. 

Live Load Moment Capacity, MyLL 

(Table 7.8b) 

(Table 7.8b) 

Yield Moment, My (Table 7.8a) z 4.11 kip-ft./girder 

Dead Load Moment, ~L (Table 7.8b) = ..;.,0,.;;...8.;;.,9"---_____ _ 

~LL = 3.22 kip-ft./girder 

Yield Load, Py 

p Y - (p sJ(N ~~~J = 3500 x 
5 x 3.22 
5.45 

= 10,350 lb. 

Transferred Load, PT 

= 

PT = 

v b t usc 

v = u 
b = 

s 
t = 
c 

127 psi 

48.70 in. 

0.82 in. 

127 x 48.70 x 0.82 

PT = 5,070 lb. 

(Table 7.8a) 

(Fig. 7.66a) 

Capacity of Girders Outside Yield Zone, PR 

Live Load Moment Capacity = (12-5)(3.22 kip~ft./girder) 
= 22.6 kip-ft. 

3 00 22.6 
PR = 5 x 5.45 

PR = 14,500 lb. > PT = 5070 lb. 

173 



174 

Ultimate Load, Pu 

Pu = P + P ; 10,350 + 5,070 Y T 

Pu ; 15,420 lb. 

Ultimate Live Load Moment, MULL 

~LL 
; 24.0 kip-ft. 

Calculated Factor of Safety, FS 
c 

FS 
c MDL + MSLL 

FS = 2.15 
c 

12(0.89) + 24.0 
12(0.89) + 5.42 

Measured Factor of Safety, FS 
m 

Maximum Measured Load = 5.25 (OL + 1) 

Maximum Live Load Moment = 5.25 x 5.45 kip-ft./OL + 1 
= 29.6 kip-ft. 

FS m 
12(0.89) + 29.6 
12(0.89) + 5.45 

FS = 2.42 
m 

Ratio FS /FS m c 

FS 
m 

FS c 
= 2.42 

2.15 1.13 

Ratio of Calculated and Measured Live Load Capacity 

Measured MULL 

Calculated ~L 
= 29.6 = 1.23 

24.0 

The agreement between the measured and calculated safety factors 

is quite good. 



a (c) Model SG-2(45 Skew), Ultimate No.2 

This test was carried out on a relatively undamaged portion 

of the structure remaining after the first ultimate load test. 

Load 

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

Yield Zone 

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

Service Load, Ps 
The service live load is 1.0 (OL + I) 

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

Service Load Moment, MSLL 

MSLL = 4.67 kip-ft. (Table 7.8b) 

Live Load Moment Capacity, MyLL 

Yield Moment, My (Table 7.8a) = 4.11 kip-ft./girder 

Dead Load Moment, ~L (Table 7.8b) = 0.86 

MyLL = 3.25 kip-ft./girder 

Yield Load, Py 

= Cps) tM~~") · 
= 12,200 lb. 

Transferred Load, PT 

= 5,070 lb. (From SG-2 Ultimate Load No.1) 
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Capacity of Girders Outside Yield Zone, PR 

Live Load Moment Capacity ~ (12-5)(3.25 kip-ft./girder) 
22.80 kip-ft. 

P
R 

= 3500 x 22.80 
5.45 

= 

P = R 14 , 600 lb. > P T :; 5070 lb. 

Ultimate Load, Pu 

Pu == PY+PT = 12~200+ 5,070 

Pu = 17,270 lb. 

Ultimate Live Load Moment, MuLL 

MULL = 23.0 kip-ft. 

Calculated Factor of Safety, FS 
c 

FS 
c 

:; = 
12(0.86) + 23.0 
12(0.86) + 4.67 

FS = 2.22 
c 

Measured Factor of Safety, FS 
m 

Maximum Measured Load 

Maximum Live Load Moment 

FS == 
m 

12(0.86) + 29.2 
12(0.86) + 4.67 

FS :; 2.63 
m 

Ratio FS /FS 
m c 

FS /FS m c 
= 2.63/2.22:; 1.19 

= 6.25 (OL + I) 

= 6.25 x 4.67 kip-ft. 
= 29.2 kip-ft. 

Ratio of Calculated and Measured Live Load Capacity 

Measured MuLL 

Calculated MULL 
29.2 = = 23.0 1.27 



The calculated and measured capacities do not agree as well as in 

the case of ultimate load No.1 (ratio of 1.13). This is believed to be 

due to the possibility of some steel entering strain hardening. This is 

not known, however, since strain gages were not actually located at the 

point of flexural failure. 

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

Load 

Overload Truck Wheel Configuration, Axle 3 at B4-D4 

Yield Zone 
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Th,e yield zone consists of girders A, B, C, D, and E (Fig. 7.65a) 

Service Load, Ps 
The service live load is 1.0 (OL + I) 

Ps = (10 wheels) (350 lb./wheel) 

Ps = 3500 lbs. 

Service Live Load Moment, MSLL 

MSLL = 5.45 kip-ft. 

Live Load Moment Capacity, MyLL 

Yield Moment, My (Table 7.8a) 

Dead Load Moment, MDL (Table 7.8b) 

MyLL 

Yield Load, Py 

Py = (Ps) ~M~~~ 
= 3500 x 5 x 3.98 

5.45 

12,800 lb. 

(Table 7.8b) 

(Table 7.8b) 

= 4.87 kip-ft./girder 

= 0.89 
= 3.98 kip-ft./girder 
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Transferred Load, P
T 

P = v b t 
T usc 

v = 132 psi u 
b = 48.70 in. s 
t = 0.82 in. c 

P
T 

= 132 x 48.70 x 0.82 

PT = 5,270 lb. 

(Table 7.8a) 

(Fig. 7.66a) 

Capacity of Girders Outside Yield Zone, P
R 

Live Load Moment Capacity = (12.5)(3.98 kip-ft./girder) 

= 27.8 kip-ft. 

PR = 3500 x ;~4~ 

PR = 17,850 lb. > PT = 5,270 lb. 

Ultimate Load, Pu 
Pu = Py + PT = 12,800 + 5,270 

Pu = 18,070 lb. 

Ultimate Live Load Moment, ~LL 

~_ -(Pu) (M ) = (18.070) (5.45) 
- ULL - P S S LL 3 ) 500 

MULL = 28.1 kip-ft. 

Calculated Factor of Safety, FS 
c 

FS c 

FS = 2.40 
c 

= 12(0.89) + 28.1 
12(0.89) + 5.45 



Measured Factor of Safety, FS 
m 

Maximum Measured Load 

Maximum Live Load Moment 

FS 
m 

FS 
m 

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

= 2.69 

Ratio FS /FS 
m c 

.. 6.0 (OL + 1) 

.. 6.0 x 5.45 kip-ft./OL + 1 
- 32.7 kip-ft. 

FS /FS = 2.69/2.40 .. 1.12 
m c 

Ratio of Calculated and Measured Live Load Capacity 

Measured MULL 

Calculated MULL 
32.7 

.. -- = 
28.1 

1.16 

(e) Model SG-3 (450 Skew), Ultimate No.2 
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This test was carried out on a relatively undamaged portion of 

the structure remaining after the first ultimate load test. 

Load 

Overload truck Wheel Configuration, Axle 3 at HJ4-KL4 

Yield Zone 

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

Service Load, Ps 
The service load is 1.0 (OL + 1) 

(10 wheels) (350 lb./wheel) (Table 7.8b) 

Ps .. 3500 lb. 
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Service Live Load Moment, MSLL 

MSLL = 5.45 kip-ft. (Tab 1e 7. 8b ) 

Live Load Moment Capacity, MyLL 

Yield Moment, My (Table 7.8a) 

Dead Load Moment, ~L (Table 7.8b) 

MyLL 

= 4.87 kip-ft./girder 

= 0.89 
3.98 kip-ft./girder 

Yield Load, Py 

Py • (ps) (NM::~L) - 3500 x 6 ~.~59a 
Py = 15,350 lb. 

Transferred Load, PT 

PT = 5270 lb. (SG-3 Ultimate No.1) 

Capacity of Girders Outside Yield Zone, P
R 

Live Load Moment Capacity = (12-6)(3.98 kip-ft./girder) 
= 23.9 kip-ft. 

PR = 3500 x ~:4; 

. PR = 15,300 lb. > PT = 5270 lb. 

Ultimate Load, Pu 
Pu = Py + PT = 15,350 + 5,270 

Pu = 20,620 lb. 

Ul tima te Live Load Moment, MULL 

~LL - (;~) (MgLL) - (2~:;~~) (5.45) 

~LL = 32.1 kip-ft. 



Calculated Factor of Safety, FS 
c 

FS 
c 

~L + MULL 
= -
~L + MSLL 

12(0.89) + 32.1 
12(0.89) + 5.45 

FS = 2.65 
c 

Measured Factor of Safety, FS 
m 

Maximum Measured Load - 6.0 (OL + I) 

Maximum Live Load Moment - 6.0 x 5.45 kip-ft./OL + I 
= 32.7 kip-ft. 

FS = 
m 

12(0.89) + 32.7 
12(0.89) + 5.45 

FS = 2.69 
m 

Ratio FS /FS m c 

FS /FS = 2.69/2.65 = 1.02 m c 

Ratio of Calculated and Measured Live Load Capacity 

Measured ~L 

Calculated ~LL 
32.7 

== -- = 
32.1 

1.02 

The agreement between calculated and observed values is excellent. 

o (f) Model SG-4 (26 Skew) 

Load 

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

Yield Zone 

The yield zone consists of girders B through L (Fig. 7.65c) 

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

Ps - 3444 lb. for both trucks 

Service Live Load Moment, MSLL 

MSLL = 5.65 kip-ft. for both trucks (Table 7.8b) 

Live Load Moment Capacity, MyLL 

Yield Moment, My(Table 7.8a) 

Dead Load Moment, MDL(Table 7.8b) 

MyLL 

= 3.78 kip-ft./girder 

= 0.80 
= 2.98 kip-ft./girder 

Yield Load, Py 

P
y 

= (p) (N MyLL) = 3444 x 10 x 2.98 
S MSLL 5.65 

Py ::: 18,200 lb. 

Transferred Load, PT 

P = v b t x 2 crowns T usc 

v = 138 (Table 7.8a) 
u 

b = 43.92 in. (Fig. 7.66b) s 
t = 0.82 in. c 

PT = (138 x 43.92 x 0.82) x 2 

PT = 9,950 lb. 

Capacity of Girders Outside Yield Zone, PR 

Live Load Moment Capacity = (12-10)(2.98 kip-ft./girder) 
= 5.95 kip-ft. 

PR = Ps x ;:!; = 3444 x ;:~; 

P
R 

= 3630 lb. ~ PT = 9,950 lb. 

Therefore, girders A and M may be counted as yielding. 



Ultimate Live Load Moment, MULL 

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

35.8 kip-ft. 

Calculated Factor of Safety, FS 
c 

FS 
c 

FS 2.98 
c 

12(0.80) + 35.8 
12(0.80) + 5.65 

Measured Factor of Safety, FS 
m 

45.4 ---
15.25 

The measured factor of safety for this bridge should be viewed with 

judgment. Strain measurements indicate that at least four and possibly six 

of the interior girders had entered the strain hardening regions before all 
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of the girders reached yield strains. Based on the ultimate load of 9.50(H20 + I) 

the factor of safety is 5.16, compared to the computed value of 2.98. 

Deflections at this load were on the order of three inches. Examination 

of the deflection plots (Figs. 7.43, 7.47, 7.50, 7.52, and 7.55) for previous 

tests indicate that the deflection over the most heavily loaded girders was 

on the order of 0.6 to 0.8 inches when failure occurred. Based on these 

deflections and the fact that all girder steel had yielded at 7.75(H20 + I) 

(deflections ori the order of 0.75 in. under the central girders), the load 

level of 7.75(H20 + I) is taken as the practical ultimate load. Even at 

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

Assumed Ultimate Load Capacity 

Maximum Live Load Moment 

FS 
m 

FS 
m 

12(0.80) + 43.8 
12(0.80) + 5.65 

3.50 

Ratio FS /FS 
m c 

FS /FS 1.17 
m c 

7.75(H20 + I) 

7.75 x 5.65 kip-ft. 
43.8 kip-ft. 
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Ratio of Calculated and Measured Live Load Capacity 

Measured MULL 

Calculated MULL 
43.8 
35.8 

1. 22 

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

7.7.5 Conclusions on Ultimate Load Calculations. The data obtained 

from the ultimate load calculations and ultimate load measurenents are sum-

marized in Table 7.9. The adequacy of the failure hypothesis may be seen 

by comparing the ratio of the measured factor of safety to the calculated 

factor of safety (FS /FS ) and the ratio of the measured to calculated live 
m c 

loads (Measured MULL/Calculated MULL) in the last two columns of Table 7.9. 

The calculation procedure yields conservative results in five of the six 

tests. The test on SG-l is slightly unconservative (FS /FS = 0.93). 
m c 

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

but these are still adequate. 

The factors of safety in Table 7.9 are for bridges which have been 

designed in accordance with present AASHO design criteria. These safety 

factors would change if the design criteria for this type of bridge were 

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

7.7.6 Live Load Factors. The Bureau of Public Roads 46 recommends 

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

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

in Table 7.10. The comparison is made by multiplying the known dead load 

moments by 1.35 and subtracting the increase from the measured ultimate live 

load moment. As indicated in Table 7.10, the test results indicate live 

load factors ranging from 3.78 to 7.15. This indicates that the bridge design 

based on present AASHO service load distribution factors is overconservative. 

Test live load factors are 1.68 to 3.18 times as large as the Bureau live 

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

loaded to failure using two H20 design truck wheel patterns. 

7.7.7 Ultimate Load Distribution Factors. Ultimate load distribu-

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

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



TABLE 7.9 ULTIMATE LOAD DATA 

Calculated Measured 
Factor of Factor of FS Measured MULL Ultimate Loading Load Safe ty, Safe ty, m 

Bridge Skew A , in.2 f , ksi Test Pattern Location FS FS. FS Calculated MuLL s y c m c 

SG-1 00 0.1920 46.6 1 1 OL+I B4-D4 2.37 2.25 0.95 0.93 

SG-2 45° 0.2152 44.9 1 1 OL+I B4-D4 2.15 2.42 1.13 1.23 

2 1 OL+I J-L* 2.22 2.63 1.19 1.27 

SG-3 45 0 0.1964 57.3 1 1 OL+I B4-D4 2.40 2.69 1.12 1.16 

2 1 OL+I HJ4-KL4 2.65 2.69 1.02 1.02 

SG-4 26° 0.1782 57.3 1 2H20+I C4-E4 2.98 3.50 1.17 1.22 

H4-K4 

*Shear Loading 
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Bridge 

SG-l 
SG-2 

SG-3 

SG-4 

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

Ultimate B.P.R. Live Test Live Test Live Load Factor 
Test Load Factor Load Factor B.P.R. Live Load Factor 

1 2.25 3.78 1. 68 
1 2.25 4.56 2.03 
2 2.25 5.47 2.43 
1 2.25 5.32 2.36 
2 2.25 5.32 2.36 
1 2.25 7.15 3.18 

evaluate generally, since it is dependent on load position and loaded length. 

For simplicity, conservative ultimate load distribution factors may be based 

on the girders within the yield zone and neglecting any transferred load. 

Consider the three load positions in Fig. 7.65. A single truck positioned 

near the edge, as in Fig. 7.65a, has a yield zone consisting of five girders. 

Each yield zone girder carries 0.4 wheel loads, which is an SIC value of 

S/7.5. A single tru~k positioned near the edge, as in Fig. 7.65b, has a 

yield zone consisting of six girders. Each yield zone girder carries 0.33 

wheel loads, which is an SIC value of S/9.0. The double truck loading in 

Fig. 7.65c has a yield zone of ten girders. Each yield zone girder carries 

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

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

considered with S/7.5 being critical for design (neglecting P
T
). 

For comparison, the service load test results for a single truck 

indicate that a distribution factor of S/5.98 can be used for the first 

interior girder, S/7.22 for the second interior girder, and S/8.6 for other 

interior girders. Test results indicate that S/4.5 can be used for the 

exterior girders. Service load test results indicate that S/6.56 can be 

used for a double truck loading. Most of the service load values are con

servative when compared to the ultimate load distribution factor neglecting 

transferred load. 

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

the general failure mode consisting of the yield zone and transferred load. 



For simplicity, conservative ultimate load distribution factors based on 

the yield zone and neglecting transferred load may be used. 

If service load distribution factors are used they should not be 

smaller than the ultimate load distribution factors, unless a design check 

based on the general failure mode shows that the service load design is 

also safe for ultimate loads. 

7.8 Secondary Tests 

Two secondary test series were performed. The first series was to 

determine the punching capacity of the slab crown. The second series was 

to determine the effect of the deck girder system end diaphragm in adding 

to the bent cap capacity. 

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

out on model SG-3 (45 0 skew) after completing the two major ultimate load 

rests. The punching tests were located in an undamaged portion of the slab 

shown by an "X" in Fig. 7.54. The three tests used different size loading 

pads. Load response for the third and most severe punching test is shown 

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

187 

3.64 in. wide. The test shown was discontinued after reaching a load level 

of 17.0 overload wheels plus impact (350 lb. per overload wheel plus impact). 

This was a final wheel load of 5950 lb. (180,000 lb. on the prototype). If 

it is assumed the load is distributed along a 45 0 line, as shown in Fig. 7.67, 

it can be concluded that the wheel load will not punch through the crown. 

Instead, several girders must be punched out. Because of this it was felt 

the test would be influenced by the cracking caused by the previous flexural 

tests. Hence, the test was discontinued with no sign of distress in the 

slab crown. 

A better idea of the punching capacity of the slab was obtained 

during the test of model SG-4. The rear wheel located at H-4 in Fig. 7.61 

(and 7.60) punched through the slab and girder at a wheel load of 6546 lb. 

(198,000 lb. on the prototype). This occurred after the steel in all twelve 

girders had yielded. Flexural cracking had penetrated well into the slab. 

Some crushing of concrete on the slab surface had occurred. One other wheel 

at E-4 was also very near punching through. 
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Based on these tests it was concluded that punching is not a problem 

in the design of this bridge system. 

7.8.2 Bent Cap Tests. The substructure for model SG-4 (26
0 

skew) 

was tested by loading the cap of one bent with a series of concentrated 

loads (simulating uniform load). The loads were increased until failure 

occurred. The remaining bent was then loaded to failure by applying the 

same load configuration through the deck girder system end diaphragms to 

determine their stiffening effect. The two bents are shown in Fig. 7.68. 

The end diaphragms were obtained by sawing them from model SG-4. These 
34 

tests were carried out by Repa as a part of the work on another project 

and are fully described by him. Details of the cap and end diaphragms are 

given for the prototype structure in Figs. A.6 and A.7. This was a three

column bent with a clear column height of 10.5 ft. on the' prototype (1.91 ft. 

on the model) 0 

The load response for the two cases is shown in Fig. 7.69. The 

indicated loading produces maximum positive live load moment in span BC. 

This was determined by Repa to be the critical design load. The failure 

mechanism for the two specimens was identical. The bent tested with the 

diaphragms in place carried 2.60 times as much live load as the bent tested 

without diaphragms. The factor of safety with end diaphragms was 6.8 and 

the factor of safety without end diaphragms was 3.1. Based upon these tests 

it was concluded that the end diaphragms should be considered in the design 

of the bent caps, perhaps considering noncomposite beam action. 
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(a) Loading of Cap without Diaphragms. 

(b) Loading of Cap with Diaphragms. 

Fig. 7.68. Bent Cap Tests. 
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{
Failure Mechanism at DL + 9 1/4LL 
FS = 3.1 

• • 
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nf Live 
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Fig. 7.69. Comparison of Capacity of Bents with and without 
End Diaphragms in Place. 
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C HAP T E R V I I I 

CONCLUSIONS AND RECOMMENDATIONS 

8.1 Summary of the Investigation 

The research project covered herein is a study of the behavior of 

pan-formed concrete slab and girder bridges. The technology used to fabri

cate, test, and interpret results of the primary research tool used, the 
16 

direct structural model, has been summarized. Four accurate models were 

tested at service loads, moderate overloads, and ultimate load levels in 

order to document fully the behavior of the structures for the complete 

range of load conditions. Patterns of load distribution were obtained 

using both strain gages and deflection measurements. The main variables 

in the investigation were angle of skew, load level, and grade and quantity 

of reinforcement. The model tests were supplemented by full-size testing15 

as well as analytical procedures. 

8.2 Conclusions 

Although this investigation was restricted to a particular bridge 

system, the following conclusions are warranted: 

(1) The AASHO service load distribution factors are overconservative 

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

(a) Single Wheel Loads - There are no specific AASHO recommenda

tions for a single wheel load. Test results in Sec. 7.4.3 

indicate that a distribution factor of S/5.5 can be used 

for an exterior girder, S/9.0 for the first interior girder, 

and S/lO.O for other interior girders. 
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(b) Single Truck Loads - The current AASHO specifications use 

a value of Sic = S/6.0 for interior girders for a single 

truck load. Test results in Sec. 7.4.4 indicate that a 

distribution factor of S/5.98 can be used for the first 

interior girder, S/7.22 for the second interior girder, 

and S/8.6 for other interior girders. AASHO specifies 

SIC = S/3.0 for the exterior girders when the load is 

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

(c) Multiple Truck Loads - The current AASHO specifications 

use a value of SIC = S/5.0 for two or more vehicles on the 

bridge. Test results in Sec. 7.4.6 indicate this factor 

to be correct for triple truck loads. However, test results 

in Sec. 7.4.5 indicate that a factor ~f S/6.56 can be used 

for a double truck loading. 

These service load distribution factors are valid regardless of 

skew angle or percentage of longitudinal steel, within the range of variables 

included in this study. 

Service load distribution factors may not be valid at ultimate load. 

Design based on service load distribution factors smaller than ultimate load 

distribution factors should be checked using the general failure mode for 

safety at ultimate load. 

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

zone" and the transferred load, PT' However, the transferred load is diffi

cult to evaluate generally, since it is dependent on load position and 

loaded length. For simplicity, conservative ultimate load distribution 

factors may be based on the girders within the yield zone after neglecting 

any transferred load. Ultimate load distribution factors based only on the 

girders in the "yield zone" indicate that S/7.5 is critical for single and 

double truck loading. 

(3) Test results indicate that the transverse steel rarely exceeded 

the design stress until failure occurred. At failure the steel usually 

yielded as a secondary effect. 
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(4) Under both maximum moment and maximum shear loadings the bridges 

exhibited a primary mode of failure by yielding of tension steel in the most 

heavily loaded girders. These girders are defined by a distribution zone 
o 

boundary extending from the edge of the loaded surface and inclined 30 from 

the horizontal. The main longitudinal steel will yield or be very close to 

yield in all girders in which the tensile steel layers are enclosed within 

such a 300 zone. This is referred to as the yield zone. Increased load 

will be transferred to the remaining girders. The transferred load is 

limited by the slab shear capacity in the transverse direction, unless the 

remaining girders yield before the shear capacity is reached. 

(5) A shear test on model SG-2 (45 0 skew) resulted in the same 

failure mode described in (4), indicating that girder shear is not a design 

problem with the percentage of web reinforcement used. 

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

wheel punching is not a design problem for this section. 

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

double the bent cap live load capacity. 

(8) An ultimate load calculation procedure based on the failure 

mode described in (4) showed good accuracy resulting in the ratios shown 

in Table 8.1. 

TABLE 8.1 ACCURACY OF ULTIMATE LOAD CALCULATIONS 

Bridge Ultimate Measured FS Measured MULL 
Test Calculated FS 

Calculated ~L 

SG-l 1 0.95 0.93 
SG-2 1 1.13 1. 23 

2 1.19 1.27 
SG-3 1 1. 12 1.16 

2 1.02 1.02 
SG-4 1 1.17 1. 22 

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

live load safety factors were rather large, ranging from 4.38 to 7.75. 
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(10) Using the Bureau of Public Roads
46 

load factor of 1.3S for 

dead load, the live load factors ranged from 3.78 to 7.1S. These latter 

load factors are 1.68 to 3.18 times as large as the specified live load 

factor of 2.2S. 

(11) The use of the present AASHO service load distribution factors 

results in the excessive live load factors indicated in (10). The use of 

the ultimate load distribution factor given in (2) as S/7.S is in the direc

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

(12) The discrete element mathematical model of an orthotropic slab 

using gross-transformed section properties is an adequate predictor of 

service load behavior for a right angle bridge. 

8.3 Implementing Research Results into the Texas Highway 
Department Operations 

8.3.1 AASHO Load Distribution Factors. The AASHO service load 

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

the case of single and double truck loadings. 

An ultimate load approach is felt to be the most realistic design 

method for this type of bridge. It is recommended that design be based on 

the ultimate load distribution factor (neglecting transferred load) of S/7.S 

for single and double truck loads, unless a more accurate analysis is made 

based on the general failure mode. 

Recognizing that some engineers may wish to continue to use only 

service load design, recommendations based on service load tests are also 

made, although these will not lead to the most realistic design of the bridge 

system. Service load test results for a single truck load indicate that 

S/8.S can be used for design of interior girders. This has been changed to 

S/~15 to be in agreement with the ultimate load criteria. 

Test results indicate that the following service load distribution 

factors may be used for single truck loadings: 



(a) Exterior girder S /C S/4.5 

(b) First interior girder S /C S/6.0 

(c) Second interior girder Sic S/7 .0 

(d) Other interior girders S /C S/7.5 

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

the case of double truck loads. 

Factors. 

8.3.2 Benefit from Implementation of Revised Load Distribution 

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

distribution factors presented above would reduce the 

average design load to be carried by the girders by 23 per

cent, resulting in substantial reinforcement savings, even 

if present standard cross section dimensions are maintained. 

(b) Double Truck Loading - Use of the revised load distribution 

factors presented would reduce the average design load to 

be carried by the girders by 25 percent in service load 

designs and 33 percent in ultimate load designs. Substan

tial reinforcement savings would occur even if present 

standard cross section dimensions are maintained. 

8.3.3 Substructure Design. The bent cap should be designed consid

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

will significantly decrease bent cap sizes. 
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