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their state universities and others. However, the accelerat-
ing growth of highway transportation develops increasingly 
complex problems of wide interest to highway authorities. 
These problems are best studied through a coordinated 
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In recognition of these needs, the highway administrators 
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Department of Transportation. 

The Transportation Research Board of the National Re-
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which authorities on any highway transportation subject 
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parent organization, the National Academy of Sciences, a 
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identified by chief administrators of the highway and trans-
portation departments and by committees of AASHTO. 
Each year, specific areas of research needs to be included 
in the program are proposed to the Academy and the Board 
by the American Association of State Highway and Trans-
portation Officials. Research projects to fulfill these needs 
are defined by the Board, and qualified research agencies 
are selected from those that have submitted proposals. Ad-
ministration and surveillance of research contracts are 
responsibilities of the Academy and its Transportation 
Research Board. 

The needs for highway research are many, and the National 
Cooperative Highway Research Program can make signifi-
cant contributions to the solution of highway transportation 
problems of mutual concern to many responsible groups. 
The program, however, is intended to complement rather 
than to substitute for or duplicate other highway research 
programs. 
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FOREWORD This report contains the findings from research related to the design of bent caps for 
reinforced concrete box-girder bridges. The study was primarily experimental in 

	

By Stali 	nature but also included a significant analytical phase. The findings should be of 

	

Transportation 	interest to structural engineers involved in the design and construction of concrete 

	

Research Board 	bridges. 

Recent emphasis on safe and aesthetic design of reinforced concrete highway 
bridges has resulted in substructure configurations that depart from the traditional 
footing-column-cap frame design. Aesthetic considerations often dictate the con-
cealment of massive concrete caps and reduction of the number of vertical columns. 
Current design procedures are not necessarily applicable to these new configurations. 
At the time this research was initiated there existed a general belief that current 
procedures resulted in overdesigned structures containing much more reinforcing 
steel than was necessary. 

The Portland Cement Association carried out NCHRP Project 12-10 with the 
objective of developing more appropriate design procedures. Although the ultimate 
need is to establish valid procedures applicable to many configurations of bridge 
bent caps, this project was limited to investigation of integral bent caps concealed in 
straight, continuous, reinforced concrete box-girder bridges. Because many similar 
bridges are being built, even a small reduction in the amount of reinforcing steel used 
in each bridge might result in substantial total savings. This project showed that 
reductions are possible. 

The research comprised both analytical and experimental phases, with empha-
sis on the latter. Analytical studies of load distribution throughout the structures 
and stress distribution in bent caps were conducted on two prototype bridges. The 
experimental phase included construction of seven scale models. Two of the models, 
built to one-fifth scale of the prototype bridges, were representative of popular 
reinforced concrete box girder designs. Testing of these models provided informa-
tion on the distribution of loads in the vicinity of integral bent caps. The other five 
models represented transverse strips of bridge superstructures parallel to, and includ-
ing, the bent caps and columns. Column flare and the amount and distribution of 
bent cap reinforcement varied in these models. These tests also provided informa-
tion about critical sections and the effective width of bent caps. 

The research findings relate primarily to design assumptions rather than pro-
visions of the specifications, and none of the recommendations is in conflict with 
current practice. As a result, implementation should be relatively easy. No changes 
are recommended in the method of distributing loads to the bent cap. With respect 
to the spreading of reinforcement and the effective flange width, the specifications 
have no explicit provisions for bent caps; however, the recommendations herein are 
slightly more conservative than what might be inferred. The findings with respect 
to support effectiveness and the location of the critical design section simply clarify 
the specifications. 

Because the findings result from a carefully designed and executed experimen-
tal program as well as from consideration of the results of a sophisticated analytical 
study, it is believed that they are highly reliable and can be used immediately for 
improved design methods. 
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DESIGN OF BENT CAPS FOR 
CONCRETE BOX-GIRDER BRIDGES 

SUMMARY 	Design recommendations for integral bent caps in straight, continuous, reinforced 
concrete box-girder bridges were developed from the results of a combined experi-
mental and analytical investigation. 

The results of the investigation indicate that reductions in the amount of 
flexural reinforcement in the bent cap of up to 40 percent can be made without 
reducing safety and while maintaining adequate serviceability. Even greater reduc-
tions in the amount of reinforcement can be made for bent caps with flared columns. 
Most of this improved economy results from a change from the working stress 
method of design to the load factor method of design. 

Test variables included the distribution of loads on the bent cap, the effect of 
flaring the column in the plane of the bent, the effective flange width of the bent cap 
in tension and in compression, the effect of spreading the main tensile reinforce-
ment into the adjacent superstructure, and the location of the critical design 

sections. 
The experimental program included tests on two one-fifth scale models of 

complete box-girder bridges, four two-fifths scale models of single-column bent 
cap portions of the bridges, and one one-fifth scale model of a double-column bent 
cap portion of a bridge. The analytical studies included (1) development of a 
computer program using the elastic folded-plate method to predict the load-carrying 
mechanism of the complete bridges and (2) development of a finite element model 
simulating in detail the behavior of the bent cap through cracking of the concrete 
and yielding of the reinforcement. 

Results from tests of the two complete model bridges indicated that at loads 
approaching ultimate there was little lateral transfer of load from girder to girder. 
The analytical results, based on elastic material properties, predicted somewhat 
greater lateral distribution of load. With or without this distribution, moments in 
the bent cap were found to be essentially the same. Since the assumption of no 
distribution gave a slightly higher moment, it was more conservative. On the basis 
of these results, it is recommended that the current design assumption of no lateral 
distribution of load be used. 

The extreme column flare tested in the program had a support surface that 
formed an angle of 45 degrees with the vertical. This flare, and one that was simi-
lar but less extreme, were found to be fully effective as supports. Stress induced in 
the concrete of the flare itself was not excessive. Similarly, reinforcement strains 
in the bent cap were comparable to those at corresponding locations over the 
cylindrical column. On the basis of these results, it is recommended that all flares 
up to 45 degrees be considered effective supports. Similar provisions already exist 

in building codes. 
Existing provisions for compressive flange widths in box girders, restated in 

terms of overhanging flanges, were found to be applicable to bent caps. for tension 
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flanges, recommendations of effective widths similar to those for compression 
flanges are made with the additional restriction that the effective overhanging flange 
width be limited to one-fourth of the box web spacing. This width ensures that 
reinforcement is not over-stressed by secondary effects. 

The effectiveness of flexural reinforcement was found to diminish rapidly 
with increasing distance from the bent cap web. However, the recommendation 
is made that reinforcement spread to the limits of the effective flange width in ten-
sion be considered completely effective. 

The critical design section for negative moment in the bent cap was found to 
be at the face of the support. This section is defined as the intersection of the 
extremity of the effective support with the bottom of the bent cap. The critical 
design section for positive moment was found to be at midspan of the tested double-
column bent. 

CHAPTER ONE 

INTRODUCTION AND RESEARCH APPROACH 

PROJECT STATEMENT 

The project statement furnished by NCHRP Project 12-10 
noted that bridge superstructures usually consist of main 
load-carrying members that span between abutments and 
piers. In traditional designs, support at piers is provided 
by a footing-column-cap frame similar to that shown in 
Figure 1. However, recent emphasis on safe and aestheti-
cally pleasing designs has resulted in the development of 
highly efficient reinforced concrete box-girder bridges. This 
type of structure makes desirable the concealment of the 
cap in the box-girder superstructure as shown in Figure 2. 

Currently, bent caps concealed within and thereby inte-
grated into the bridge superstructure are being propor-
tioned by the same procedures used in the design of tradi-
tional caps. A general belief exists, however, that bent caps 
contain considerably more reinforcing steel than is neces-
sary and that development of improved design procedures 
is urgent. 

Although the ultimate need is to establish valid design 
procedures applicable to many configurations of bridge 
bents, this project was limited to investigation of bent caps 
concealed in straight, continuous, reinforced concrete box-
girder bridges. 

Within the general scope of the investigation, the project 
statement as amended restricted the investigation to the 
following items: 

A review of the relevant technical literature. 
Investigation of bent caps with the following con-

figurations: 

a. Single column with: 
Constant circular cross section. 
Flare in the plane of the bent to twice the 
column diameter. 
Flare in the plane of the bent to three times 
the column diameter. 

b. Single column with constant circular cross section, 
but with the bent cap reinforcement spread out 
into the adjacent roadway slab thickened for the 
purpose. 

c. Two columns of the same constant circular cross 
section. 

Determination of a design procedure, using the re-
sults of items 1 and 2, for single- and multiple-column 
bents. 

Specifying those changes required in the AASHTO 
specifications to permit the use of the new design pro-
cedures. 

The project statement as amended also specified that the 
bridges studied should have girder spans of approximately 
80 ft and depth-to-span ratios of 0.055. Columns were 
either round or square with a lateral dimension of 5 ft and 
an 18-ft minimum length. Multiple columns were to be 
spaced at about 40-ft centers in the bent. Grade 60 
reinforcing steel was specified. 

The investigation was conducted by a combination of 
analytical studies and tests on adequately scaled, reinforced 
concrete models. 

Models were to be designed and loaded in accordance 
with AASHTO specifications (1) for bridge design. 



Figure 1. Footing-column-cap frame. 

SPECIFIC OBJECTIVES 

The over-all goal of the project was to develop a design 
procedure for bent caps. The design procedure was to 
cover the following specific items: 

Location and distribution of the critical AASHTO 
loading for the bent cap. 

Effect of flaring the column. 
Effective width of the bent cap. 
Effect of spreading the bent cap reinforcement into 

the adjacent box-girder slab. 
Location of the critical cross sections for design of the 

bent cap. 

RESEARCH PLAN 

For planning purposes, the over-all project was divided into 
six phases, which are given in Table 1. Several phases were 
further subdivided as indicated. The scope of each phase is 
described. 

Literature review. A literature review was carried out 
to bring the investigators up to date on the latest informa-
tion in order to avoid duplication of work. 

Analytical studies. The load distribution portion of 
the analytical studies was the analytical equivalent of the 
model bridge tests. The aim was to develop by elastic 
analysis a method of predicting the loads transmitted to 
the bent cap by the box-girder superstructure. The bent 
cap would then be designed to carry those loads. 

The bent analysis portion of the analytical studies was 
the analytical equivalent of the model bent tests. Its pur-
pose was to develop by the finite element method a mathe-
matical model of the bent cap portion of the bridge so that 
all details of behavior, including stresses in the concrete and 
reinforcement, could be predicted. 

Model bridge tests. In the first part of the testing 
program, two complete bridge models were built to one-
fifth scale. The first bridge contained a single-column bent 
and the second, a wider bridge, contained a double-column 
bent. Both structures were designed by the working stress 
method, and had dimensions satisfying the requirements of 
the project statement. 

The main purpose of the bridge tests was to determine 
experimentally the location and distribution of the critical 
AASHTO loading for the bent cap. The bent cap portions 
of the model bridges were also instrumented to obtain 
information on behavior. 

roui my 

Figure 2. Cap concealed in box-girder bridge. 

Model bent tests. The experimental investigation of 
variables No. 2 through No. 5 listed under "Specific 
Objectives" was carried out by means of testing the five 
bent cap models, which are given in Table 1. Data from 
all five models were used in the study of effective width of 
the bent cap and the location of the critical design sec-
tion. The effect of flaring the column was evaluated by 
comparing the results of tests on models SC-3, SF-4, and 
SF-5, the latter two of,which had flared columns. The 
effect of spreading the bent cap reinforcement was studied 
by comparing the results of the tests on models SC-3 and 
ST-6. 

Each bent cap model, including the bent cap and column, 
represented the central portion of a bridge between the lines 
of inflection in either span. The single-column models were 
constructed at two-fifths scale and the double-column model 
at one-fifth scale. The load factor method was used to de-
sign the models to resist a single pattern of loads represent 
ing increments of dead load plus a uniformly distributed 
live load. 

Design procedure. Recommendations for changes to 
the AASHTO specifications are discussed in the latter part 
of Chapter Three. These recommendations are based on 
analysis of data developed in this investigation. 

Modification to the plan. A number of NCHRP-
approved changes were made in the project working plan 
after the investigation had begun. As a result, the working 
plan described herein was the one followed. 

TABLE I 

PROJECT PLAN 

PHASE PART 

Literature review 
Analytical studies Load distribution 

Bent analysis 
Model bridge tests Single-column bridge 

Double-column bridge 
Model bent tests Single-column bent SC-3 

Single-column bent SF-4, flared column 
Single-column bent SF-5, flared column 
Single-column 	bent ST-6, 	spread 	rein- 

forcement 
Double-column bent DC-9 

Design procedure 
Final report 



IMPLEMENTATION OF THE RESEARCH PLAN 

Analytical Studies—Load Distribution 

Additional introductory material describing the method 
is contained in Appendix A. A comprehensive report 
describing this part of the project is included as Appendix C. 

The part of the project dealing with analytical studies of 
load distribution was carried out by Professor Alex C. 
Scordelis, of the University of California at Berkeley. A 
specially developed computer program called MUPDI-3 
was used. The program treats the box-girder superstructure 
as an elastic folded-plate system that is simply supported 
on the ends and carried at the center by a flexible bent of 
zero dimension spanwise of the bridge. Stiffnesses of the 
elastic bent are selected to approximate those of the bridge. 
The Goldberg-Leve (2) solution is used for analysis of the 
folded plates. 

Output of the program can be in terms of shears, mo-
ments, and axial forces in the bent cap and girders. Other 
items of information can also be obtained. Thus, within 
the limits of the elastic analysis, the program gives the 
distribution of loads among the various girders. 

The program was used to analyze the two prototype 
bridges. Distributions for dead load and for all live-load 
patterns were obtained. The effect of adding integral con-
tinuous parapets was also determined. 

An elevation of the bridges analyzed is shown in Fig-
ure 3. The cross section of the single-column bridge is 
shown in Figure 4; that of the double-column bridge is 
shown in Figure 5. 

Additional introductory material concerning the analyti-
cal approach to the problem is contained in Appendix A. 
A comprehensive report describing this part of the project 
is included as Appendix B. 

Analytical Studies—Bent Analysis 

Analytical studies of the bent were carried out by Pro-
fessor Paul P. Lynn of the University of Colorado. A 
finite element program was used to analyze the single-
column bent cap specimen and its loading. The finite ele-
ment used has provisions for nonlinear combined action 
of the reinforcement and concrete, including the effects of 
cracking and of slip between the reinforcement and con-
crete. Output includes steel stresses. 

Model Bridge Tests 

The two prototype designs developed for the model bridge 
test phase had basic geometry and loading specified by the 
problem statement. Within the geometric limitations, di-
mensions were chosen so that, when the structure was 
scaled down to model size, it would fit the constraints of 
the laboratory test floor. 

The prototype bridges were designed by working stress 
methods. The design was based on concrete with a com-
pressive strength of 3,500 psi and reinforcement meeting 
the requirements of ASTM A615, Grade 60. Thus, allow-
able stresses were 1,400 psi for the concrete and 24,000 psi 
for the reinforcement. 

Dimensions of the prototype bridges are shown in Fig-
ures 3 through 5. An elevation is shown in Figure 3. Depth 
of the prototype box-girder superstructure was 5 ft. The 
width of the bent cap for the single-column bridge was 
6 ft 6 in. However, this width was reduced to 5 ft 6 in. 
for the double-column bridge. Each bridge was supported 
by 5-ft-diameter columns having a height of 18 ft. 

The single-column prototype shown in Figure 4 has a 
roadway width of 40 ft plus an overhang of 2 ft on each 
side for a parapet. Center-to-center spacing of the webs 
was 7 ft 6 in.; the web thickness was 8 in.in the main part 
of the span. Each web was thickened to 12 in. near the 
bent cap. The thicknesses of the top and bottom slabs were 
7 in. and 51/2  in., respectively. 

Figure 5 shows a section through the double-column 
prototype. This bridge had a roadway width of 70 ft. 
Dimensions of all other elements in the double-column 
bridge were similar to those in the single-column bridge. 

In the prototype design, the following criteria were used: 

The location and distribution of the critical AASHTO 
loading for the bent cap was based on current AASHTO 
methods. 

The effective width of the bent cap was based on cur-
rent AASHTO specifications for box girders. The same re- 

Q Bent Cap 

Figure 3. Elevation of prototype bridge. 
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Figure 5. Prototype bridge section showing double-column 
bent cap. 

Figure 4. Prototype bridge section showing single-column bent 
cap. 

quirements were used to determine the compression flange 
width for both the girders and the bent cap. No determina-
tion had to be made for effective width of the bent cap in 
tension because all necessary reinforcement was contained 
within the width of the bent cap web. 

The critical design section for bent cap negative mo-
ment was taken at one-sixth the column diameter from the 
column centerline, as suggested in the California Manual 

of Bridge Design Practice (3). 
The effect of column flare did not apply to these 

bridges. 
The effect of spreading bent cap reinforcement did not 

apply to these bridges. 
The critical design section for negative moment in the 

girders was taken at one-half the column diameter from the 
bent cap centerline. 

Criteria adopted for the design of the model bridges were 
that the stress and strain scales should both be unity in 
order that the stresses and strains for a particular properly 
scaled load pattern on the model would be the same as for  

an identical load pattern on the prototype bridge. As a 
result, the models were geometrically similar to the proto-
type. Similarly, the design material properties were the 
same as those for the full-sized structure. This is an ex-
ample of the "direct" method of structural modeling as 
described in detail elsewhere (4). 

A scale factor of one-fifth was chosen so that the model 
could be accommodated in the laboratory. The elevation 
of the model bridges is shown in Figure 6. Figure 7 shows 
a cross section of the single-column bridge; Figure 8 shows 
a cross section of the double-column bridge. The models 
were similar to the prototype designs except for the addi-
tion of column-base blocks to enable reactions to be 
measured. 

Reinforcement could not be scaled down bar by bar. 
Instead, the steel areas were scaled and then the model 
reinforcement selected with consideration for available 
sizes. Reinforcement sizes ranged from No. 4 bars to an-
nealed deformed wire of 0.01-sq. in. cross-sectional area. 
The concrete mix was designed with a nominal maximum 
aggregate size of 3/ in. 

Reduced-scale structures made of the same materials as 
the prototype are deficient in dead-load stresses, as dis-
cussed by Mattock (4). The deficiency in dead-load stresses 

Bent Cap 

Figure 6. Elevation of model bridge. 
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Figure 7. Cross section of single-column model bridge. 

was made up by application of load through the same hy-
draulic system that supplied increments of dead load. This 
"dead-load makeup" was removed only for the purpose of 
obtaining new "zero" readings on the instrumentation, a 
process required only a few times during each test. 

The loading apparatus was arranged so that uniform 
loads were simulated by point loads spaced at 3-ft intervals 
along the webs. Lane loads were applied at the proper 
lateral position. Concentrated load portions of the 
AASHTO live loads were also applied through a hy-
draulically actuated system. In addition to the hydrau-
lically applied loads, the effect of applying a single point 
load was measured by placing a weight successively at 
several points on the bridge deck. 

Loads were measured by observation of the pressure in 
the hydraulic loading system, by signals from load cells 
installed in the loading system. and by signals from load 
cells measuring the abutment and column reactions. Strains 
were measured by electrical resistance strain gages, mounted 
either on the reinforcement or on the concrete surface, and 
by a Whittemore mechanical strain gage. Deflections were 
measured both by means of linear potentiometers and by 

Figure 9. Sini,4e-cofun,,, munciel bridge ready for test. 

Figure 8. Cross section of double-column model bridge. 

observation of targets through a surveyor's level (5, 6). 
Crack widths were measured by a hand microscope con-
taining graduations to 0.001 in. 

Signals from the electrical sensors were measured by a 
scanning digital voltmeter and were recorded on both 
punched and printed paper tapes. The punched tape was 
fed into a computer that reduced the data. The printed 
tape was available for inspection during the test and as a 
cross check for errors in the punched paper tape. A total 
of 344 channels of data were recorded during the single-
column bridge test and 555 during the double-column 
bridge test. 

Casting of the single-column model bridge proceeded in 
four steps. First, the column base was cast. This was 
followed by casting of the column. Next, the soffit, webs, 
and bent cap up to the bottom of the deck were cast in a 
single lift. Finally, the deck concrete was placed. 

After the concrete had cured, the model bridge was lifted 
from the casting platform and placed in the test location. 
End diaphragms were then added, reactions adjusted, load-
ing apparatus installed, and the instrumentation completed 
and calibrated. The model ready for testing is shown in 
Figure 9. 

The test program commenced with the application of the 
continuously maintained force to make up the deficiency in 
dead load. A series of loadings, given in Table 2, was then 
applied to the model. 

Capacity of the model was reached in Phase 6 at 2.3 
times the design ultimate load of F I .5D + 2.5 (L + I)], 
where D equals dead load and (L + I) equals live load 
plus impact. The observed cause of distress was slipping 
of a splice in the positive moment girder reinforcement 
near the end of the span. Following the initial test to de-
struction. the superstructure was repaired and additional 
tests, Phases I and S. were performed. 

Casting and preparation for test of the double-column 
model followed the same procedures used for the single-
column bridge. The significant difference between the two 
models was that the restraint conditions of the bases of the 
columns of the double-column bridge could potentially in-
fluence the test results. Consequently, provision was made 
for introducing column base rotations as one of the tests 
to be performed. Figure 10 shows the model ready for test. 

As with the single-column bridge, the testing started with 
application of a continuously applied force to make up the 



TABLE 2 

TEST PROGRAM FOR SINGLE-COLUMN MODEL 
BRIDGE 

PHASE 	I OAI)ING 

I 	A -kIp concentrated load applied suessivelY at 
points 3 ft apart on each web 

Equivalent AASHTO service loadings 1.0 [D+ 
(L+1)j 

2 	Reapplication of AASHTO service loadings after 
adding parapet 

3 	Overload 1.75D+2.0 (L+1) 
4 	A 4-kip concentrated load applied successively at 

points 3 ft apart on each web 
5 	Equivalent AASHTO design ultimate loadings 

1.5D-j-2. (L+I) 
6 	Test to destruction 
7 	Test to destruction of repaired complete model 
8 	Test to destruction of bent cap portion of model 

dead load deficiency. Testing continued with the applica-
tion of loadings, which are given in Table 3. Capacity was 
reached at a load of 2.2 times the design ultimate condition 
of [1.5D -I- 2.5 (L + 1)]. The test was ended when distress 
occurred in a box girder near the bent cap. 

fltails of the model bridge test program are described 
in Appendix D. 

Model Bent Tests 

The model bent specimens were designed using criteria 
different from those used for the model bridges. Rather 
than being designed to simulate a structure subjected to a 
variety of load patterns and hence "ovcrdesigned" at most 
sections for a particular load pattern, the bent cap models 
were designed throughout to resist a single critical load 
pattern. Furthermore, the load factor method was used in 
design so that the capacity of the structure was at the same 
time better defined and at a lower total than for the bridges. 
The design was purposely biased to favor flexural yielding 
of the bent cap for first distress. 

The following design assumptions were used: 

1. For location and distribution of the critical AASHTO 
loading for the bent cap, all lanes were assumed loaded. 
Furthermore, all girders were assumed to be equally loaded, 
in accord with results from the model bridge tests. 

2. The effective width of the bent cap compression flange 
was based on extant AASHTO specifications for box gird-
ers. Similar criteria were used for determining the com-
pression flange width for the girders. 

3. The critical design section for bent cap negative mo-
ment was taken as one-fourth the superstructure depth out-
side the face of the support. This assumption was based on 
preliminary analysis of results from the tests on the model 
bridges. 

4. Flared columns were considered to be as effective as 
cylindrical columns having a cross section the same as that 
at the top of the flare. 

5. Spread reinforcement was considered to be fully 
effective. 

Figure JO. Doubk'-coluinii ,?Z(J(1('I brid.qe ready for test. 

TABLE 3 

TEST PROGRAM FOR DOUBLE-COLUMN MODEL 
BRIDGE 

PHASE 	LOADING 

Equivalent AASHTO service loadings 1.0 ED+ 
(L+!)1 

2 	Reapplication of AASHTO service loadings after 
adding parapet 

3 	Equivalent AASHTO design ultimate loadings 
1.5 D+2.5  (L-1-1) 

4 	Special tests, including application of concentrated 
loads, and settlement and rotation of columns 

5 	Test to destruction 

6. The critical design section for negative moment in the 
girder was taken at the face of the bent cap. 

The bent cap models represented the central portion of 
the bridge, including the bent cap and column, located 
between lines of inflection a distance 1/4 either side of the 

bent cap centerline, where I is the span of the bridge. Loca-
tion of the line of inflection, taken to be the same as for a 
uniformly loaded continuous beam, was essentially that in-
dicated by the analytical studies and by the results of the 
tests on the model bridges. Cutting the structure along the 
line of inflection enabled the influence of the missing por-
tions to be represented by concentrated shear loads applied 
at the cut ends. The dimension of the specimen, in the 
direction of the bridge span, was great enough to include 
the entire effective width of the bent cap. 

Test methods for the bent cap tests closely paralleled 
those for the bridges. However, the loading apparatus was 
less complex due to the equal distribution of live loads, and 
the loading program was shorter. 

The loading program was carried out in two phases. The 
first phase involved application of service load I1.0D -I- 1.0 
(L + I)]; the second was the test to destruction. 

Instrumentation was similar to that installed on the model 
bridges, except that reactions were not measured. Data 
acquisition and reduction were handled in the same manner 
as for the model bridges. 
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The four single-column bent specimens were two-fifths 
scale. This larger size provided some advantages in con-
struction without any serious disadvantages due to increased 
loading requirements or absolute size. 

The elevation of the first three single-column bent speci-
mens is shown in Figure 11. That of the fourth specimen 
is shown in Figure 12. Cross sections of the specimens are 
shown in Figures 13 and 14. Dimensions shown are geo-
metrically in proportion to those of the corresponding pro-
totype bridge except that the girder webs are not flared. 
Elimination of the web flares resulted from change to the 
load factor method of design. The column height was 5 ft 
rather than the scale 7 ft 2/8 in.; no column-base blocks 
were used. The column height, which had no effect on the 
test, was reduced for ease of construction. Figure 15 shows 
a specimen ready for test. 

The single-column model bents were constructed with 
the same concrete mix used for the model bridges. The 
construction sequence was also similar. 

Main negative-moment reinforcement for specimens 
SC-3, SF-4, and SF-5 consisted of 12 bars extending the 
full length of the bent cap. Sizes used were Nos. 7, 6, and 
5, respectively. Specimen ST-6, with the full-length bent 
cap reinforcement spread, contained 36 No. 4 bars. These 

I 8 8 
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gave the same total area of reinforcement as specimen SC-3. 
Each test was conducted within a period of two days. 

The dead-load makeup was not applied separately but was 
included as part of the total load. On the first day, service 
load was applied in increments of 0.25 D to 1.0 D followed 
by increments of [0.25 (L + 1)] to a total of [1.0 D + 1.0 
(L + I)]. On the second day, the specimen was loaded to 
ultimate in increments of 0.05 K, where K = 1.0 is equal to 
[1.8 D + 3.0 (L + 1)], the design ultimate load. Strengths 
and observed causes of distress for each of the four speci-
mens are given in Table 4. 

The double-column bent specimen was designed at one-
fifth scale, the maximum that could be accommodated in 
the laboratory. The elevation and cross section are shown 
in Figures 16 and 17. Girder design was geometrically 
similar to that for the single-column bents. Bent cap flexu-
ral reinforcement, both positive and negative, was provided 
by 16 6-mm deformed bars. This reinforcement would be 
the equivalent of 14 No. 4 bars in the two-fifths scale, 
single-column specimens. 

Materials, construction techniques, instrumentation, and 
data acquisition and reduction were the same as for the 
single-column bents except that no Whittemore mechani-
cal strain gages were used. The loading program was also 
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Figure / I. Elevation of single column bents SC-3, SF-4, and 
SF-5. 

Figure 12. Elevatio,z of single-column bent ST-6. 
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Figure /4. Cross section of single column bent ST-6. 
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Figure /3. Cross sect ions of single-column bents SC-3, SF-4, 
and SF-5. 



Figure 16. Elevation of double-column bent DC-9. 

Figure 17. Cross section of double-column bent DC-9. 

Figure 18. Double-column bent ready for test. 
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Fi.ç'ure 15. Sing1e-coIi'nn heiit readY for test. 

similar to that for the single-column bents. Figure 18 shows 
this model ready for test. 

The ultimate load was reached at K = 1.1 5 with a local 

failurc at a construction joint. Upon retesting the un-
damaged portion of the bent, a load of K = 1.40 was sus-

tained prior to crushing of the lower flange of an exterior 
girder. This was the same type of distress noted in two of 

the single-column bents. 
Details of the model bent test program are described in 

Appendix E. 

FABLE 4 

LEST RESULTS FOR SINGLE-COLUMN BENTS 

ULTIMATE 
LOAD, 

UIiNT K CAUSL OF DISTRESS 

SC-3 1.25 Horizontal shear in girder web 
SF-4 1.25+ Crushing 	in 	lower flange 	of 	ex- 

terior girder 
SF-S 1.30 Crushing in lower flange of girders 
ST-6 1.20 Crushing 	in 	lower flange 	of 	cx- 

tenor girder 

Observed ultimate load K— - 1.8 D±3.0  (1,+1) 
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CHAPTER TWO 

FINDINGS 

LOAD DISTRIBUTION IN BRIDGES 

Controlling Loading Distribution 

The live loading found to control the bent cap design was 
always some combination of the AASHTO lane loadings, 
rather than the truck loadings. Controlling distributions for 
design of the bent caps in both bridges are given in Table 5. 
Lane designations are shown in Figures 4 and 5 for the 
single-column and double-column bridges, respectively. 

In Table 5, and in the discussion that follows, "current 
design method" refers to the AASHTO Specifications (1). 
The folded-plate analysis of this project as described in 
Appendix B is referred to as "the analysis" and the experi-
mental results from both model bridge and model bent tests 
are referred to as "the experimental results." 	1 .  

For the design of the bent cap of the single-column 
bridge, the current design method indicated that the con-
trolling load distribution is with lanes I and 2 loaded. How-
ever, both the analysis and the experimental results indi-
cated that the controlling load distribution was with all 
three lanes loaded. 	- 	 - 

For the design of the bent cap of the double-column 
bridge for exterior negative moment, the current design 
method predicts that the maximum moment at the design 
section is produced by loading the adjacent exterior lane. 
According to the assumptions, loading the opposite exterior 
lane has no effect on the moment being considered. Thus,  

defining as the controlling loading case either one or both 
exterior lanes loaded gives the same maximum moment. 
For ease in comparison with the symmetrical loading cases 
considered in the analytical program and in the experimen-
tal program, the controlling case for the current design 
method was taken as the two exterior lanes, lanes 1 and 6, 
loaded. 

Four symmetrical loading cases were considered for the 
double-column bridge in both the analytical and experimen-
tal programs. These were all six lanes loaded, the two ex-
terior lanes loaded, the two center lanes loaded, and the 
four interior lanes loaded. It would have been impractical 
to study unsymmetrical cases because it would have been 
necessary to consider the entire cross section of the bridge. 
To do so would have overtaxed the capacity of both the 
computer program for analysis and the data acquisition 
system for the test. With symmetrical loadings, it was 
necessary to consider only one-half the bridge cross section. 

For exterior negative moment, both the analysis and the 
experimental results indicated that the controlling condition 
was with all six lanes-loaded.- 

For interior negative moment, the current design pro-
cedure indicates that the unsymmetrical condition with the 
five nearest lanes loaded results in a larger moment than 
the symmetrical case of all six lanes loaded. The difference 
is 16 percent for live-load moment and 4 percent for total 
moment. Six lanes loaded, the controlling symmetrical 

TABLE 5 

CONTROLLING DISTRIBUTION OF LIVE LOADS BY LANE FOR BENT CAP DESIGN 

BRIDGE 
TYPE LOCATION METHOD 

INDICATED CRITICAL LIVE-LOAD 

DISTRIBUTION (AASHTO LANE 
LOADINGS) 

NO. OF LANES 
LOADED 	 LANE NO. 

Single- —M Current design Two exterior lanes 1 2 
column Analysis All three lanes 1 2 3 

Experimental All three lanes 1 2 3 
Double- —M Current design Two outside lanes 1 	6 

column exterior Analysis All six lanes 1 2 3 4 5 6 
Experimental All six lanes 1 2 3 4 5 6 

—M Current design All six lanes 1 2 3 4 5 6 
interior Analysis All six lanes 1 2 3 4 5 6 

Experimental All six lanes 1 2 3 4 5 6 
+M Current design Two center lanes 3 4 

Analysis Two center lanes 3 4 
Experimental Two center lanes 3 4 

Symmetrical loadings only considered. Current design indicates five lanes loaded critical for 
—M interior. 
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case, was used for comparison with the analysis and with 
the experimental results. 

Both the analysis and the experimental results indicated 
that, of those considered, the controlling condition was with 
all six lanes loaded. 

For positive moment at midspan of the bent cap, all three 
methods indicated that the controlling condition was with 
the two center lanes loaded. 

Load Distribution Characteristics of Bridges 

To give a qualitative picture of the lateral load distribution 
characteristics of the bridges as predicted by different meth-
ods of analysis and design, Tables 6 and 7 were prepared 
for the single-column and double-column bridges, respec-
tively. In these tables, the input per girder was defined as 
the load applied to that girder over a particular length. The 
output was defined as the resulting shear at the end of that 
length of girder closest to the bent cap. The ratio of out-
put to input was then a measure of what portion of its 
applied load a particular girder was carrying. 

For the current design method, no lateral distribution of  

load is assumed. Consequently, the ratio of output to input 
is always unity. 

Output shears for the analysis were taken at the points 
of inflection of the girders. Inputs for each girder were 
based on the length between the abutment and the point of 
inflection. The output shears and the location of the point 
of inflection are displayed graphically, in Appendix B, for 
each loading case as Part 11 of a set. 

In Tables 6 and 7, the absolute values of shear are given. 
It should be noted that for the single-column bridge, the 
sums of input and output need not be the same, since 
transverse distribution of load across the bridge centerline 
can occur. 

In addition to the loading cases for dead load and for 
live load in all lanes, a loading case for equal line loads on 
all webs of the single-column bridge was included. The 
plot for this case, equivalent to the plots for the other load 
cases given in Appendix B, is shown in Figure 19. 

As can be seen by comparing the input loads with those 
of the other analytical loading cases in Table 6, the input 
loads for this case are more uniform than either of the 

TABLE 6 

DISTRIBUTION PROPERTIES OF SINGLE-COLUMN BRIDGE 

METHOD AND 

LOADING CASE 

INPUT 

OR 
OUTPUT 

FORCE ON WEB (KIP5) 

1 	2 	3 

OUTPUT/INPUT RATIO 
ON WEB 

1 	3 	3 

Current design method - - - - 1.00 1.00 1.00 

Analytical distribution: I 13.81 13.37 13.33 
Equal loads 0 8.00 13.74 17.74 0.58 1.03 1.33 

Case 1, all lanes, I 12.67 15.81 17.08 
live load 0 7.61 14.59 18.40 0.60 0.92 1.08 

Case 4, dead load 1 45.26 54.40 54.00 
O 33.30 53.70 65.91 0.74 0.99 1.22 

Experimental distribution 1 32" 32" 36" 
O 30" 35" 35" 0.94 1.09 0.97 

"In percent. 

TABLE 7 

DISTRIBUTION PROPERTIES OF DOUBLE-COLUMN BRIDGE 

METHOD AND 

LOADING CASE 

INPUT 

OR 

OUTPUT 

WEB 

1 2 3 4 5 

OUTPUT/INPUT RATIO ON WEB 

1 	2 	3 	4 5 

Current design method - - - - - 1.00 1.00 1.00 1.00 1.00 

Analytical distribution: 
Case 6, all lanes, I 12.31 16.03 15.54 17.04 20.01 
live load 0 13.01 17.60 19.62 15.72 13.79 1.06 1.10 1.26 0.92 0.69 

Case 10, dead load I 44.87 54.40 54.40 54.64 55.20 
O 44.6 58.7 63.2 51.5 45.2 0.99 1.08 1.16 0.94 0.82 

Experimental distribution I 19" 19" 21" 18" 23" 
0 20"   18" 21" 1.05 1.05 1.00 1.00 0.91 

"In percent. 
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other loading cases. However, the output/input ratios show 
more range than in any other analytical loading case. The 
analysis predicts that uniform loading will be nonuniformly 
distributed. 

For the experimental results, inputs and outputs were 
calculated at the face of the bent cap. Due to the necessity 
for making adjustments in absolute values, only distribu-
tions of loads are given. The distributions are taken from 
Table D-11 of Appendix D in which details of the compu-
tations are found. 

Throughout both Tables 6 and 7 it can be seen that the 
range of output/input ratios is greater for the analytical 
cases than for the experimental distribution. 

Loadings on the Bent Cap 

Due to different assumptions and different distributions of 
applied load, the design loadings on the bent cap appear to 
vary considerably. Figures 20 and 21 show the design load-
ings for the indicated critical distributions of lane loadings 
needed to produce maximum negative moment in the single-
column and double-column bridges, respectively. For mul-
tiple lanes loaded, the appropriate reduction factors are 
applied. 

Bent cap loads for the current design method are easily 

t 	2.37"/ft. 

79.44K  

Static Check- 

Line Loads 	 103 
Concentrated Loads 96 
Web Shears 	159 

358" 

361.21'  

Figure /9. Analytical results for equal line loads on webs of 
single-column bridge, Part 11. 

obtained. Girder dead loads are concentrated at the web 
centerlines, and the effects of the lane loadings are concen-
trated at the lane centerlines. 

For the bent cap loading from the analysis, the respec-
tive shears from Part 11 of the relevant loading cases were 
combined. These shears, taken from figures equivalent to 
Figure 19, include the forces on the free body of the central 
portion of the bridge out to the line of inflection. 

The girder shears to be applied to the bent cap using the 
experimental results were obtained by applying the ex-
perimentally determined distributions to the calculated sum 
of the reactions. Details are described in Appendix D. 

Bending Moments in the Bent Cap 

Equivalency, or lack thereof
'

between the various loadings 
for the bent caps shown in Figures 20 and 21 is not obvious 
from study of the loads themselves because forces of dif-
ferent magnitudes are applied at different points. However, 
bending moments should be similar if the various methods 
are valid. The bending moments resulting from the various 
loadings are plotted for the single-column and double-
column bridges in Figures 22 and 23, respectively. 

In the double-column bridge, the interior span moments 
for the present design method and for the experimental dis-
tribution were based on a two-dimensional-frame analysis 
using centerline dimensions and no flanges on the bent cap. 
Analytical moments were obtained directly from the free 
bodies. 

In both bridges, the bent cap moments predicted by the 
different methods are in good agreement. A more detailed 
discussion is contained in Chapter Three. 

Experimental distributions are not available for the load-
ing of the two center lanes in the double-column bridge, 
which is the condition calculated to create maximum posi-
tive moment in the bent cap. Moments predicted by the 
analysis and by the current design method are shown in 
Figure 24. 

EFFECT OF COLUMN FLARE 

Model bents with columns flared in the plane of the bent 
were tested to determine whether the flared column would 
act as effectively as a cylindrical column having the same 
noncircular cross section as the top of the flare. 

Specimens SF-4 and SF-5 had single columns with two-
to-one and one-to-one flares, respectively, as shown in 
Figure 13. The test results for these two specimens were 
compared with the results for SC-3, a model with a circu-
lar cylindrical column. Except for the flare detail, all three 
specimens had the same nominal dimensions. The main 
flexural reinforcement consisted of 12 No. 7 bars for SC-3, 
12 No. 6 bars for SF-4, and 12 No. 5 bars for SF-5. 

The effectiveness of the flares was evaluated by compar-
ing the longitudinal tensile and compressive stresses in the 
bent caps with those in the concrete of the flare for speci-
mens SF-4 and SF-5. 

The distributions of stresses in the main flexural rein-
forcement and in the concrete at the bottom of the bent cap 
for SC-3, SF-4, and SF-5 are shown in Figure 25. To 
facilitate comparisons, the distance between the face of the 
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Figure 21. Service loadings on bent cap of double-column 
bridge. 
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Figure 22. Bent cap moments for single-column bridge.  

Experimental Distribution 

Current Design Method, All Lanes Loaded 

Current Design Method, Exterior Lanes Loaded 

Analytical 

Figure 23. Bent cap negative moments for double-column 

bridge. 

support and the center of the exterior web has been drawn 
as though constant for the three specimens. The face of 
support is the intersection of the surface of the straight or 
flared column with the bottom surface of the bent cap at 
the longitudinal centerline of the bent cap. The stresses, 
plotted at the design ultimate load, were determined from 

the measured strains using stress-strain relationships ob-
tained from control tests. 

In Figure 25 and subsequent figures, the load is given as 
the ratio, K, of the total applied load to the design ultimate 
load. Thus, K = 1.0 represents the load corresponding to 
1.8 D + 3.0 (L + 1). 

Figure 25 shows that the distributions of reinforcement 
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Figure 24. Bent cap positive ,no,nenls for double-column 
bridge. 

stresses are similar for the three specimens, particularly in 
the vicinity of the face of the support. Compressive stresses 
in the concrete also match well for the straight and flared 
column models. 

To determine whether the concrete in the most highly 
stressed region of the flare showed any signs of distress, 
strains were measured for SF-4 and SF-5. on the face of the 
flared column 3 in. below the bottom of the bent cap. The 
concrete strain in SF-5, which had the widest flare, was 
slightly greater than the corresponding strain in SF-4 at all 
load levels. In neither specimen, however, did the strain at 
the design ultimate load indicate that the concrete in the 
flare was overstressed. At the design ultimate load, the 
maximum measured strain in the concrete of the flare was 
1420 millionths for SF-4 and 1550 millionths for SF-s. At 
service load, the maximum strains were 390 millionths for 
SF-4 and 460 millionths for SF-s. 

For both the straight and flared column specimens, 
strains measured in the bent cap stirrups located above the 
column were insignificant, even at higher load levels. 

The presence of the column flare did affect bent cap 
deflections. As would be expected, flaring the column de-
creased the deflection of the bent cap. 

Based on measured strains in the bent cap and on the 
face of the flared column, it can be concluded that a flared 
column was as efficient a support for the bent cap as would 
be an equivalent cylindrical column. 

EFFECTIVE SLAB WIDTH 

In addition to the effect of the column flare, the model bent 
specimens were used to determine the extent of participa-
tion of the soffit and deck slabs in resisting the bending 
moment applied to the bent cap. 

The effectiveness of the tension flange as well as the com-
pression flange was investigated. In single-column bents, 
and in the negative-moment regions of double-column 
bents, the deck and soffit slabs serve as the tension and 
the compression flanges, respectively. In the positive mo- 
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Figure 25. Distribution of stresses in bent cap of specimens 
SC-3, SF-4, and SF-s. 

ment region of double-column bents, the roles of the deck 
and soffit slabs are reversed. 

Transverse distributions of strains parallel to the longi-
tudinal centerline of the bent cap were used to obtain a 
measure of the participation of the deck and soffit slabs. 
Based on measured strains in the main tensile reinforce-
ment for the bent cap and the top reinforcement in the deck 
slab, and in the concrete on the bottom surface on the soffit 
slab, the representative distributions shown in Figure 26 
were constructed for the single-column bent cap models. 
Results similar to those shown in Figure 26 were obtained 
in the negative-moment regions of the double-column bent 
cap. 

In Figure 26, the strains are plotted as a percentage of 
the strain at the bent cap centerline. Strains decrease in 
magnitude with increasing distance from the bent cap. This 
decrease is indicative of shear lag in the slabs. As can be 
seen, effectiveness of the slab portions farther away from 
the bent cap is reduced. 

Negative Moment Compression Flange 

The negative-moment compressive strains, shown in Fig-
ure 26, indicate the participation of the soffit slab. Because 
of high strain concentrations at the intersection of the bent 
cap with the support, the drop-off in the cencrete compres-
sive strain distribution is accentuated at the section along 
the support face. Therefore, a representative distribution 
along a section which is 6 in. outside the face of support is 
also plotted in Figure 26. 

The strain distributions indicate that the soffit slab acted 
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Figure 26. Representative transverse distributions of strains 
parallel to longitudinal centerline of bent cap. 

as a compression flange in resisting the applied bent cap 
moment. The effectiveness of the soffit slabs decreased in 
portions of the slab farther from the bent cap in a manner 
similar to that observed by Jackson and Lord (7) in T-beam 

flanges. 

Negative Moment Tension Flange 

The deck slab reinforcement did contribute to the moment 
resistance of the bent cap, but the effectiveness of this re-
inforcement decreased as its distance from the bent cap 
increased. 

Figure 27 provides a more specific illustration of the 
contribution of the deck reinforcement. This figure shows 
the force distribution in the bent cap and deck reinforce-
ment along a section transverse to the bent cap at the face 
of support. The forces were calculated based on the mea-
sured strains in SF-5 at the design ultimate load and the 
measured moduli of elasticity for the bent cap and deck 
reinforcement. The distribution of strains was assumed to 
be linear between gage locations, and the reinforcement was 
considered to be uniformly distributed along a continuous 
strip. Specimen SF-s was chosen for this calculation be-
cause the section at the face of the flared column falls at 
the centerline of a box section. Along this section, sec-
ondary bending in the slabs due toshear distortion of the 
boxes is not expected to significantly influence the measured 
reinforcement strains. 

From the tensile force distribution in Figure 27, it was 
found that the deck reinforcement contributed approxi-
mately 40 percent to the total tensile force developed. Simi-
lar calculations at the service load level showed that the 
deck reinforcement contributed approximately 35 percent 
to the total tensile force developed.  

Figure 27. Distribution of force in bent cap and deck slab 
reinforcement for specimen SF-S. 

Positive Moment Tension and Compression Flanges 

At loads below the design ultimate load, K = 1.0, the strains 
measured at the section of maximum positive moment in 
double-column bent specimen DC-9 followed patterns simi-
lar to those obtained in the negative moment regions. As 
expected, the soffit slab was in tension and the deck slab 
was in compression. Strains decreased with increasing dis-
tance from the bent cap. At loads above K = 1.0, the 
measured strains indicated a redistribution of internal 
forces. 

EFFECT OF SPREADING BENT CAP TENSILE 

REINFORCEMENT 

Specimen ST-6 had a thickened deck, as shown in Figure 
12, to accommodate a portion of the bent cap tensile re-
inforcement. Spread bent cap reinforcement might be used 
when the width of the bent cap is not large enough to 
accommodate the required flexural reinforcement. 

Figure 28 shows the effect on steel stresses within the 
bent cap when the tensile reinforcement is spread. To con-
struct the figure, the strains measured on the longitudinal 
reinforcement within the bent cap were averaged and con-
verted to stresses using stress-strain relationships deter-
mined by test. The two specimens compared, SC-3 and 
ST-6, had the same total amount of reinforcement. Speci-
men SC-3, with no spread reinforcement, contained 12 
No. 7 bars within the bent cap. Specimen ST-6, with 
spread reinforcement, contained 36 No. 4 bars. However, 
only eight of these bars were placed within the width of the 
bent cap. 

As indicated in Figure 28, the maximum stresses were 
higher in specimen ST-6 than in specimen SC-3. In addi-
tion to higher bent cap reinforcement stresses, specimen 
ST-6 had greater bent cap deflections than specimen SC-3. 
For example, at the service load level, the deflection mea-
sured at the end of the bent cap in ST-6 was 7 percent 
greater than that in SC-3. At the design ultimate load the 
deflection of ST-6 was 45 percent greater than that of SC-3. 

Since the model with the spread reinforcement had higher 



Figure 28. Efiect of spreading bent cap tensile reinforce-
ment on steel stresses within the bent cap. 
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maximum stresses and greater deflections, it would appear 
that wide spreading of the main bent cap reinforcement is 
not a desirable design practice. 

LOCATION OF CRITICAL SECTION FOR 

BENT CAP DESIGN 

The most significant requirement for determining a critical 
design section was that it be located where the maximum 
stresses occur. Distributions of the average longitudinal 
tensile stresses in the single-column bent caps are shown 
in Figure 29. These curves show that the stresses are maxi-
mum at or near the face of support. For any particular 
curve, the stress gradient tends to be relatively flat in the 
vicinity of the face of the support. At the center of the 
support, the reinforcement stresses tend to be smaller than 
at the face of support. This is presumably because the sup-
port serves to increase the effective depth of the bent cap. 

The data shown in Figure 29 support the selection of the 
critical design section at or near the face of the column. 

Figure 30 shows the observed variations in average 
longitudinal tensile and compressive stresses in the double-
column bent cap. These results indicate that the maximum 
negative tensile stresses occur in the vicinity of the face of 
the column, as was the case for the single-column speci-
mens. The maximum positive moment tensile stresses occur 
at midspan of the bent cap as expected. 

Face of Support 
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Figure 29. Stresses in bent cap reinforcement of single-column 
hents. 
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LOAD DISTRIBUTION IN BRIDGES 

Governing Specifications 

Both the load factor method and the working stress method 
use the same AASHTO loading provisions (1). Thus, the 
process for the determination of the controlling load pattern 
is the same for either method. 

Controlling Load Pattern 

For live load plus impact in any given lane, the distributed 
lane loading clearly predominated over the truck loading 
for design of the bent cap. Consequently, the truck load-
ing was not considered either in the analytical studies or in 
the experimental program. However, according to informa-
tion previously given in Table 5, the controlling pattern of 
lane loads was not the same for all methods. 

For negative-moment design of the single-column bent, 
the controlling loading pattern for the current design 
method is for two lanes loaded. However, both the analy-
sis and the experimental results indicate that the largest 
moment is created with all three lanes loaded. The lateral 
distribution characteristics implicit in each method as well 
as the intensity reductions specified by AASHTO when 
more than two lanes are loaded contribute to disagreements 
in the controlling loading pattern. 

In the current design method, no lateral distribution of 
loads is assumed. On the bent cap, two lanes lie on one 
side of the column centerline and the third lane lies on the 
other side. With two lanes loaded on one side of the bent 
cap, certain moments are produced. The only effect on that 
side of the bent cap of adding the third lane is to reduce by 
10 percent the intensity of the lane loadings already in 
place. When this is done, moments are also reduced by 
10 percent. Keeping in mind that dead-load effects are 
about four times live-load effects, it should be noted that 
a reduction of 10 percent in live load results in a reduction 
of only 2 or 3 percent in total moments. 

The analysis predicts some lateral distribution of load. 
When the same two lanes are loaded as before, the analyti-
cal method predicts moments in the bent cap on both sides 
of the column. Similarly, applying load to the third lane 
adds moments in the bent cap on both sides of the column. 
On the side of the column first loaded, the additional 
moments from loading the third lane overcome the decrease 
in moments from the first two lanes due to the reduction 
in lane load intensity. The net result is a slight increase in 
total moments. 

The bent cap moments measured experimentally also 
show values slightly larger for three lanes loaded to 90-
percent intensity than for two lanes loaded to 100 percent. 

In the analysis, the service load moment for three lanes 
loaded at 90-percent intensity is 2 percent higher than for  

two lanes loaded to 100 percent. The experimentally mea-
sured values, as determined from reinforcement strains at 
design ultimate load, are too close to the same value at the 
two loadings to assign a percentage difference. Thus, within 
a single method, the choice of the controlling loading for 
the bent cap as lanes 1 and 2 loaded, or lanes 1, 2, and 3 
loaded, makes little difference in the calculated moment. 

For the exterior negative moment of the double-column 
bent cap, the current design method indicates that the maxi- 
mum moments occur with the two exterior lanes loaded. 
Both the analysis and the experimental results indicate that 
the maximum moments occur with all lanes loaded. 

For the current design method, live-load moments are 
reduced 25 percent from the controlling case by use of the 
multiple-lane provisions after loading the four interior 
lanes. At service load, the over-all moment is reduced 
about 5 percent. 

For the analysis, the increase in exterior moment due to 
loading the interior lanes again overcomes the decrease due 
to the multiple-lane reduction factor. However, the dif-
ference in the totals is less than 1 percent. At design ulti-
mate, the experimentally determined strains under the two 
load patterns were indistinguishable when multiple-lane re-
duction factors were taken into account. Thus, within a 
particular method, the choice of exterior lanes 1 and 6 
loaded, or all six lanes loaded, makes very little difference 
in the calculated value of the exterior negative moment. 

When symmetry is maintained, the controlling loadings 
predicted by all three methods are the same for the interior 
negative moment and the positive moment in the double-
column bent cap. 

The bent cap moments calculated by the various methods 
are affected not only by the choice of the loading pattern, 
but also by the assumed or measured load distribution char-
acteristics of the bridges. As can be seen from the output-
input ratios given in Tables 6 and 7, the experimental results 
show considerably less lateral distribution of load than 
predicted by the analysis. 

The reasons why the experimental results show less than 
the analytically predicted amount of lateral distribution of 
load is not immediately apparent. In two tests of models 
of reinforced concrete box-girder bridges carried out at the 
University of California at Berkeley, good correspondence 
was reported between measured and predicted distributions. 
In one of these models, a simple span bridge (8, 9), results 
also were reported to correlate well with those obtained by 
loading the prototype structure. 

The second model test at the University of California 
was on a 1/2.82-scale model of a two-span continuous 
bridge with a single-column bent. This model was similar 
in proportions to the single-column model of the present 
project. Test results, for loadings in the span, were re-
ported (10, 11, 12) to agree well with those predicted by 
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another version of the same MUPDI computer program 
used in the present project. 

Uniformly distributed dead load and relatively uniformly 
distributed lane loads are considered in the preceding dis-
cussion. It might be argued that if the correspondence 
between analysis and experimental results is not complete 
for these loadings, it is possible that even less correspon-
dence might exist for point loads. However, other investi-
gators have shown that the effect of point loads on bridges 
in service is not particularly significant. As pointed out in 
University of California reports (10, 11, 12) and by 
others (13), applied live loads on real bridges reasonably 
approximate distributed loads. This is due to the fact that 
multiple wheels some distance apart are always involved. 
Thus, it is sufficient to discuss the effect of distributed 
loads. 

For prediction of the distributed loads carried by each 
girder to the bent cap, the discrepancy between the test 
results and the analysis is of theoretical significance. It is 
also of some importance as far as the design of the girders 
is concerned. However, the observed difference has little 
effect on the design moments for the bent cap, as can be 
seen in Figures 22 and 23. 

The largest ratio between maximum experimental and 
analytical moments is 1.09, occurring at the centerline of 
the column of the single-column bent. The equivalent ra-
tios of the double-column bent for the interior and exterior 
sides of the column centerline, respectively, are 1.06 and 
1.07. As already noted, the experimental moments were 
increased somewhat by the small overload applied to the 
exterior girders as a result of the application of equal dead-
load makeup to all girders. If the smaller dead load of the 
exterior girders had been taken into account, it would be 
expected that the experimentally determined bent cap mo-
ments would have been slightly decreased. The correspon-
dence between analysis and test results would then have 
been even closer. 

For both the single-column bridge and the double-column 
bridge as respectively shown in Figures 22 and 23, the 
moments obtained by the current design method lie be-
tween those derived from both the analytical and the test 
results. Because the percentage differences lie within the 
range calculated above and because the experimental values 
are slightly increased by the loading technique, it is be-
lieved that the current design method gives a sufficiently 
accurate evaluation of bent cap moments. 

Because of the loading sequence, no test results are avail-
able for the comparison for maximum positive moments in 
the double-column bent cap. However, the trend of mo-
ments obtained by the current design method and predicted 
by the analysis are similar, as shown in Figure 24. The 
current design method gives a moment 16 percent greater 
than that predicted by analysis. Consequently, the use of 
the current design method is conservative for this case. 

The tendency in all cases for the moments obtained by 
the current design method to lie close to both test results 
and analytically predicted values leads to the conclusion 
that the current design method for distributing loads gives 
satisfactory results. 

Only the distribution of loads to the bent cap is con- 

sidered here. Scordelis et al. (111  14) have pointed out 
that present methods of choosing the design loads may be 
unconservative. Discussion of this point is beyond the 
scope of this report. 

In the interest of brevity, bent cap shears have not been 
discussed. As in the case with moments, no significant 
differences exist regardless of the method of calculation. 

For design, it is recommended that all loads in the span 
first be locally distributed to the girders. The girders are 
then assumed to carry the loads to the bent cap. This pro-
cedure provides a better indication of shears and moments 
than assuming that live loads are applied on the bent cap 
at the lane centerline. The latter assumption is particularly 
unrealistic when the lane centerline is at or near the center 
of a cell. In this case it is obvious that the lane loads can-
not be carried to the bent cap through the roadway slab. 
The proposed change might result in a minor change in 
stirrup arrangement for the bent cap. 

DEVELOPMENT OF BENT CAP DESIGN PROCEDURE 

As outlined in the project statement, the primary objective 
of this investigation was to establish a valid design pro-
cedure for single- and multiple-column bridge bents for 
straight, continuous, reinforced concrete box girder bridges. 
The following discussion concerns findings from the model 
bent tests, presented in Chapter Two, and their significance 
in bent cap design. 

Column Flares 

The tests on model bent caps with straight and flared col-
umns showed that a flared column performed as effectively 
as a column having a cross section the same as that at the 
top of the flare. The longitudinal strains measured in the 
bent cap gave no indication that the flared column provided 
support different in any way from that of a column with an 
equivalent constant noncircular cross section. Strains mea-
sured in the bent cap stirrups over both the straight and 
flared columns were insignificant. This indicates that the 
flared columns provided completely effective support from 
the standpoint of shear as well as flexure. In addition, the 
column flares showed no signs of being overstressed. 

The surface of the widest flare tested had a maximum 
angle of 45 degrees with the vertical along the longitudinal 
centerline of the bent cap, as can be seen in Figure 13. 
Since no information was obtained for surfaces with larger 
angles, this angle is recommended as a limit for the design 
of column flares. The 45-degree limit is consistent with that 
specified in the ACI Building Code (15) and the British 
Code of Practice (16) for flat slab supports. 

The cross section at the top of the flared columns tested 
had parallel sides and elliptical ends. Results are not con-
sidered applicable for sections of less compact shape. 

Effective Flange Width in Compression 

The test results showed that the box-girder soffit slab acted 
as a compression flange in resisting bent cap negative mo-
ments. The effectiveness of the soffit slab decreased in por-
tions of the slab farther from the bent cap. This behavior 
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is attributed to the well-known phenomenon of shear lag. 
Strain distributions observed in the flanges of the bent 

cap specimens are shown idealized in Figure 26. The dis-
tributions observed are similar to those found in the flanges 
of T-beams, reported by Jackson and Lord (7). 

In the design of T-beams, it is common to approximate 
the actual compressive stress distribution by a uniform 
stress distributed over a predetermined effective width of 
the flange. Using the effective width concept, T-beams can 
be desiged by elementary beam theory. The effective 
flange width is determined such that the maximum bend-
ing stress calculated using elementary beam theory corre-
sponds to correct maximum stress in the flanged section 
(7, 17). Although the effective flange width is determined 
by elastic analysis, Brendel (18) has indicated that flange 
participation increases with increasing loads. Thus, the 
effective width based on elastic theory is considered reason-
able for use in calculating moment capacity of the section. 

The effective width of the compression flange depends 
upon several variables. These have been discussed by 
Brendel (18). Included are type of load on the beam (dis-
tributed or concentrated), relative thickness of the flange 
with respect to the depth of the beam, width of the web, 
spacing of the beams, and span length. 

In the interest of simplicity, most building codes pre-
scribe a limiting value for the effective flange width rather 
than attempting to account for all the variables mentioned 
previously. For example, AASHTO (1) limits the effective 
flange width of T-beams and box girders to the smallest of 
the following: 

One-fourth of the span length of the girder. 
The distance center to center of the girders. 
Twelve times the least thickness of the slab plus the 
width of the girder stem. 

These requirements are the same as those specified for 
T-beams in the ACI Building Code (15), except that it 
places a limit of 16 times, rather than 12, the slab thickness. 
Although the Code criteria represent a simplification of the 
actual behavior of flanged sections, they have proven to be 
adequate for design. 

For design of bent caps, the existing AASHTO provisions 
provide an acceptable concept. Because the strength of the 
bent cap is relatively insensitive to the width of the chosen 
compression flange, there is no need for more complicated 
provisions. However, the provision limiting the over-all 
flange width to one-fourth the span length should be re-
stated because it was developed for beams with narrow 
webs. When applied to bent caps with relatively wide webs, 
this provision could often result in small or even negative 
flange overhangs. 

In terms of overhang, the flange width is currently one-
eighth the span minus one-half the stem or web width. For 
bent cap design, an overhang of one-tenth the span is rec-
ommended as a conservative restatement of the existing 
provisions. 

An indication of the insensitivity of the bent cap strength 
to the width of compression flange is given in Figure 31. 
Curves in this figure represent the calculated strength of the 
two sections shown as a function of compression flange 
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Figure 31. Eflect of compression flanges on capacity of bent cap 
and box-girder sections. 

width. The strengths are plotted as the ratio of the mo-
ment capacity of the flange section, Map, to that of a rec-
tangular section with a width equal to that of the web, MUR. 
Moment capacities were calculated using common design 
expressions given in Reference 19. Material properties were 
the same as those used for design of the model bent caps. 
The cross section with the thin web was overreinforced as 
a rectangular section. In this case, the expression developed 
by Kriz and Lee (20) was used to calculate moment 
capacity. 

It is evident from Figure 31 that the section with the 
wide web, the bent cap section, is less sensitive to increases 
in the compression flange width. The cross section with the 
thin web represents an interior girder of the box section. 
The flange widths assumed in the design of the models 
according to AASHTO (1) are also indicated on the figure. 

In practice, most bent cap sections have proportions 
similar to the one tested. 

Effective Flange Width in Tension 

Measurement of strains on the tensile reinforcement in the 
bent cap and box-girder slabs showed that the slab re-
inforcement did contribute to the moment resistance of the 
bent cap. However, the effectiveness of this reinforcement 
decreased as its distance from the bent cap increased. This 
observation has been made by other investigators. 

On the basis of the observed distribution of steel strains, 
Kaar (21) reached similar conclusions about the effective-
ness of reinforcement in isolated T-beams. Mattock and 
Kaar (13) found that the longitudinal tensile strains in the 
I-beams of continuous bridges peaked over the webs. As 
in the case of the compression flange, this behavior is at-
tributed to shear lag. As reported in Appendix E, the shear 
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lag phenomenon was also evident in the box girders of the 
model bent tests. 

The reduced effectiveness of flexural reinforcement 
placed away from the bent cap was particularly evident in 
the model bent cap with spread reinforcement. For a given 
load, this specimen exhibited larger deflections and greater 
crack widths than the corresponding straight-column model 
that had all flexural reinforcement within the bent cap. 
Thus, in terms of serviceability, the specimen with spread 
reinforcement was less satisfactory. 

Based on the test results, a limitation on the width of the 
tension flange that can be considered effective is necessary. 
For design, the current AASHTO provisions for effective 
flange width, listed previously, are recommended as limits 
on the tension flange width. However, the overhanging 
width for tension flanges is further restricted to one-fourth 
the box-girder web spacing. This is intended to ensure that 
effects of concentrated loads and box distortion do not 
reduce the capacity of the reinforcement in the flanges. 

The somewhat arbitrary choice of one-fourth the web 
spacing was based on the premise that concentrated loads 
placed within these limits would be transmitted directly to 
the nearby bent cap rather than to the more remote girder 
webs. Also, in this region, the flange is forced to follow 
the deflection curve of the bent cap thus minimizing the 
secondary stresses resulting from shear distortion of the 
box sections. 

Over-all effectiveness of the bent cap tensile reinforce-
ment can be evaluated from the test results. Measurements 
indicate that, at loads below those causing yield of the 
flexural reinforcement, bars at the specified extremities of 
the tension flanges will be stressed about 75 percent as 
much as the bars over the bent cap web. If the reinforce-
ment is distributed uniformly across the tension flange of a 
bent cap of usual proportions, about 60 percent of the re-
inforcement will be located above the web. Assuming 
linear variation of effectiveness of the reinforcement in the 
flanges, the over-all effectiveness becomes 95 percent, a 
figure higher than the equivalent effectiveness for box gird-
ers tested. Post-yield rotation of the section, plus partici-
pation of the portion of the superstructure outside the as-
sumed flange, provides the required strength of the bent 
cap. 

It would be expected that in a bridge of the usual pro-
portions reinforcement originally designed as deck flexural 
reinforcement would be found within the defined limits of 
the tension flange of the bent cap. Following the reasoning 
that led to the proposed specification, these bars can also be 
considered as part of the bent cap reinforcement. 

Effect of Spreading Bent Cap Tensile Reinforcement 

The model bent cap with spread reinforcement had higher 
maximum stresses and greater deflections than the equiva-
lent model whose reinforcement was all within the stem 
width of the bent cap. In bridge designs, all required ten-
sion reinforcement should be placed within the stem width 
whenever possible. However, placing bent cap flexural rein-
forcement within the bounds defined by the effective tension 
flange will minimize the detrimental effects of spread rein-
forcement on serviceability. 

It is expected that the reduced amount of reinforcement 
required by the load factor method of design will help to 
alleviate the need for widely spread reinforcement. 

Location of Critical Section for Bent Cap Design 

The choice of location of the critical design section was 
based on measured strains in the bent cap flexural reinforce-
ment. These strains indicated that maximum stresses oc-
curred at or near the face of support, defined as the inter-
section of the surface of the straight or flared column with 
the bottom surface of the bent cap at the longitudinal 
centerline of the bent cap. It is recommended that the 
critical section for design be taken at the face of support. 

Considerations that led to determining the critical design 
section at the face of support are shown in Figures 32 
through 35. These figures show the experimental and cal-
culated stresses in the longitudinal flexural reinforcement of 
the single-column and double-column model bent caps. Re-
sults are given for service load 1.0 [D + (L  + I)] and the 
design ultimate load (K = 1.0). 

Reinforcement stresses were determined from the mea-
sured strains and experimentally determined stress-strain 
relationships. The strains used were the average across the 
width of the bent cap. 

Calculated stresses were determined from the applied 
moment diagram for the bent caps. Reinforcement stresses 
corresponding to the applied moment were determined for 
the cross section in question by satisfying the applicable 
conditions of equilibrium and compatibility of strains. The 
basic procedure has been outlined by Pfrang, Siess, and 
Sozen (22). 

In the figures, the calculated curves are designated "with" 
or "without" the tension flange. Calculations designated 
with tension flange include the slab reinforcement falling 
within the effective flange width defined previously. As 
would be expected, lower steel stresses are obtained when 
the slab reinforcement is included in the calculations. 

Comparisons of the experimental and calculated stresses 
for the single-column models are shown in Figures 32 
through 34. For all three specimens, the experimental stress 
is lower than that calculated at the face of support. The 
same result is obtained eyen when the tension flange slab 
reinforcement is considered. 

Several factors contribute to the difference in stresses. 
More deck slab reinforcement may contribute to the mo-
ment resistance of the bent cap than is permitted by the 
effective flange width limits. If additional slab reinforce-
ment does participate, the stresses in the bent cap reinforce-
ment would be lower than calculated using the effective 
width concept. 

Another feature evident in the curves shown in Figures 
32 through 34 is that the experimental stresses toward the 
end of the bent cap are higher than those calculated. The 
difference is most apparent for the wide flared supports. 
This difference in stresses is attributed to the formation of 
inclined cracks in the bent cap. Similar behavior was ob-
served by dePaiva and Siess (23) in tests of deep beams. 
Once the inclined cracks form, "tied-arch action" results in 
higher steel stresses toward the end of the bent cap. 
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Figure 32. Experimental and calculated stresses in bent cap 
of specimen SC-3. 

Calculated with Tension Flange 

Calculated without Tension Flange 

Figure 34. Experimental and calculated stresses in bent cap 
of specimen SF-S. 

Further evidence of this behavior is apparent from a 
comparison of the experimental stress distributions at ser-
vice load 1.0 [D + (L  + 1)] and at the design ultimate load 
(K= 1.0). At service load the distributions outside the 
support are concave upward with a shape similar to the 
applied-moment diagram At the design ultimate load, 
when inclined cracks were well formed, the distributions 
are concave downward, indicating an increase in stresses 
away from the support. 

The finite element analysis, described in Appendix C, was 
also used to predict longitudinal stresses in the bent cap. 

Calculated with Tension Flange 

Calculated without Tension Flange 

Figure 33. Experimental and calculated stresses in bent cap 
of specimen SF4. 

Face of 

- Calculated with Tension Flange 

Calculated without Tension Flange 

Figure 35. Experimental and calculated stresses in bent cap 
of specimen DC-9. 

The results are shown in Figure 32 for SC-3, the specimen 
With the straight column. The finite element solution does 
yield a good prediction of the stresses and apparently ac-
counts quite well for the stress distribution in the vicinity 
of the support. 

Figure 35, showing the bent cap stresses in the double-
coluthn model, is based on a moment diagram calculated 
using centerline dimensions. The stresses calculated at the 
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interior and exterior column faces are considerably higher 
than the corresponding experimental stresses in the vicinity 
of the column. 

The moment diagram for the double-column model was 
also calculated considering finite member widths rather than 
centerline dimensions. When this was done, moment at the 
interior column face was increased about 15 percent, with 
a corresponding reduction in the midspan positive moment. 

For the geometric proportions and loads of the double-
column bent cap tested, the calculated moments based on 
either method would result in approximately the same de-
sign. It is not possible to predict, based on this test, which 
method would be preferable for other multiple-column 
bents. 

Based on the results discussed above, the choice of the 
critical design section at the face of support appears 
reasonable. 

Conditions at the face of support are uniformly con-
servative in that predicted stresses are higher than those 
measured. Toward the points of zero moment, the calcu-
lations tend to underestimate stresses, but this may occur in 
any beam where diagonal cracking develops. Traditionally, 
the provisions for extension of reinforcement have been 
used to compensate for this underestimation of stresses. 

Over-all, correspondence between calculated and mea-
sured stresses appears to be the best that can be obtained 
without the introduction of complex design expressions. 

REDUCTION IN THE AMOUNT OF REINFORCEMENT 

One of the primary aims of the project was to determine 
whether current design methods resulted in more reinforce-
ment than needed in the bent cap. Because of the wide 
variety of proportions possible within the specified geome-
try, no exact reductions can be calculated but a range of 
values can be determined. 

Flexural Reinforcement 

The major factor determining the amount of flexural re-
inforcement is the design method used. For box-girder 
bridges of the proportions specified, the change from work-
ing stress to load factor design results in a reduction of 
roughly 30 to 35 percent in bent cap flexural reinforcement. 
This reduction is evidence that an indirect effect of the 
current specifications is to require that a bridge designed by 
the working stress method have more load-carrying capacity 
than one designed by the load factor method. 

The amount of column flare can have a substantial effect 
on the amount of flexural reinforcement required. In the 
series tested, the bent cap having the column with the widest 
flare would require about 30 percent less reinforcement 
than the similar bent cap having a nonflared column. 

Choice of critical design section can also influence the 
amount of flexural reinforcement required, particularly for 
wide column flares or for regions of steep moment gradients 
such as encountered in the negative-moment regions of 
multiple-column bents. Reinforcement savings can amount 
to 10 to 20 percent when the design section is moved from  

one-sixth the support diameter from the column centerline 
to the face of support. 

The effective flange width chosen has little effect on the 
amount of flexural reinforcement required. 

Shear Reinforcement 

The amount of shear reinforcement required is not signifi-
cantly different whether a given bent cap is designed by 
working stress or load factor methods. The only variables 
that have an effect on shear reinforcement requirements are 
the column flare and critical design section location. In the 
recommendations of this report, these two variables com-
bine to widen the support and, thus, increase the length of 
bent cap calculated to have zero shear and minimum shear 
reinforcement. 

RECOMMENDED DESIGN PROCEDURE 

On the basis of this investigation, the following provisions 
are recommended for the design of bent caps. Where 
appropriate, suggested wording for incorporation in the 
AASHTO Specifications is given. 

Determination of Design Loading on Bent Cap 

Use present AASHTO design methods. 

Effect of Column Flare 

For an integral support to be considered effective, the angle 
of greatest slope of the surface of the support shall not 
exceed 45 degrees from the vertical. 

Effective Flange Width in Compression 

The effective width of an overhanging compression flange 
on either side of the web of an integral bent cap shall not 
exceed the following: 

One-tenth the span length of the bent cap. For canti-
levers, the span used shall be twice the length of overhang. 

One-half the clear distance to the next bent cap. 
Six times the least thickness of the slab. 

Effective Flange Width in Tension 

The effective width of an overhanging tension flange on 
either side of the web of an integral bent cap shall not 
exceed the following: 

The effective width defined for compression. 
One-fourth the average spacing of the intersecting 

box-girder webs. 

All longitudinal reinforcement located within the speci-
fied flange widths may be considered fully effective. 

Design Section for Negative Moment 

Moments at the face of support may be used for design of 
the bent cap. The face of support is defined as the limit of 
the effective support along the centerline of the bent cap. 
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Effect of Spreading Reinforcement 
	

Column Flare 

Use the provisions specified previously for "Effective Flange 
Width in Tension." 

COMMENTS 

Design Loading 

Analysis of the experimental results obtained from this 
project indicates that the lateral distribution of load in box-
girder superstructures in these bridges was not large. Con-
sequently, the present design methods that assume no lat-
eral distribution of loads can be used. 

It is believed that application of the recommended de-
sign methods, in conjunction with the load factor method, 
will yield structures more closely exhibiting the intended 
behavior than any previous method. However, this report 
deals only with the strength, serviceability, and load dis-
tribution characteristics of box-girders bridges. Determina-
tion of whether or not the magnitude of the design load-
ings is representative of actual loadings on the bridges was 
beyond the scope of this program. As pointed out in chap-
ter Four, more refined design methods increase the impor-
tance that design loadings correspond to actual loadings. 

No evidence was gathered in this project on the local 
distribution to the adjacent girder webs of live loads applied 
to the deck. Present design methods commonly place the 
entire lane load reaction directly on the bent cap at the lane 
centerline. If the lane centerline happens to be at or near 
a box centerline, it is physically impossible for the lane load 
to be applied to the bent cap at that point. A more logical 
approach would be to consider some distribution of the live 
loads to the girders, which would then be assumed to carry 
the loads to the bent cap. 

Assuming the live load applied through the girder webs 
would result in minor local changes in the moment diagram, 
there would also be changes in the location and magnitude 
of the steps in the shear diagram for the bent cap. 

Since the present specifications are silent on this point, 
no formal changes are proposed. 

The proposed provisions were developed from tests on 
flared columns, in which the shape of the support at the 
bottom of the bent cap had parallel sides -and rounded 
(elliptical) ends. The provisions should not be applied to 
supports of less compact cross section than those tested. 
For example, they should not be applied to a section with 
pointed ends. 

These provisions follow the intent of long-standing speci-
fications for supports in flat slabs in the ACI Building Code 
(15), and the British Code of Practice (16). 

Flange Widths 

Compression flange width provisions are a restatement in 
terms of overhanging flanges of current provisions. Test 
results and calculations both indicate that strength of the 
bent cap is very insensitive to the choice of the compression 
flange width. Consequently, the present provisions are 
satisfactory. 

Overhanging widths for tension flanges are further re-
stricted to one-fourth the average box-girder web spacing 
to ensure that effects of concentrated loads and box dis-
tortion do not reduce the capacity of the reinforcement in 
the flanges. 

Design Section for Negative Moment 

The experimental results indicated that, for design, the best 
choice of location for the maximum moments and reinforce-
ment stresses was at the face of support. 

Spreading Reinforcement 

The reduced amount of reinforcement that meets the re-
quirements of the load factor method of design will prob-
ably eliminate the need for spreading reinforcement outside 
the limits of the bent cap web width. However, if spreading 
is required, the test results indicate that reinforcement 
placed anywhere within the specified tension flange may be 
considered effective. 
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CHAPTER FOUR 

CONCLUSIONS AND SUGGESTED RESEARCH 

CONCLUSIONS REGARDING ANALYSIS AND DESIGN 

Load Distribution 

Experimental results in this project indicated only a small 
amount of lateral distribution of loads when applied load-
ings approached the capacity of the bridge. On the other 
hand, the elastic analysis predicted a considerable amount 
of lateral distribution. 

For the design of the bent cap, the smaller the amount 
of lateral distribution assumed, the more conservative the 
design. Consequently, no changes were recommended in 
the current design method, since it assumes no lateral dis-
tribution of loads within the structure. 

Effect of Column Flare 

All flared columns tested in this project were found to be 
fully effective as supports. The flares were as effective as 
straight columns having a noncircular cross section the 
same as at the top of the flare at its intersection with the 
bent cap. The surfaces of the flares made angles of up to 
45 degrees with the vertical. 

Effectiveness of the flares as supports for the bent was 
judged by determining whether or not reinforcement and 
concrete stresses in the bent at the face of the flares ex-
hibited the same behavior as at the face of the circular 
cylindrical column. Behavior was found to be indistin-
guishable. Consequently, all the flares tested were judged 
to be completely effective. No overstress was found within 
the flares themselves. 

Effective Flange Width in Tension and Compression 

The effectiveness of reinforcement was found to decrease 
rapidly with distance from the bent cap web. The effect was 
assumed to be primarily due to shear lag. In a prototype 
bridge subjected to traffic, bars outside the bent cap web 
would also be stressed by concentrated loads on the deck. 
To take into account the reduced effectiveness and the 
stresses due to loadings not included in this test program, 
restrictions were placed on the assumed flange width for 
tension. 

All properly oriented reinforcement within the specified 
flange width can be considered effective. The proximity to 
the bent cap web minimizes secondary stresses due to con-
centrated loads and to shear distortion of the box girder 
cells. 

The effective flange width of the bent cap in compression 
was found to be adequately defined by existing specifica-
tions (1) for the width of compression flanges in box 
girders and T-beams. 

Effect of Spreading Bent Cap Reinforcement 

The effect of spreading bent cap reinforcement is closely 
related to the problem of effective flange width. Conse-
quently, conclusions for that problem apply. 

Critical Design Section. 

The critical design section for moment was found to be at 
the face of support. This is defined as the extreme point 
of the column or flare at its intersection with the bent cap. 

CONCLUSIONS REGARDING EXPERIMENTAL TECHNIQUES 

To properly evaluate stresses for any particular loading, it 
was found necessary to take into account residual stresses 
introduced during the test program. In the tests of the 
model bridges, residual stresses in the reinforcement under 
dead load near the end of the program were substantially 
higher, in the range of 10 ksi, than the stresses under the 
same load at the beginning of the test. Details are discussed 
in Appendix A. 

In the determination of internal moments from experi-
mentally measured strains, it was found that the calculated 
tensile and compressive resultants were not equal. Possi-
ble reasons for the apparent departure from the statically 
required equality, and the method used to obtain usable 
results, are discussed in Chapter Three and Appendix D. 

SUGGESTED RESEARCH 

Proof Test 

The original project statement indicated that a proof test of 
a complete model bridge, designed according to the recom-
mendations of this report, should be included. This proof 
test would provide direct physical evidence of the sound-
ness of the design recommendations. The load factor 
method would be used so that the performance of a com-
plete box-girder bridge built according to this design con-
cept could also be evaluated. 

It is strongly recommended that this test be performed 
to satisfy the original project statement. 

Loadings 

The lane loads that govern the design of the bridges dis-
cussed in this report are significantly lighter than a lane of 
"AASHTO" trucks. Such a lane would have a loading 
approaching 2.0 kips per foot, assuming the standard 
72-kip truck-trailer combination with axles 17 ft apart, and 
some interval between vehicles. This contrasts with the 
0.64-kip-per-foot lane load plus a concentrated load or 
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loads assumed in design. Taking into account the con- 	sidering the possibility of the occurrence of live loads larger 
centrated load, the effect of the line of trucks might be 	than the lane loadings used for design. It is recommended 
two to three times that assumed in the design. 	 that the latest studies on the frequency and magnitude of 

The current load factors (24) require a capacity of 1.3 	applied loads be compared with the reduced capacities 
[D + 5/3(L + 1)], or 1.30D + 2.17 (L + 1). The reserve 	resulting from the suggested refinements in design before 
capacity of 1.17 (L + 1) appears to be rather small con- 	revised specifications are adopted. 
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.A.PPENDDC A 

BACKGROUND AND REVIEW OF LITERATURE 

Introduction 

This appendix serves two purposes. First, it presents some back-

ground material for Appendixes B and C, and second, it provides information 

on experimental methods cameos to both Appendixes D and K. 

Appendixes B and C are, respectively, the reports on the Lead Dis-

tribution part of the Analytical Studies, done by A. C. Scordelis, and the 

Bent Analysis part of the Analytical Studies, done by P. P. lynn and S. Arya. 

Except for some condensation in the Load Distribution report, the two re-

ports are presented an received. Due to the inforsal mature of the reports 

and the fact that they were done concurrently with the experimental program, 

some added explanation is needed to show how the reports fit into the pro-

ject. To maintain the reports as separate entities, this added material 

was placed in Appendix A. 

Scaling considerations, construction techniques, loading apparatus, 

instrumentation and data reduction techniques cnesxon to both the Model Bridge 

Tests described in Appendix D and the Model Bent Tests described in Appendix 

E are discussed in Appendix A. 

Also contained in Appendix A are comments on data analysis, new 

maximum loadings and design methods. 

Folded Plate Method of Analysis for Box Girder Bridges 

A detailed description of the folded plate method has been reported 

by Scordelis in his study of simply supported box girder bridges. 	This 

method was extended to include the analysis of continuous bridges with simple 

nupportn at the extreme ends. 	tin and Scordelis 	have developed a 
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Fig. A-i Simply Supported Ceilular Folded Plate as Described 
in Ref. 25 
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Fig. A-S Degrees of Freedom at Each Joint  

coxputer program, based on the folded plate method of Goldberg and Lcve 2 

to analyze prismatic structures with flexible interior diaphragms or sup-

ports. The summary that follows is derived from these three references. 

For simplicity, the method of handling interior rigid or flexible dix-

phragns will not be discussed. 

The initial report by Scordelis( 2  contains a review of ana-

lytical models used to reps-escst simply supported box girder bridges; also 

included is a selected bibliography. More recent references are given by 

tin and Scordelis. ' 

AsswsptiOss. Is the development of the folded plate solution, 

it is assumed that the box girder structure is made up of uniformly thick 

rectangular plates that are elastic and homogeneous. Superposition is con-

sidered valid. Because a harmonic analysis is used, the structure must be 

simply supported at its extreme ends. 

Analysis of a Sixply Supported Box Girder Bridge by the Folded 

Plate Method. The box girder bridge is considered as a system of inter-

connected rectangular plates as shown in Fig. A-l. The structure may be 

analyzed for applied loads of arbitrary longitudinal distribution using a 

harmonic analysis representing the loads by a Fourier series. The harmonic 

analysis makes it possible to treat an entire longitudinal joint as a sin-

gle nodal point. Each joint or nodal point has four degrees of freedom 

as shown in Fig. A-2. 

The forces and displacements is each plate caused by loads normal 

to the plane are calculated by the classical bending theory for this plates. 

Forces and displacements caused by loads is the plane of the plate are cal-

culated by the plane stress theory of elasticity. 
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A direct stiffness method of analysis is used to .,nlve for the 

internal forces and displacements is each plate. Using classical plate 

theory and plane stress theory, expressions are derived for the plate edge 

forces caused by the surface loads for the case of the longitudinal edges 

fixed against displacement. These four forces at each edge are then related 

to the corresponding edge displacements to yield an element stiffness matrix. 

The element stiffnesses are assembled to form the structure stiffness matrix, 

K, which relates the applied loads, F, to the unknown joint displacements, u. 

Afier the equilibrium equations, F Ku, are solved for u, the plate element 

internal forces and displacements can be calculated. 

Analysis of a Box Girder Bridge Supported by a Planar Frame Bent. 

The folded plate solution outlined above has been extended by tin and 

Scordelis 	to permit analysis of bridges supported by flexible planar 

frame bests. Interior support bests are assumed to be incapable of carryisg 

loads normal to their own plane. The solution combixes the stiffness and 

flexibility methods. 

The interior support best is accounted for by using a flexibility 

(force) method of analysis in which the interaction forces between the folded 

plates and the supporting frame bents are takes as redundsnts as illustrated 

in Fig. A-3. The analysis consists of the following steps: 

Redundants are set equal to cern and the folded plate struc-

turn is analyzed for the given loads an described in the pre-

vious section. From this analysis the displacements, (s), are 

defined at the paints where the redusdants act. 

The folded plate structure is analyzed to determine unit values 

of each redundant force and the correspomd.ing flexibility matrix 

A-) 
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(a) Elevation of the Structure 

(b) Primary Structure 

(c) Structure under Unit Redundant Force 
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(d) Joint Redundant Forces 	(e) Idootized Frame Bent 

Fig. A-3 Analysis of a Folded Plate Structure on a Flexible 
Bent as Described in Ref. 27 
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is formed. This matrix relates the displacements at the pOimts 

where the redundasts act, fA,, to the unit forces. 

3. The planar bent frame is analyzed by the direct stiffness 

method and the frame stiffness matrix is condensed to elimi - 

nate the degrees of freedom that do not correspond to the 

redundant forces. The stiffness matrix is then inverted to 

obtaio the flexibility matrix. This matrix relates the frame 

displacements at the points where the redundant forces act, 

I fol, tOtheus.it  redundant forces. 

l. 	Unknown redundant forces are determined by satisfying geo- 

metric compatibility which requires that t'l) + fAa) + 	0. 

5. The folded plate structure, and the planar frame bent are then 

analyzed for the hnow,s loads and the known redundant forces to 

determine the stresses and displacements in the actual strum - 

tare. 

A typical support beam consisting of a transverse girder and a 

column say be idealixed as a planar frame with fictitious vertical rigid 

links connecting the girder "is to the joints of the folded plate system 

as shows in Fig. A-3. 

Advantaxes and Disadvantages of the Folded Plate Method. Scordei,io62 

has compared the folded plate method to Other elastic analyses such as the 

finite segment and finite element methods. This comparison indicated that 

the folded plate method is the most accurate. This method yields a complete 

solution in a reasonable amount of computer time. However, it is restricted 

to analysis of continuous,, homogeneous, prismatic structures with simple sup-

ports at the extreme ends. 
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Davis, et. 51. have found that the folded plate method correlated 

well with model and prototype tests in the determination of the distribu-

tion of box girder resisting mOmests. 9  

Application of the Folded Plate Method of Analysis. Since the 

structures of this project are prismatic, except for the minor flaring of 

the box girder webs, the folded plate method of analysis appears applicable. 

However, in the vicinity of the bent cap, the correspondence is less exact 

since the analysis assumes a cap of cero width in the direction of the span 

of the bridge. Since accurate prediction of stresses in the bent cap was a 

primary objective of the project, the folded plate method is deficient in 

this respect. However, this deficiency should not affect the accuracy of 

predictions of quantitities such as Load distributios among the girders, a 

quantity related to the overall characteristics of the structure. 

Both concentrated and distributed loads can be accurately repre-

sented in the folded plate method. Consequently, all loadings used is this 

project are adequately represented by the analysis. 

As a method based on assumed linear elastic behavior, the folded 

plate analysis will satisfactorily simulate the behavior of a reinforced 

concrete structure only in the range of loadings in which the structure 

exhibits no marked changes in behavior due to cracking or nonlinear material 

properties. 

Adaptation of Scordelis' Report for Appendix B. Scordelis' report 

on the toad Distribution port of the Analytical Studieu was condensed for 

publication as Appendix B. The condensation consisted of the elimination of 

many figures, the renumbering of those remaining, and slight modifications 

of the text to make it compatible with the new agreement. 

As originally submitted, the report coxtained a complete set of 

figures for each of 11 loading cases, five for the single-colisms bridge and 

nix for the double -column bridge. For each case 15 figures and two tables 

were shows. Each loading case concerned with the double -column bridge is-

eluded two additional figures and an additional table. Besides these itema, 

four figures and two tables of a gemeral mature were included in the text. 

Thus, the complete report contained 1.61 figures and 30 tables. It was felt 

that the inclusion of all this material relating to only one phase of the 

project would make the final report unnecessarily long. 

To form Appendix B. the text and the four figures and two tables 

of a general mature were retained. The figures appear as Figs. B-i through 

B-h, respectively. 

The subdivisIons of the various loading cases, originally earned 

"figures" were remamed "parts". Figures illustrating the results of all 

the ports for loading cases 1 and 6, live loading of all lanes is the 

simgle-column and double-column bridges, respectively, were retained. 

Figures illustrating the results of ports 11 and 12, related to loadings 

calculated for the bent caps, were retained for all loading cases. Some 

additional figures were also retained. The figures were renumbered by load-

ing 

oad-

1mg case and port. The condensation contains 60 figures and two tables. 

Finite Element Analysis of Reinforcej Concrete Structures 

This section presents a brief description of the finite element 

method and its application to reInforced concrete structures. It is intended 

for this material to serve as a background for the presentatIon is Appendix C 

of £nn and Arys's results on the finite element analysis of the bent cap 

specimen. 

A.7 	 A-a 
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Detailed descriptions of the finite element method are presented 

elsewhere. (29, 30 31 , 32) 

Finite Element Concept. The finite element method is a technique 

for appromimating solutions to stress analysis problems of continuum mechanics 

by replacing the actual continuous structure with a system of discrete elements 

having known physical properties. The method allows complex two-and three-

dimensional structures to be analyzed by the name basic matrix displacement 

or force techniques used for frame structures. With the finite element 

method, the effects of anistropy, nonlinear response, temperature, and time-

dependent phenomena can be incorporated. 

The first step in the finite element analysis is idealloation of 

the continuous structure as an assemblage of discrete elements. To illustrate 

this procedure, Fig. A-k shows a beam divided into a system of triangular 

elements interconnected at nodal points. The displacements of the nodal 

points are the basic unknowns of the problesk just an in the matrix dis-

placement analysis of a frame. Thus, the beam continuum is reduced to a 

structural system having a finite number of degrees of freedom. 

The discrete elements that replace the continuous system are not 

merely pieces of the original structure connected at the points. Such a 

system would be much more flexible than the original structure because con-

tinuity would only be satisfied at the joints. Rather, the elements are 

developed to represent, as closely as possible, the displacement potters of 

the original structure. 

The second and most critical step in the analysis is the deternina-

tins of the stiffness characteristics of the individual elements. To accom-

plish this, it is secessary to develop the element stiffness matrix that 

relates the nodal point displacements to the nodal point fOrces. 
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A representative triangular element, with two degrees of freedom 

at each mode, is shown in Fig. A-5. In deriving the element stiffeass matrix, 

displacement functions are selected to define the state of deformation within 

each element in terms of the nodal point displacements of the element. 

Once the displacement functions are chosen, the strains within the 

element can be defined in terms of the nodal point displacements. Then, 

through a stress-strain relationship, the stresses within the element are 

also related to the nodal point displacements. Finally, the principle of 

virtual work is applied to obtain the element stiffness matrix by imposing 

arbitrary virtuai nodal point displacements on the element and then equating 

the external work to the internal work. 

After the continuous structure has been idealiced and the element 

stiffness matrix has been derived, the next step in the analysis is to 

assemble the structure stiffness matrix by systematic addition of the mdi - 

vidusi element xtlffnexxcs. The structure stiffness matrix, K, relates the 

unknown nodal point displacements, u, to the external nodal point loads, F. 

Using matrix notation, the equilibrium equations may be expressed as foilows 

{e {u} 	 (A-l) 

Once the stiffness matrix is assembled, Eq. A-i can be solved to obtain the 

unknown nodal point displacements. Subsequently, the element stresses and 

strains can be computed. For nonlinear problems, Incremental or iterative 

procedures are used to account for changes in the structure stiffness with 

increasing load. 

Through the use of matrix algebra, the finite element technique in 

readily adapted to programming for the digital computer. 

Fig. A-4 Finite Element ideslication of Beam 

y,v 

x,u 

Fig. A-S Triangular Element 
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Application to Reimforced Concrete Structures. Application of the 

finite element method to reinforced concrete beams was described by Ego and 

ScordeUs. 33  Figure A.6 shown their finite element idealication of a rein-

forced concrete beam. Triangular elements were used to represent both the 

steel and the concrete, and a special linkage element was used to represent 

the bond between the concrete and steel. A linear relationship between the 

bond slip and bond stress was assumed. Cracking was incorporated into the 

model by separating the concrete elements on either side of a crack. 

RilaO5 	has extended Ego and ScordeUs work to include non- 

linear material properties, progressive cracking, and a more complex bond 

slip to bond stress relationship. 

Franklin 	has also used the finite element method for the non- 

linear analysis of reinforced concrete structures, including open and 

imfilled frames. 

Reinforced concrete beams with diagonal tension cracks have been 

modeled by Ego, Franklim, and Scordeils. (36) They simulated the progression 

of diagonal cracking and determined the stress state at various stages of 

cracking. Beams with and without web reinforcement were analyzed. Their 

work inc ludes a study of the effects of aggregate interlock, dowel forces, 

and horizontal splitting. 

Isenberg and Adhnn 	have presented an approach to the finite 

element analysis of reinforced concrete structures that differs from the 

process described by Ego and Scordelis. Rather than idealizing the struc-

ture as a system of concrete elements, steel elements, and bond Unks, 

Isenberg and Adliam derived stress-strain relationships for a composite rein-

forced concrete element as shown in Fig. A-7. The composite model is developed 
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Fig. A-It Finite Element Idealization of Reinforced Concrete 
Beam as Described in Ref. 33 

forcement Rein 

y 

Fig. A-7 Reinforced Concrete Element 

A-i) 

to account for (1) the co,mbinnd properties of the concrete and steel, (2) 

the change in principal directions of ntressen and the orientation of cracks, 

) progressive bond failure between concrete and steel, (It) orthotropy due 

to different noduli is different directions under nultiaxial compression and 

(5) orthotropy due to cracking. With the composite element, cracking is 

accounted for by changes is the stiffness of the composite element, not by 

disconnecting the elements at their cannon nodes. 

Cervenhs and erstie(38)  have also used the composite element 

approach to evaluate the nonlinear effects of cracking and plasticity in 

the analysis of reinforced concrete panels under in-plane forces. Ipnn and 

Aryan analysis of the bent cap presented in Appendix C is based on the com-

posite element model approach. 

l,initations of the t'athod. The accuracy of results obtained from 

the analysis is dependent on the ability of the mathematical model to repre-

sent the actual structure geometry, material properties and loading conditions. 

An more refined experimental data becomes available concerning the multiaxlal 

stress-strain relationships for concrete, the bond slip between concrete and 

reinforcement, and the effective shear modulus of reinforced concrete planar 

elements, mathematical models will be improved. In addition, more work is 

necessary to determine the effects of dowel action, aggregate interlock, 

creep, and shrinkage. Until better information concerning these items is 

available, finite element analysis of reinforced concrete structures nust 

still be considered to be in the development stage. 

Model Testing - Reduced Scale 

To simulate the behavior of the prototype at all loads through ulti - 

nate, models were constructed at reduced scale. Using steel reinforcement and 

a concrete nix with reduced msxinun aggregate size, these structures were, 

in almost every detail, reduced size structures geometrically similar to the 

prototype. 

The capabiUties and limitations of reduced scale models are dis- 

cussed in several recent publications, including those by 	 Breen °  

and the American Concrete Institute Symposium Volume SP-24.' 	The latter 

publication, concerned with all phases of modeling of concrete structures, 

contains 18 papers. Some of these are referred to elsewhere in this report. 

Capabilities. To assess how well the model bridges in this study 

model the behavior of the prototype, it is necessary to evaluate the rela-

tive importance of various typea of behavior. It is assumed that properties 

of the reinforcement, with the pousibie exception of bond, are modeled very 

well. Similarly, structural properties of concrete are modeled well except 

for some snail, easily neaaured increases in tensile strength. 

By nature of the design, the predominant action is flexural. The 

flexural action of primary interest is in the post cracking range. For the 

small reinforcement percentages used on the test specimens, flexural behavior 

is almost completely a function of reinforcement properties. Consequently, 

behavior of the prototype is well modeled. 

Shear behavior is another consideration in the performance of the 

models. That portion of shear behavior attributable to the concrete may be 

slightly influenced by the higher tensile strength of the model concrete. 

In these structures, however, the major portion of the shear resistance is 

provided by the reinforcement. Again, since the reinforcement properties 

are well modeled, shear behavior should be well represented. 

Bond, though not particularly well modeled, should not be a factor 

entering into the behavior of either prototype or model, since designs are 

proportioned to avoid bond problems. 

Cracks may be expected to form at relatively wider spacings in 

the model, as pointed Out by Ksar(2h) and others. Consequently, individual 

cracks will tend to be relatively wider in the model than in the prototype. 

In addition, the onset of cracking may be slightly retarded by higher tensile 

strength in the model concrete. 

twflections are affected by the proportions of cracked to uscracked 

sections in a structure. Consequently, higher tensile strengths in the model 

concrete somewhat reduce the relative defleetions. 

Sealing Considerations. The lava of similitude define an infinite 

variety of material properties that will satisfy the requirements of modeling. 

However, as pointed out by ha, White and vamiors2)  and Roll 39 , as well 

as others, from a practical standpoint it is convenient for strength models 

to use materials having is all details the same properties as those in the 

full scale structure. When this is done, the stress scales and strain scales 

are unity for the model, i.e., throughout the model the stresses and strains 

are the sane as those in the prototype for the equivalent loading. There-

fore, effort was made to duplicate the assumed properties of the prototype 

materials in the model. 

With the stress scale and strain scale set at unity, the scaling 

of loads and forces becomes very straightforward. If the scale factor X in 

defined as 	
A 

(A-2) 
p 

where i  is a characteristic length dimension and the subscripts n and p 
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refer to model and prototype respectively, them 

(A-3) 

[P/Li0 =x[P/i1 	 (A-b) 

= w 	 (A-5) 

where P is a concentrated load (force), P/i is a load per unit length 

(for example, pounds per foot) and w is load (force) per unit area (for 

example, psi stress, paf load). 

The choice of the unity strain scale means that all qsantititen 

containing a dimension factor obey Eq. (A'S). Of greatest interest is the 

fact that deflections are in proportion to the scale factor, assuming that 

modeling of behavior is accurate. 

The fact that strains are equal in model and prototype is an aid 

in interpretation of test data. Care nust be taken, of course, to see that 

strains are measured over an appropriately short gage length in the model to 

avoid invalid averaging of values in regions of steep strain gradients. 

The use of concrete in the model having material properties similar 

to those of the prototype concrete insures that the effecto of creep and 

shrinkage will be present in the model in the same general manner an In the 

prototype. A. 

discussed above, the fundamental characteristics of the reduced 

scale strength models assure adequate modeling of behavior for all of the 

needed and veil-defined properties. In addition, the use of concrete and 

reinforcement in the model similar to those in the prototype helps assure 

that less well-defined characteristics, such as failure criteria for the 

concrete, will also be modeled correctly. 
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One complication of the use of concrete and steel in the models 

is that, with the densities of prototype and model materials the same, them 

°D 	D 	 : 	 (A.6) 

where o are stresses due to dead load. To nake up the deflciemcy In dead 

load stresses in order to satisfy Eq. (A-5), additional, dead load must be 

applied. 

Model Tests 

Scale. The choice of scale for the specimens was intended to 

provide a balance between favorable and unfavorable factors. Construction 

costs decrease along with model size until difficulties related to the need 

for greater precision begin to elevate costs. Reduced load requirenents 

make smaller models attractive. On the other hand, installation of strain 

gages on the smaller models is more difficult. According to Breen 0), for 

a somewhat similar bridge system the optimum scale is in the range 1 1/4 

to I = 1/16. For the two model bridges a factor within this range, 

= 1/5, was chosen. The choice was primarily governed by the capacity of 

the laboratory equipment and by size and weight of the finished models. 

A scale factor of K = 2/5 was chosen for the single-column bent 

cap models. However, at this scale the weight of the double-column bent cap 

model, 02-9, became greater than the capacity of the laboratory crane. Con-

sequently, this model was constructed at k = 1/5 to reduce weight and allow 

the model to be lifted from the casting platform. 

Concrete Mix Design. A mixture using a maximum aggregate size of 

about 5/16 in. was adopted for the box girder and bent cap portions of all 

specimens. Type I cement, nerd and pea gravel were combined in the ratios 
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of about 1.0:3.7:1.1. In addition, an agent was added to produce about 

6 percent entrained air. 

Mixtures of similar proportions were designed to meet specific 

strength requirements for columns, column bases, and parapets. 

The physical properties of the various mixes as obtained from 

tests on standard 6-in, by 12-in, cylinders are tabulated in the sections 

describing the individual tests. A representative stress versus strain 

relationship for the concrete is shown in Fig. A-8. 

Reinforcement. Required reinforcement percentages for the model - 

bridge were obtained from the prototype designs. Specific reinforcement 

sizes were then chosen by consideration of the scaled prototype bar sizes 

and the actual bar and wire sizes available. The model bents were de-

signed directly. 

In the models, ASII4 Designation: A-615 Grade 60 sizes No. 7, 

No. 6, No. 5, No. K, and No. 3 were used to represent large bars. Deformed 

6am hot rolled bars (A = 0.044 sq. in., dnom = 0.236 in.) with similar pro-

perties were also used. Deformed wire size D-5 (A = 0.05 sq. is.) was used 

in some specimens. Smaller deformed wires, sizes D-3 (A = 0.03 sq. in.), 

0-2 (A = 0.02 sq. in.) and 0-1 (A = 0.01 sq. In.) were used to represent 

smaller bar sizes. 

The deformed wires as purchased had a rounded stress -strain curve 

and a tensile strength of about 85 ksi. By heat treating the properties 

were altered so that a well defined yield stress of about 60 ksi was pro-

duced. Consequently, the deformed wires used had stress-strain character-

istics similar to those of Grade 60 bars. The heat treating was accomplished 
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Fig. A-8 Stress versus Strain Relationship for Concrete 
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by holding a constant temperature for a period of about 6 hours. Tempera-

tures from 9750F to 1050°F were used for different sizes and lots of wire. 

Representative stress-strain curves for different sines of bars 

and wires are shown in Fig. A. Properties of the reinforcement used for 

specific specimens are listed in the Sections describing the tests. 

Construction Techniques. All, models were cast on a stationary 

wooden platforro leveled to t 1/16 in. Overall. The casting of the super-

structure was done in two stages as illustrated in Fig. A-b. In the first 

casting, the deck was completed. In the bent cap, the construction joint 

between castings was at about the same elevation as in the girders. Forms 

for the underside of the deck were removed after the concrete had hardened 

thereby avoiding any possibility of restraint to the structure from forms 

left in place. All concrete was compacted using a combination of internal 

and external vibration. 

For the two model bridges and the first bent cap spec men, con-

crete of the first casting was placed to the tops of the webs in one opera-

tion. However, there was some tendency for the fresh concrete to settle 

away from the horizontal reinforcement in the webs, leaving planes of weak-

ness. This tendency was particularly apparent in the first two-fifth-scale 

bent cap specimen, where increaned web height and clearances tended to 

aggrevate the problem. In subsequent spedimens the concrete of the first 

casting was carried to just below the lowest horizontal wires, then allowed 

to take its initial net over a period of a few hours. After that, the rest 

of the concrete was placed in the webs. 

loading Apparatus. Loads for the models were applied by means of 

hydraulic equipment described elsewhere. 	In this system, loading rods 
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attached to the teat structure extend down through holes in the laboratory 

floor. The loading rods are connected to hydraulically actuated rams 

located beneath the test floor. By interchanging components, a variety 

of loading patterns and forces can be developed. Uniformly distributed 

loads are approximated by a set of concentrated loads. 

To make up the dead load deficiency for correct simulation of 

dead load stresses in the bridge models, force was maintained throughout 

the tent period. This force was removed Only for brief intervals to Obtain 

"zero load' readings from the instrumentation. 

In both the single-column and double-column model bridges, the 

center of application of live load for one or more lanes was offset slightly 

from the dead load system. Due to this offset, the two loading nyctems did 

not have compatible geometry. Consequently, it was necessary to construct 

reaction frames above the teat floor to accomodate the offset. The arrange-

ment for the single-column bridge is shows in Fig. A-fl. Similar arrange-

ments were used for the offset lanes in the double-column bridge. 

In addition to the hydraulically applied bnadn, concentrated 

point loads were applied to the model bridges by planing a concrete block 

successively in the desired locations. Line loads were applied by piles of 

bags of cement. Details are described in the sections concerning the par-

ticular tests. 

For the single-column bent cap specimens, all loads were applied 

through the hydraulic system. Since the tests were of short duration, it 

was not necessary to apply the dead load makeup separately. Instead, dead 

load makeup, dead load increments, and live loads were applied simultaneously 

through the hydraulic loading system shOsm in Fig. A-12. 
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The same loading criteria were used for the sisg].e-columo bent 

cap specimens and the double-cOlumn bent cap specimen. Since the single-

column specimens were two-fifths scale and the double-colons specimen was 

nne..fi fib scale, the points of 5pplicatisn of load in the latter were at 

1.5-ft. centers rather than at 3-ft. cesters as used along the girders of 

the larger model. A lever system, shown in Fig. A-13, was used to adapt 

the pattern to the floor hole ipacing of the laboratory. 

IsstrmoentatiOn. Techniques for imstrunentatiOn of structural 

models are described to detail elsevhere.Some modifications were made 

in the strain gage imstailatioo technIques for the small wires used as 

reinforcement. Otherwise, the instrumentation was similar in all respects 

to that used for larger scale specimens. 

Strains on reinforcement and on the surface of concrete were 

measured with electrical resistance strain gages. - On both bridge models 

and on the single-column bent cap specimens, the electrical gages were 

supplemented with a Whittemore mechanical strain gage system that was used 

to monitor strains over long periods of time. 

Deflections were measured with linear potentiometers. A pre-

cision industrial level sighting on targets, was used as an additional 

check on measured defleetions. 

Forces were measured with load cells placed at selected locations 

in the loading apparatus. For the model bridges, reactions at the column 

bases and at the abutments were also measured. 

Crack widths were measured with a hand microscope containing a 

scale with graduations of 0.001 in. 
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Details of instrumentation for specific tests are included with 

the test descriptions. 

Analysis of Data 

Moments and Shears. The primary objective of the experimental 

portion of the program was to determine the distribution of internal forces 

in the test specimens. To do this, stresses were calculated from measured 

strains, and forces were calculated from the stresses. When appropriate, 

internal moments were determined from the measured forces. Shears could 

then be determined from differences in moments. 

One of the problems of the experimental analysis was the deter-

mination of the absulute value of strain for any particular load. Is the 

analysis of this report, an early load stage ,,as selected for which all 

strains were taken to be zero, the enact choice being governed by judgment 

of the creep, shrinkage and dead load stresses present. For the model 

bridges, the strain increment from the zero load stage to a stage of low 

load at the beginning of the cycle containing the load of interest was 

determined by study of both the relevant Whittemore mechanical gage read-

ings and the electrical strain gage readings. Althougj, the mechanical 

gages have better absolute accuracy, they represent averaging over a rela-

tively long 5-In, gage length. The electrical gages may show drift over 

a long period of time, but depict strain gradients more accurately due to 

the shorter gage length. 

With the absolute strain at the beginning of the cycle determined, 

the increment within the cycle to the load of interest was determined using 

the electrical gage readings. 
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Fig. A-la Residual Straj,sa 

For the bent cap specimens, the problem of drift of electrical 

gages over a period of time was not present. Consequently, absolute strains 

were detern.iaeii ,Ureelly from LA in lueresieut of sbraiuo i,olieateii by nine - 

trical gages between the chosen zero load stage and the load stage considered. 

Stresses corresponding to the measured strains in the reinforcement 

were obtained by multiplying by the measured value of the modulus of elasticity. 

To obtain stresses in concrete of the model bridges, time effects due to 

creep and shrinkage were taken into account as described in more detail is 

Appendix D. 

When moments were determined from forces, tensile and compressive 

resultants calculated from measured strains were not equal, even in Situa-

tions where no axial force could be present. The procedures used to adjust 

for this anomaly are described in the appropriate sections. 

Determination of shears from moments, basically a differentation 

process, magnified experimental errors, reducing the accuracy of the re-

salts. However, the end use of the individual girder shears to determine 

moments in the bent cap, reprenemtn an integration process that tends to 

reduce overall, error, if the total shear is statically correct. 

Residual Strain. The determinatios of absolute strains was 

affected by residual strains that accumulated after any loading. The 

effect exists for all defcremtloms produced in concrete structures, but is 

particularly evident in the cane of measured reinforcement strains. 

A representative load versus strain curve for a strain gage on 

reinforcement is shown is Fig. A-lb. The gage selected was on the bent 

cap reinforcement of Specinem SC-). In the figure, It is seen that a certain 
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strain increment AE was produced when the load was increased from nero to G. 

When the load was reduced to cern, the strain did not return to zero, In-

stead, a residual shoes as AC remained. 

The location of C was not unique. Rather, strains could unload 

along the dashed curve ', for a different residual AC'. Experience In-

dicated that further reloadingo to level G produced slight shifts of the 

maximum and minimum strains to the right. 

Experience also indicated that reloadimgs to levels less than 0 

produced loops with minima is the vicinity of C. First loading to a level 

above & followed along the line OH. This is essentially the same curve that 

would have been followed If the load had been increased monotonically. 

For this Investigation it was assumed that only those strains that 

represented new maxima for the particular location were unique functions of 

the load. The strain associated with this load can be referred to the 

original zero, in Fig. AlLf, paint A. 

Any other strain due to a load increment, for example the strain 

increment CF produced by the ssme loading that produced the unique strain 

AS, is called a "response" in this report. The response is a measurable, 

but non-unique, result of a particular loading. SInce a residual strain is 

present at the beginning of the response, responses are relative rather than 

absolute. 

load Determination, loads applied to the test structure by the 

hydraulic system differ from the nominal calculated on the basis of hydraulic 

pressure and the ram piston areas. The fhetors involved, which usually re- 

salt in a force reduction, are discuased elsewhere 	in the tests 

described Is this report, actual force applied might be expected to be 3 or Li 
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structure is designed for a group of different loadings. However, in the 

test to destruction, only one load pattern can be applied. Consequently, 

only those items designed to resIst that particular load are being tested. 

This problem is common to both the Working Stress Method and the Load 

Factor Method when critical load patterns are used. 

load Factor Method. For the bent cap specimens, the design 

assumptions of the load Factor Method were used. However, only the applied 

load pattern was considered for design. Thus, the relative strengths of 

the various members were more nearly the same. 

percent less than the nominal force, principally because of friction is the 

rams. 

As mentioned earlier, the values of loads applied at various points 

were measured by load cells. These measurements are also subject to experi-

mental error. 

For consistency, all tests were planned on the assumption that the 

nominal hydraulically applied loads were correct. The actual loads, as 

determined by interpretation of the i,sd cell readings, are recorded test 

by test. Plots are made on the basis of nominal loads unless otherwise 

indicated. 

Bridge Design Methods 

The test specimens of this project were designed by two methods. 

The Working Stress Method was used for the model bridges while the load 

Factor Method was used for the bent specimens. Discussion of these two 

methods is beyond the scope of this report, however, it should be pointed 

out that the design method and assumptions have an influence no both the 

absolute strength of the complete structure and on the relative strength 

of the various parts. 

Working Stress Method. The two model bridges were designed as 

full-scale structures using Working Stress Methods described elaewhere. 1) 

Geometry and reinforcement were then scaled down for construction of the 

mold. This design nethod results in a structure with greater capacity than 

it would have if designed by the load Factor Method. 

From a testing standpoint, the Working Stress Method has the dis-

advantage that, since the structure has its components designed one by one 

to resist the particular loading that causes the maximum stress, the complete 
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APPENDIX B 

ANAlySIS OP BOX GIRDER BRIr.CE AND BENT SYSTENB 

by 

A. C. Scordelis 

Introduction 

The objective of this study was to analyze two box girder bridge and 

bent systems which are presently being studied by the Portland Cement 

Association (PCA) as part of their research program 'Analysis and 

Design of Bridge Bents." In both cases the bridge is a two span, con-

tinuous hon girder bridge which is simply supported at the two ends and 

has a central interior support bent. Each span of the bridge is 90 ft. 

long. The first bridge system is a five cell bridge with a central ix-

tenor support bent which consists of a single circular column and a 

rectangular transverse girder, Fig. B-la. The second bridge system is 

a nine cell bridge with a central interior support bent which consists 

of two circular columns and a rectangular transverse girder, Fig. B-lb. 

Each of the two bridge system were analyzed  for a variety of load- 

ings 

oad-

ings specified by John Hanson of PCA and summarized in Table B-i. These 

loadings simulated several live load lane and truck loading positions 

corresponding to lames as shown in Fig. B-i, and separately one loading 

ease for each bridge system consisted only of dead load. For ease of 

reference each case has been given a numerical designation from 1 to II 

in Table B-i. 

Profesoor of Civil Eagineering, University of California, Berkeley, 
California 

Fig. B-I Loadings on Prototype Bridges 
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Cases 1 to 5 are for the 5 cell single-column bridge, and cases 

6 to 11 are for the 9 cell double-column bridge. 	Cases 4 and 10 are 

dead load only cases. 	Cases 1, 2, 3 and cases 6, 7,  8,  9 involve 

different transverse positions of the live loads only (no dead load is 

included in these cases). 	Cases 5 and 11 are identical respectively 

to cases 1 and 6 with the eeeeption that the parapets at the extreme 

longitudinal edges of the bridge, which are excluded as part of the 

structural cross-section in all other cases, are now included. 	Details 

of the parapet supplied by FDA are shown in Fig. 2-2. 

Of particular interest in the analysis were the following items, 
rJ 

0 
The transverse distribution and the longitudinal variation of 

the total moments takes by each girder of the cross-section. 	A 

single interior girder was considered to consist of a vertical 

web and flanges consisting of a half bay width of top and bottom 

slabs on either side of the web. 	The exterior top flange of 

an exterior girder consisted of the cantilever overhang and 

this girder had no bottom exterior flange. 	For cases 5 and 11 

where the parapets were added they were assumed to be additional 

girders without flanges. 	longitudinal moments for all cases were 

determined with respect to the same reference horizontal ants, 

which was taken as the gross section neutral anis of the bridge 

cross section withOut parapets. 

o 
The locations of zero moment (paints of inflection) for each 

girder. 

The value of the girder vertical shear for each girder at these 

paints of inflection. 

540 
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4• 	The interaction forces between the cellular folded plate system 

and the supporting bent girder in which the girder has a rectangular 

Ente, In, Web 	 cross section and the columns have circular cross sections. 

I 	
5. The axtai forces, shear forces and bending moments is the above bent 

members - 

6. 	The amount of participation of the top and bottom slabs of the cellular 

system with the rectangular bent girder section in carrying the 

transverse moments in the bent. 

Method of Analysis 

Fig. B-2 Parapet Details 

Is order to obtain the above information an analysis was performed 

using a computer program entitled FOJPDI-3. The program provides a 

solution for prismatic cellular or open folded plate structures simply 

supported at the two ends which may have interior flexible diaphragms 

or supporting frame bests between the two ends. 

The computer solution uses a direct stiffness method for the 

folded plate system. Compatibility at the interior flexible diaphragms 

or supporting frame bents is accoxplished by a force (flexibility) 

method of analysis. The Goldberg-Leve equations are used to analyze 

the folded plate system. The flexible supporting frame bests are 

analyzed as two dimensional planar frames (thus they are assumed to 

be incapable of carrying loads normal to their own plane). A harmonic 

analysis with up to 100 non-zero terms of the appropriate Fourier 

series is used to approximate the loading. In the present examples 

only 50 non-zero terms were used resulting in a requIred computer 

time of about 4 to 6 minutes on the CrC6400 for the complete analysis 

of each case. 

2-6 
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Output from the computer consists basically of the membrane 

forces, plate bending forces and displacements in the folded plate 

system and the axial forces, shear forces, bending moments and din - 

placements in the two dinensional. planar frame beets. 

It should be emphasized that the analysis assumes the structure 

to be an uncracked homogeneous concrete system. 

Description of Results for Each Case 

Results for each of the U cases studied are presented in this 

report. For ease of reference, each case is broken down into 15 parts 

[in the original report figures, plus tables not shown herd.  A de - 

scriptiOn of these parts, which present the results of the analyses, 

is given below. Unless otherwise noted, only those parts dealing with 

cases 1 and 6 are shown. 

Details regarding the physical dimensions are given in Parts 1 

and 2 (Figs. B-5 through 5-7). The specified loading used is shown 

is Parts 3  and s (Figs. B-9 through B-li). 

The joint and element numbering for the folded plate system is 

shown in Part 5 (Figs. 5-13 and 5-14). In the program each plate element 

must be assumed to have constant properties in the longitudinal direction 

(thickness, modulus of elasticity and Poisson's ratio; E = 192,000 1sf 

= 0.15 were used in all cases). 

The joist and element numbering system for the idealized planar 

frame bent is shown in Phrt6(Figs B-15 and  B-16). For the 5 cell 

single .column bridge, the entire cross section was used in the analysis 

since loadings were not symmetrical about the longitudinal centerline. 

For the 9 cell double-column bridge, because of the synm1etry of structure  

and loading about the longitudinal centerline of the bridge, only 

one-half of the structure had to be analyzed. This permitted a large 

saving in the number of elements used and the computer time required 

for solution. Section properties consisting of the axial area, shear 

area and moment of inertia for the girder elastic axis are computed 

from its rectangular cross section while those for the column elastic 

axis from its circular cross section. Short vertical ficticioum frame 

elements from the girder elastic axis to the points of assumed connection 

to the folded plate system are assigned a high value of modulus of 

elasticity (1.92 m 1011ksf) to 8inulate rigid links. 

Only selected results are described below although the computer 

output includes results for all the quantities mentioned in the de-

scription of the method of analysis. 

The longitudinal variation of the moment N taken by  each girder 

is shown in Part 7 (Figs. B-17 and B-18). A sum of the moments taken 

by all girders at a section should equal the total statical moment 

at that section. Each circled point represents information from the 

computer output. The moment H taken by an individual girder is obtained 

in the program by a special moment integration routine which sums the 

contribution of the longitudinal membrane stresses N,  times their lever 

arm to the cross section neutral axis and the longitudinal slab moments 

M. The contribution of 1f x accounts for almost all of the moment M. 

Location of points of inflection for each girder can easily be found 

from this figure. 

The integration of the longitudinal N membrane stresses over the 

bottom portion, top portion and the total cross section of the girders 
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is shown is Parts 8, 9 and 10 (Figs. B-19 through B.24). The last 

value represents the net axial force P in each girder, which is not 

zero, but if summed for all girders should equal nero. 

The values of vertical shear transmitted by each girder at its 

p01st of inflection are obtained by integrating numerically the membrane 

shears N in each vertical girder web. The vertical shears associated 
xy 

with slab bending in the top and bottom slabs are neglected as being 

small. The caicui.atiOsa are not included as part of the program and 

must be dose by hand if desired. 

A free body of the portion of the bridge structure between the 

inflection points on either side of the bridge bent is shown in Part 11. 

All cases are included, is Figs. B-25 through B-35. A statics check 

for vertical forces is made by sunning the applied downward vertical 

loads plus the shears from the girders and comparing this sun with 

the computer output vertical reaction at the bottom of the bridge bent. 

The check in good is all cases recognizing that the snail contribution 

of the slab shears mentioned in the preceding paragraph are neglected. 

This Part U also gives a visual picture of how the girder shears are 

distributed across the width of the bridge. 

The magnitude and direction of the interaction forces between 

the folded plate system and the bent, acting on the bent i are shown in 

Part 12. Again, all cases are included, in Figs. B-36 through 5-46. 

Note that a horizontal, vertical and rotational connection was specified 

and these are on the rectangular bent girder. again a statics check 

was made to verify that the sum of the interaction forces equalled the 

output reaction at the base of the column bent and good agreement was 

found. 
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The values of F, V, M in each girder and column frame element as 

output by the computer are shown in Part 13 (Figs. 5-47 and B-48). 

Part 14 (Figs. B-49 through B-52) for cases 1, Is, 6 and 10 respectively 

graphically illustrates that the computer output should be plotted to 

make a proper estimate of actual bent girder moments which would exist 

if a continuous interaction were used instead of the discretized system 

needed in the computer program. 

For both the single -and double -column bridge cases 1 to 11, 

Part 15 (plus Table 2 in the original text), and for the double-column 

bridge 6 to 11 only,  Part 17 (plus Table 3 in the original text), give 

an indication of how the total maximum transverse moment in the bent 

is shared by the rectangular bent girder cross section and the top and 

bottom slabs of the folded plate system. Part 15b and Part l7b show 

the distribution of the transverse membrane stresses N (Isips/ft) in the 

top and bottom slab. Note how they damp Out rapidly in most cases by 

the time they get to a transverse line 22.5 ft.  in a longitudinal 

direction from the bent transverse centerline. The three dimensional free 

body diagrams shown in Part 15c and Part 17c depict all the internal 

transverse horizontal forces and moments contributing to the balancing 

of the external moment produced by the appropriate external forces 

which can be taken from Part U. T slab and C slab are obtained by 

integrating the N values in Part 15b and Part 17b. P girder and M 

girder, acting on the rectangular section are obtained from the frame 

bent output shown in Part 13. The H forces are obtained by suitably 

integrating the membrane shears in the top and bottom slabs which are 

given in the output. Parts 15 and 17 are shown for cases 1, 4, 6 and 10 

is Figs B-53 through B-56 and in Figs. B-59 and 5-60. 
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For the two column bridge cases 6 to U only, Part 16 illustrates 

the relative participation of the bent girder, Part 16e, and the 

horizontal C, T and H forces of the folded plate system, Part 16f, in 

carrying the total transverse bending moment, Part 16d along the width 

of the bridge. The values in Part 16d are obtained directly by applying 

station to the total forces acting on the free body of Part U shown 

in a transverse elevation view in Part 16a. The values in Part iGe, 

representing the moment by the bent girder, are taken directly from 

Part lb. The values in Part 16r, representing the moment taken by 

the C. T and H forces of the folded plate system, are found simply 

by subtracting the values in Part iSe from those in Part 16d. Part 16 

is shown for cases 6 and 10 in Pigs. B-57 and B-58 respectively. 

Summery of Results 

A saczsary of certain pertinent results for all cases is given in 

Table B-2. Col. (1) gives the case number. 

Coin. (2) througi (10) consIder total values for the fufl, bridge 

width for the single-column bridge cases 1 to 5 and for the hsif bridge 

width (because of symmetry about the longitudinal centerline) for the 

double-column bridge cases 6 to U. 

As shown in Fig. B-) and in Table B..2, Cola (2), (3), (b) give 

respectively the concentrated load F (klps) at the central bent, the 

uniformly distributed bridge loud w (kips/ft) and the total, load on 

the bent plus bridge (kips). 

Col. (5) gives the total central bent column reaction from Fig. B-3 

determined by treating the bridge as a one dimensional frame in the 

longitudinal direction. Col. (6) gives the Output from l'H.JPDI-) for the 

B-li 

F(kips) 

Moment Diagram 

Fig. B-3 One-Dimensional Frame Analysis 

§ § N 

mx.nn 

- 
sue me5n tmnc 

central bent colnmn reaction which should equal the value gives in 

Col. (7) which is the total of the applied load pius shears on the' 

free body diagrsm of Part U for each case. It can be seen that the 

check between Cola. (6) and (7) is quite good in all cases. Comparing 

the values in Cola. (5) and (6) it can be seen that a one dimensional 

frame analysis, Col. (5), adequately predicts the column reaction in 

the three dimensional system analyzed by MIJFDI-3, Col. (6). The values 

in Col. (6) are nligbtly lower in all cases than those in Col. (5) re-

flecting the flexibility of the bent which is accounted for in MIJPDI-3. 

Cola. (8), (9), (10) give respectively the total longitudinal 

nidspsn moments (at x = 45 ft.) as obtaiued from a one dimensional 

frame analysis, Fig. B-), as found automatically in MUPDI-3 by inte-

grating the internal longitudinal stresses tines their respective 

lever arms to the gross section neutral axis; and as found from the 

external reactions from MUPOI-3. For a perfect static check between 

internal and external noommts by NUPDI-3, Cola. (9) and (10) should 

give identical values. It can be seen that this check is good. By 

comparIng Col. (8) with (9) It can be seen that a one dimensional 

frame analysis gives a very good approximation of the total moment at 

a section in the three dimensional system analyzed by Z4IJPDI-3. Of 

course, unlike PHJPDI -3, the one dimensional frame analysis does not 

give any Information on the transverse distribution of the total moment 

at a section of the bridge. 

Cola (II) througi (16) give InformatIon on the transverse moment 

in the bent structure at the two Important sections indicated in Fig. B-b. 

B-i) 	 B-lb 
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Fig. B.7 Cases 6-11, Part 2, Double-Column Bridge Elevation 

c. 

3 

 

Fig. B-S Cases 6-11. Part 2, Double-Column Bridge Cross Section 

39 

Coin. (LI) srsl (lit) indicate the internal moments taken by the 

rectanguJ..ar bent girder alone shown in Parts 15 and 17 for each case. 

Cola. (12 and (15) give the total intirnal moment taken by the com-

bined bent girder -folded plate system shown in Parts 15 and 17. 

Cola. (is) and (]) give the total external moments acting on the same 

combined system as calculated from the applied loads. The check between 

total internal and external moments is quite good in almost all cases. 

Comparing Cola. (U.) and (12), it can be seem the girder alone carries 

rough]i' only about 50% of the total internal moment at Section 1 for 

all cases, the balance being carried by the folded plate system. 

Comparing Cola. (14) and (15), the girder alone carries even a smaller 

percemtage of the total moment at Section 2 and the percentage appears 

to vary depending on the type and distribution of loading. 

1 	I 	I 	I 	•-IIIIIII 	I 	I 	II 

Fig. B-4 Sections for Transverse Momenta in Bents 
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Fig. B.5 Cases 1-5, Part 2, Single-Column Bridge Elevatson 

Fig. B-6 Cases 1-5, Part 2, Single_Column Bridge Cross Section 

1117 



6-21 
.22 

Gir 
Nitty 

2.37 5/ft 

147,  

90' 	 go. _ 

Fig. B-9 Case 1, Part 3, Loading Elevation 

92k 

4740k/ft 
33133313 

17 

_ 	
9 90' 	 0' 

Fig. B-ll Case 6. Part 3, Loading Elevation 

MW 

Fig. B-13 Case I, Part 5, Joint and Element Numbering in the 
Folded Plate System 

Fig. 6-15 Case 1, Part 6, Joint and Element Numbering in the 
Idealized Frame Bent 

Fig. 6.14 Case 6, Part S. Joint and Element Nimbering in the 
Folded Plate System 

Fig. 6-16 Case 6, Part 6, Joint and Element Numbering in the 
Idealized Frame Bent 

40 

S'jSri. 

32 	 325  

62 0.475 0.457 0.496 

'i- ''- r- 5-1 

1.25' 2.o83jj 	
3.75) 

+1 41 

10 

Fig. B-10 Case 1, Part 4, Loading Cross Section 

Girder 
Number 

c. 

Fig, 6-12 Case 6, Part 4, Loading Cross Section 



41 

Fig 8-17 Case i, Part 7, Longitudinal Variation of Moment M 
Taken by Each Girder 
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APPENDIX C 

FINITE ELEMENT ANALYSIS OF A SINGLE-COLUMN MODEL BRIDGE BENT 

by Paul P. Lynn and Santosh Arya5  

This report presents the research work sponsored by the 

Portland Cement Asnociation (PEA) on the finite element non-linear 

analysis of a single-column model bridge bent described in the work-

ing plan of NCHRP Project No. 12-10 (Supplement No. 1). 

Introduction 

Finite element methods, in a narrow sense, may be consider-

ed as modifications of the Rayleigh-Ritz method in the calculus of 

variations. Ordinarily, the physical body or the reinforced concrete 

structure in subdivided into an assemblage of a finite number of 

individual 2 or 3 dimensiomsi elements which are inter-connected at 

a number of specified nodal points. To each of these elements trial 

f\mctions for the unknown quantities of interest are defined in a 

piecewise manner over the assemblage. The constants appearing in the 

trial functions represent approximate values of the exact solution 

at the nodes of the elements. The total potential energy of the 

structure in terms of the element trial fbnctionn is them minimized 

to determine the constants 
(31) 

 After replacement of the physical 

structure by an assemblage of discrete elements, it in necessary to 

evaluate element stiffness properties. Thus, a successful, modelling 

of the finite element is a vital step in any finite element analysis. 

*Ansociate Professor of Civil Engineering and Graduate Research Assistant, 
respectively, University of Colorado, Boulder, Colorado 

C-i 

able success. In the present investigation, a new finite element is 

formulated which takes into account the cracking of concrete, yield-

ing of steel, and bond slip behavior. A single-column model bridge 

bent is analyzed and the numerical results are cunpared with PEA's 

experimental data. 

A Single-Column Model Bridge Bent 

The objective of this study in to perform a finite element 

analysis of a single-column model bridge bent which was experimentally 

tested by PEA as part of their research program Analysis and Design 

of Bridge Bests. The details of the single-column model bridge bent 

described In the working plan of NCIGIP Project No. 12-10 (Supplement 

No. 1) are shown is Figs. C-1, C-2 and C-). The maim interest of the 

analysis is to model the bent cap and the column by the finite element 

method. The finite element idealization of the structure in shown in 

Fig. C-b together with the loading considered. An can be seen from 

Figs. C-3 and C-b, the top and bottmm rows of elements in the girder 

simulate the thicknesses of the top and bottcm box girder slabs, re-

spectively. This allows a simple modelling of the physical dimensions 

of the bent cap by taking the thickness of the elements according to 

Fig. C-). The circular column is replaced by a stepped column without 

altering the steel bars as shown in Fig. c-b. The top and bottan main 

reinforcement is included in the corresponding elements, the inter-

mediate elements only contain the steel ration calculated by the actual 

girder stirrups as provided in Fig. C-2 

Finite Element Model of the Reinforced Concrete 

In developing the finite element model the uniaxial stress- 

The finite element method has been successfully applied to 

structures with homogeneous and monhasogenenus materials. However, 

in dealing with nonho,nogeneous materials, the material properties 

under the one, two or three-dimensional loadings must be completely 

known to effect an accurate modelling of the structures. Earlier 

attempts in the reinforced concrete finite element analysis may be 

found in Ngo and Scordelis' paper. 33  An application was reported 

by Cervenka. 	AU these attempts have demonstrated the applic- 

ability of the finite element method in the field of reinforced con-

crete structural analyses. But, due to the lack of accurate rein-

forced concrete material properties, especially after cracking of 

concrete, the method in neither accurate nor practical for the prac-

ticing structural engineer. 

The purpose of the investigation is to obtain a rational 

reinforced concrete finite element model based on the available 

properties of reinforcing steel, plain concrete, and slip in the bond 

between then. In the earlier finite element analysis of the bridge 

bent by Cerven1ca 	the bond stress effect was neglected. Con- 

sequently, the steel reinforcement was called on to carry the entire 

tensile stress right after the smset of concrete cracking. This 

asssmption led to excessively high tensile steel stresses. A care-

ful investigation has revealed that through bond stress between con-

crete and steel, concrete does carry a considerable amount of tension 

even after cracking of the concrete. This has been verified experi- 

mentally by peter 	and Nilson94  Isenberg and 	 have taken 

the bond effect into account in their finite element model with reason- 
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strain relations for concrete and steel are assumed as shown in Fig. 

C-5. The composite reinforced concrete element in shown in Fig. C-6 

together with the idealized composite stress-strain curve which covers 

three configurations, namely elastic uncracked, elastic cracked, and 

yielding of steel. This is denoted by the line 0-1-2-3. The other 

stress-strain curve 0-1-2-2-3 was employed by Cervenka. In Cervenkas 

model the Onset of concrete cracking is assumed to be the end of con-

crete tensile load carrying capability. However, it is evident that 

the sncrseied portion of the concrete can still take some tension 

o 
I) 	 through the bond effect. 

The main difference of the present finite element model and 

that of Cervenka in the consideration of additional amount of strain 
0 

energy corresponding to the triangular area 1-2-2' in Fig. c-6. This 

additional strain energy representa the bond stress effect. Omission 

of this implies zero bond stress after the cracking of concrete. Under 

the assumptions described above three stages of reinforced concrete 

finite elements are formulated as follows: 

Uncracked Element For the "cracked element with or-

thogosally placed reinforcing bars, the simple biaxial composite 

behavior based on the idea of transformed concrete nectios is 
t 

0 	 used. 

Cracked Element Without Yielding of Steel The behavior 

of the finite element in the cracked configuration eorreopomds to the 

line sugnent 1-2 as shown in Fig. c-6. When concrete principal tensile 

stress enceeds the ultimate concrete tensile stress (f1 0.1 f), the 

cracking of concrete occurs and the tangent modulus of elanticity is 

C-8 
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modified according to Fig. C-6 siope of line ongxeot 1-2). This pro-

cedure recognizes the existence of the bond effect between concrete and 

steel. To formulate the composite biaxial stress-strain relations, 

the nodified tangent modu].i in x and y  directions (E and E) are first 

obtained. These can be calculated from the state of stresses at points 

1 and 2 (Fig. c-6). E and E are then substituted into the two-dimen-

sional Hooke 'a law to yield the stress-strain relations. However, the 

composite shear modulus creates great difficulties, since its magnitude 

in the cracked element configuration is dependent on the crack width, 

aggregate interlock, and steel dowel action. Due to the lack of ex-

perimental study in this area, a simple averaging scheme is employed 

to obtain the composite shear modulus, 0 
12 
 . The method is to average 

the uniaxial shear nodulii in the x and y directions and apply a cor-

rection factor a which may be determined experimentally (See Eq. C-l) 

. 	E 	E 

- ml 271 + v) 	2(1 • u) J 	 (C-i) 

where u in Poisson's ratio of the concrete. 

3) Cracked Element With Yielding of Steel Upon the onset 

of yielding of the reinforcing steel, zero stiffness is assigned in 

the direction of the yielding reinforcement. 

Based on the above three stages of reinforced concrete models 

a 6-degree of freedom plane stress triangular element is formulated 

(Fig. C-7). In the development of this finite element the fouowing 

material properties, as provided by PCA, are used:  

C-ll 
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Concrete 

Modulus of elasticity 	 E = 3.24 x 10 psi 

Poisson's ratio 	 = 0.15 

Compressive strength 	 V = 3,500 psi 

Reinforcement 

Modulus of elasticity 	 E.  29 x 100  psi 

Yield stress 	 f 	60 x 103  psi 

Finite Element Idealization of the Structure 

Figure C-b shows the finite element subdivisisn of the 

single-column model bridge bent. This idealization produces a total 

of 46II triangular elements with 5314  total number of unknown modal 

displacements. The ultimate live and dead loads on the bent cap 

girder caused by reactions of the box girders are idealized and con-

verted to a set of equivalent nodal forces as shown in Fig. C-b. 

Numerical Analysis 

A computer program for the non-linear load incremental 

analysis was written for the finite element model described above. 

A brief flow chart of the program is given is Fig. c-B. Fourteen 

load increments were used to perform the non-linear analysis which 

required roughly 145 minutes of CP time on a CCC 61400 computer. The 

foflos,ing two numerical analyses were performed: 

Case 1. With the composite shear modulus factor a 3, the 

finite element non-linear analysis was carried Out for lb load in-

crements. A plot of the end deflection of the bent cap versus load 

factor K is shown in Fig. C-9. The theoretical tensile steel stresses 
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C-lb 
along the top reinforcement are plotted against PCA 's test results in 

Fig. C-10 for K 0.776 and K = 1.0. The theoretical steel stress is 

defined as the line seWnent a-b as shown in Fig. C-fl which represents 

the experimental work carried out by Nilson 	in the invcotigation 

of the bond slip behavior of the reinforced concrete. From Fig. C-b 

it can be seen that the theoretical steel stresses agree with the test 

data reasonably well in the high stress region and disagree with the ex-

perimental data in the low stress region. This is due to the disagreement 

between the theoretical and actual steel stresses as shown in Fig. C-li 

by the line seguents a-b and a-c, respectively. 

Cane 2. A careful observation of Fig. C-fl shows that about 

1/3 of the concrete stress (line seWnent b-c) oust be transferred to 

the steel stress in any cracked element. In addition, due to ex-

tensive cracking of the bent cap, it was felt that the composite shear 

modulus correction factor a had to be increased, This lacrOsse cor-

responds to the recognition of progressive spreading and widening of 

cracks which result in the loss of the shear stiffness and transfer 

of loads to the steel reinforcement. Accordingly, another analysis 

was performed with a = 5 and the modification of the steel stress 

mentioned earlier. The improved tensile stresses along the bent cap 

are plotted in Fig. C-12 for K 0.776, K 1.0, and K 1.2214. Dotted 

lines in Fig. C-12 repreoent the experimental results. Comparing Figs. 

C-10 and C-12, it can be observed that considerable improvement has 

been achieved. Fig. C-12 suagests that the yield stress of steel fy  

used is the analysis should be 65 ksi instead of 60 ksi. This dis-

crepancy accounts for somewhat lower steel stress prediction than the 

experimental result of the load level K - 1.2214 as shown in Fig. C-12. 
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Crack patterns corresponding to the load levels K 1.0 and K = 0.776 

are showein Fig. C-13. 

Conclusion 

This finite element analysis of the model bridge bent sug-

gests that extensive basic experimental investigations are needed to 

formulate an accurate reinforced concrete finite element. The results 

of this study have demonstrated that the mom-linear finite element 

analysis of reinforced concrete structures is feasible provided suf-

ficient information on the conposite action of steel and concrete is 

known. In the future, more work should be done in the areas of bond 

slip behavior and shearing rigidity of the cracked reinforced con-

crete. 
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APPENDIX D 

MODEL BEIDiE TENTS 

Introduction 

The loads cars-led to the bent cap by the superstructure in 

two representative box girder bridges designed by current methods were 

measured in tests of two reduced scale models. One model contained a 

single-column bent, the other a double-column bent. 

Present design methods assume that the critical live load 

is transmitted directly to the bent cap without lateral distribution. 

If there is significant lateral distribution of load from more remote 

girders to those closer to the column, the present assumptions will be 

uncomservative for girders close to the columns and conservative for 

the bent cap. 

In addition to the distribution of load, behavior of the bent 

capo was ales delesirilijod. Ilpeevos, more useful information concerning 

behavior was obtained from the tests on the bent cap models. This was 

partially due to the fact that the bent cap loading was better defined 

in the bent cap tests. In addition, bar cutoffs were not at optimum 

locationa for easy interpretation of measurements in the bridge models. 

The bridges were designed by Working Stress Methods of the AASHO 

Specifications( 	. As pointed Out elsewhere in this report, the resulting 

structure has a required total load carrying capacity much greater than 

that npecified by the toad Factor Method. The intrinsic difference in 

capacity should be kept in mind when eahing comparisons between results of 

the model bridge tests, designed by Working Stress Methods, and the 

model bent tests, designed by the toad Factor Method. 

Design of Prototype Bridges 

Specificatiosn. The two prototype bridge designs that formed 

the basis for the bridge teat portion of the program were designed in 

accordance with the Tenth Edition (19) of the AASHO Standard Speci-

fications for highway lir1dges 
1), The Manual Of ks-hARe l)eslgn 

Practice 	of the Bridge Department of the California Division of 

Highways was also used as a reference. 

Dimensions, loading and Materials. Dimensions of the bridges, 

shown in Figs. 3, ts and 5, were selected to meet the requirements of the 

Project Statement. As required by the AASHO Specifications, the 50-ft. 

roadway of the single-column bridge was divided into three lanes, 

each 13-ft. 4- in. wide. Within each lane, a ten foot loaded width was 

placed in the most unfavorable position as shown in Fig. 0-1. Following 

the same rules, the 70-ft. roadway of the double-column bridge was 

divided into six lanes, each 11-ft. 8-in, wide as shown in Fig. D-2. 

The required 23.3 percent impact factor is included in the loada shown. 

The material properties listed is Table D-1 were used for the 

design. The allowable stresses, those given in the AASHO Specifications 

for the assumed materials, are not to be exceeded for the most unfavorable 

distribution of live loads. 

For the deck, 2 in. of cover was provided over the 

top reinforcement, and 1 in. of cover was provided under the bottom 

reinforcement. 

The bridge was designed to accommodate parapets placed at the 

sides of the bridge, Each parapet weighed 483 lb. per ft. The controlling 

deck mIab design moment of 5.1 kip-ft. per ft. occurred over the web 

D-1 	 0-2 
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TABLE 0-1 MyIEDIPJ, PROPUS'1722 USED FOR USI00E DUSIGN 

Compressive Maximum 
Material Modulus of 

Elasticity, E 
Strength 

fl at 28 days 
Yield 

Strength, f 
Working 
Stress 

psi psi psi psi 

Concrete 3,2500,000 3500 - 12500 

Reinforcemt 29,000,000 - 60, 000 225,000 

p11. Tpp 

Web Nambe, 

Traffic Las, 

Fig. D-1 Lane Loads on Single-Column Bridge 

QRsadway 

Web Numbe 

Tpp 

 

Traffic La, 

 

D-l5 

Fig. 0-2 Lane Loads on Double-Column Bridge 

0-3 	 - 

of an interior girder. The 7-in, thick slab contained reinforcement 

amounting to 0.64 sq. in. per ft. of roadway for negative moment, and 

0.53 sq. in. per ft. for positive moment. To satisfy the AABH0 

Specifications, distribution reinforcement of 67 percent of that required 

for positive cxnemt was placed in the longitudinal direction (parallel 

to the span of the bridge) in the bottom of the slab. Temperature and 

shrinkage reinforcement of about 0.125 sq. in. per ft. was provided in 

the longitudinal direction in the top of the slab. 

The thickness of the soffit was determined by the 5 1/2-in 

minimum requirement of the AdBHO Specifications. Required transverse 

and longitudinal bottom slab reinforcement was 0.5 percent and 0.4 

percent, respectively. 

Weight of the parapets was assumed equally distributed among 

all girders. In addition, 10 percent of the girder weight was added 

to the dead load for forms and details. As required by the lASSO 

Specifications, the mumber of lanes of 112110 live load applied to an 

interior girder was determined by dividing the girder spacing in feet 

by lii. This gives 0.535 lanes per girder. For an exterior girder, the 

fraction of lanes of live load was determined from W/lI, where We 

the width of an exterior girder. The impact factor was 23.3 percent. 

Maximum positive moment of 1786 hip-ft. occured at 0.4 

of the distance from the abutment to the central support when an 

HZ 20-44 112110 truck was on the bridge.' Maximum negative moment, con-

sidered to be critical at a section one-half the column diameter from 

the centerline of the bent cap, was 2,2500 kip-ft. This moment Occurred 

when the 115 20-44 lane loading' wan applied. Fourteen and twenty No. 10  

tars were selected for the positive and negative moment reinforcement 

respectively. A cross-section of a typical interior girder at the face 

of the bent cap is shown in Fig. 0-3. 

Design moments for the exterior girders were slightly less 

than those for the interior girders. Twelve and sixteen No. 10 bars 

were used for positive and negative moment reinforcement, respectively. 

In the exterior girder, six of the No. 10 tars for positive moment were 

extended into the bent cap, to function as compressive reinforcement 

in the region of negative moment. This mode it unnecessary to thicken 

the bottom slab. 

For resisting shear, the 8-in, interior girder webs were 

flared to 12-in, at the bent cap. The exterior girder webs were 

flared to 10 in. Along each web; No. 5 stirrups were spaced to satisfy 

the requirements of the 112110 Specifications. 

For the design of the single-column bent cap, the dead load 

reactions of 180 lips and 216 Ups from the exterior and interior girders, 

respectively, were assumed to be concentrated in the girder webs. The 

A.ASHO lane loading of 6250 lbs. per ft. of load per lane plus a con- 

centrated load of 26,000 lbs. on the bent cap, both multiplied by the 

impact factor of 23.3 percent, controlled the design of the bent cap. Cal- 

culated live load plus impact reaction on the bent cap was 120 kips per 

lane. 

For both moment and shear, the controlling loading condition 

was with traffic lanes 1 and 2 loaded as shown in Fig. D-l. The 

critical section for moment in the bent cap was taken at 1/6 of the 

D-5 	 0-6 
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column diameter from the column centerline. 	At this location, the cal- 

culated design moment was 8,200 tip-ft. 	A 6-ft. 6-in, wide bent cap 

reinforced with 20 No. 16 bars in tension and 12 No. 18 bars in com- 

pression was used. 

The maximum calcu.'ated shear stress is the bent cap at the 

face of the column was 205 psi, somawhat less than the maximum allowable 
,0 

stress of 225 psi permitted by the AASHO Specifications. 	The shear 

o 
was resisted by the coocrete and by six-legged No. 6 stirrups. 	A 

z 'a 
cross section of the bent cap is shown in Fig. 0-4. 

0 
In the double-column bent, the columna were spaced so that 

the maximum moment is the bent cap occurred at the inside edge of the 

5 - 	0 
.5 - columns. 	However, the difference between the interior and exterior 

moments was small. 	The controlling load condition for negative moment 
2 

I) was inadvertently takes with traffic lanes 2, 3, U and 5 loaded as shown 
U 

is Fig. 0.2. 	The correct loading cosditioo of all five lanes loaded 

0' would have given a somewhat larger negative moment, still at the interior 

side of the column. 	For maximum positive moment, the two interior 

U traffic lanes, 3 and U, were loaded. 

The negative and positive bent cap design moments used were 

4,500 tip-ft. and 3,800 kip-ft., respectively. 	These moments were 

accomsodated by a 5-ft. 6-is, wide bent cap containing 12 No. 18 bars 

as tensile reinforcement and 8 No. 18 bars as compressive reinforcement 

to resist the negative moment. 	A total of 10 No. 18 bars as tensile 

reinforcement and U No. 18 bars as compressive reinforcement were used 

to resist the positive moment. 

The maximum calculated shear stress at the interior face of the 

coiunns was 227 psi, slightly greater than the allowable stress of 225 

psi permitted by the AP$M0 Specifications. 	The shear was resisted by 

the concrete and by six-legged No. 6 stirrups. 	A cross section for z 
the region of maximum negative moment is shown is Fig. 0-5. 	Details 

0. 
of the cross section for the region of maximum positive moment are 

-5 

shown in Fig. D.6. 

a 
The columns were designed using strength design methods. 

'a Five-ft. diameter sections were found to be adequate in both the 

single-column and double-columm bridges. 	Their reinforcement was 23 

No. 10 bars and 2U No. 10 bars, respectively, with a No. 5 spiral 

in at 5-in, pitch. 

.5 	.. DesignofModelBridges 

' 	8 Al]. external dimensions of the prototype design were scaled 
0,0 

0 by the bear factor 0.2 for the model bridges. 	The only modification 
8 

was the addition of the column base blocks through which reactions 

were measured. 

,t Available sizes of reinforcement for the models were No. U 

1 .0 and No. 3 Grade 60 deformed bars. 	In addition, 0-5, 0-2 and 0-1 

5 deformed wire hawing cross-sectional areas 0.05,  0.00 and 0.01 sq. in,, 

Us 
respectively were available. 	As described in Appendix A, the deformed 

o wire was annealed to have a yield stress of about 60 ksl. 

The No. IS bars comprising the main flexural reinforcement 

of the prototype bent cap would have been represented at One-fifth 

scale by bare with a cross-sectional area of 0.16 sq. in., a size between 

0-10 
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a No. 3 and No. b bar. The choice was made to use No. 4 bars, with 

the number adjusted to give the proper total area of reinforcement. 

Bar cutoffs were located using the same criteria as the original design. 

Each bar was extended beyond the point theoretically required by the 

greater of 15 bar diameters or 1/20 the span. The negative moment bars 

in the double-column model were inadvertently nude about 1  in. shorter than 

intended. 

For the girder flcxural reinforcement, the 0-5 deformed wires 

were euact scale representations of the No. 10 bars of the prototype. 

Therefore, scaling was done bar by bar. 

The remainder of the reinforcement for the bridge models was 

designod by scaling the needed total area from the prototype design, 

choosing the available reinforcement site closeat to the exact scale, then 

letermining the required number and spacing of bars. 

Detailed drawings for the model bridges are shown in Figw. 0-7 

through 0-16. The span length of the modelo was 18 ft. 0 in. with a 

clear roadway width of 8 ft. 0 in. for the single-column model and lb ft. 

0 in. for the double-column model. The superstructure was 1-ft. 0-in. 

deep and the width of each box was 1 ft. 6 in. 

Test of Bridge Element 

Prior to construction and testing of the single-column bridge, 

a girder element reinforcedin a manner similar to the bridge girders 

was constructed and tested. The girder element represented the negative 

moment portion of a girder, extending approximately from inflection point 

to inflection point either side of the best cup, and including a portion 

of best rap. The upecinem, shown in Fig. 0-17, was  9 ft. 0 in. between 

s,,pportn, 1-ft. 6-in, wide, and 1-ft. 0 in. deep. 

0-13 
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Fig. D-17 Bridge Elemest Tent 

The bridge element was tested inverted as a simple hewn, 

supported at the assumed inflection points 1/4 the span or Ii ft. 6 in. 

either side of the bent cap centerline. It was loaded with a concentrnted 

force applied at the center through the bent cap atub. 

The bridge element test bait three objectives. First, it tented 

the planned construction techniques. Second, it was used to determine 

whether or not the planned instrumentation array would yield the desired 

information. Finally, by comparison with the knows values in this statically 

determinate test, the resultn were used to develop means of reducing the 

experimentally oeasured strains to moments and shears. 

The construction techniquen were checked by casting the girder 

element in a part of the formwork constructed for the double-column bridge. 

Two complete girder forms were set on the casting platform in the proper 

pooitisn for the future casting. These forms were blocked at the appro-

priate points in the webs, and temporary bent cap stub forms were added. 

After the reinforcing cage, manufactured from the union reinforcement 

used for the model bridges, was set in place, the noffit, webs and a 

major portion of the bent cap were cast. The web forms were then removed, 

temporary deck forms were set in place and the remainder of the element 

was cast. 

Instrumentation included strain gages on reinforcement and con-

crete at various levels on three sections located 1, 7 and 21 in. from 

the bent cap face along one girder; The strain gage arrangement was 

the same an that used on each of the instrumented girders of the model 

bridges. Strain gage locations are shows in Fig. 0-18. Applied loads 

were measured by observing the pressure in the hydraulic loading system, 

QBentCap 

	

CrossInstrUmented 	

—29' ¶I59OJ 

strain Gage 

Plan of Top Layer of Instrumented Deck Reinforcement 

1Roodway 
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Fig. D-l8 Location of Strain Gages in Bridge Element 
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and by the signals from a load Cell. Other instrumentation was also 

similar to that used for the model bridge teats. 

Data were recorded on punched paper tape by means of a ¶.IIDAR 

Digital Data Acquisition System. An IBM 1130 computer was used to process 

the recorded data. All data processing was done in the same manner as 

planned for the model bridge tents. 

Details of the development of the program for the calculation 

of moments and shears from observed data are discussed later in this section. 

Construction of the girder element proceeded following the same 

sequence planned for the model bridges. The test was started 31 days 

after the deck was east. Material properties at the time of test are 

shown in Table D-2. 

Force was applied in increments of about 2 hips until a load 

of 9.6 hips, defined as service load, was reached. At this stage, the 

main girder tensile reinforcement was calculated to be at the working 

stress of 24 ksi. The 9.6 kip load was removed and reapplied two additional 

times. After a third unloading, the force was increased in the same 2 hip 

increments sntil the strength of the specimen was reached at a load of 

27.2 hips. The test was terminated when slip occurred along a horizontal 

shear plane at midheight of one web. 

The load deflection curve recorded dsring the test is shown in 

Fig. D-19. The increase in residual deflection dse to several applications 

of service load is seen to be small after the first cycle of loading. 

Following the test to destruction, the damaged portion of the 

bridge element was repaired and strengthened. The ultimate load test was 

then repeated. Upon reloading, the previously intact half span developed a 

D-27 

TABLE D-2 BRIDGE ELB,tfI MATERIAL PROPERTIER AT TIME OF TEST 

Material Size Incatlom Compressive 
Strength 

psi 

Modulus 
of 

Elasticity 
psi 

Yield 
Stress 

psi 

Concrete Soffit and 
6 

Webs 4400 3.7 x 10 

Deck 3450 3.5 x 106  

Reinforcement 0-5 75,500 

D-2 72,300 

0-1 70,700 

0-28 

Load 
k i ps 

30 

28 'j' °° 

24 
29 Load Stage 30 

28 
20 

26 16 -

12 

-7.". 
5 2324 

8 
3 	/ 

4 2 20 

(1 	

6,18 

0 	0.1 	0.2 0.3 0.4 	0.5 0.6 - 0.7 0.8 

Mid-Span Deflection,in. 

Fig. D-19 Load-Deflection Curve for Bridge Element  

diagonal tension crach at the same sitimate load as before. This Indicated 

that the horizontal shear distress that occurred in the first test did 

not reduce the load carrying capacity of the beam. 

Data Analysis. The main objective of the data analysis was 

the development of a suitable method of deteroising the girder shear 

force from the measured strains in the tensile and compressive reinforce-

ment. In this statically determinate element the shear was known for 

each load. Consequently, the accuracy of various methods to convert 

measured strains to shears could be checked directly. 

To convert the measured strains into internal forces, the cross 

section was divided into five parts as shown in Fig. 0-20. Two parts 

represented the tensile and compressive reioforeemeot. The other three 

represented portions of the concrete in compression. It was assumed that 

the concrete carried no tensile stress. To locate the neutral "is, 

the vertical strain gradient was assumed to be linear and to be defined 

by the strains indicated by the gages directly above and below the web. 

In the transverse direction, a linear distributIon of strains was assumed 

between any two adjacent gages in the flanges. 

For each component, the average strain across the depth was 

determined. The average strains were then converted to atresses using 

the measured modulus of elasticity. Next, stresses were multiplied by 

the appropriate area to give the total internal force is each component. 

The total compressive and tensile forces were obtained by suncsing the forces 

in the Individual components. The lever arm between the two forces was 

also calculated. 
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Fig. D-Z0 Division of Girder Cross Section for Deterrn,nation 

of Internal Forces 

Three load stages, respectively about 45, 70 and 90 percent 

of the ultimate capacity, were selected for analysis. After the forces 

were calculated, it was observed that the experimentally determined com-

pressive and tensile forces were not equal. Generally the tensile force 

was greater. This difference increased with increasing load. Also, 

the differences were greatest for the instrsmented section furthest 

from the bent. The differences are attributed to the effects of inclined 

cracking and a non-linear strain distributioo 	. The values of the 

compressive and tensile forces are listed in Table 0-3, along with the 

experimentally determined 'lever arm between then. 

Is flanged sections such as the one tested, the length of the 

lever arm between tensile and compressive resultants should be well defined 

and insensitive to minor changes in reinforcement percentage and material 

properties. To investigate this possibility, an existing computer 

program was used to predict moment curvature relationships, position of 

the neutral axis, length of lever arm, and other selected parameters. 

Using measured material properties, this computer program analyzes the 

section using suitably small elements of defised geonetry and material. It 

has no provision for transverse variations in strain. 

The lever arms predicted by the computer program agree within 

two percent with the experimentally determined lever arms listed in 

Table D-3. In view of this close correspondence, the experimentally 

determined lever arms were used in calculations to determine the value 

of the tensile and compressive resultants from the knows bending moments. 

Best renulto for the calculation of the resultant were found 

to be obtained by averaging the experimentally determined tensile and 

D-3l 

TABLE D-) INTERNAL FORCER AND LEVER A1ti6 IN BRIE EL4F2PP 

toad 
Stage Section 

Internal Worce Lever Arm  
es Comprsive Tensile Test Computed Test 

kips kips is., in. Computed 

24 1 31.43 25.50 10.57 10.60 1.00 

2 24.27 26.60 10.68 10.65 1.00 

3 11.80 18.66 10.72 10.55 1.02 

27 1 47.60 39.11 10.59 10.60 1.00 

2 33.04 39.78 10.69 10.65 1.00 

3 15.49 29.92 10.72 10.55 1.02 

30 1 60.27 53.78 10.59 10.60 1.00 

2 44.41 55.02  10.68 10.65 1.00 

3 22.13 41.19 10.72 10.55 1.02 
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compressive resultants. The average was then multiplied by the experi-

mentally determined lever arm to obtain the experimental value of the 

bending moment. The moments determined in this manner for the three load 

stages are shown in Fig. 0.21. Measured moments were always higher 

than applied moments. The values of 14 test range from 1.04 to 1.13 
K appl 

with as average value of 1.09. 

Since all three calculated moments were obtained for a region of 

nearly constant shear, the bending moment diagram between the sections 

should be linear. The best straight line between all three points was 

obtained using a least squares fit. The shear forces, as represented 

by the slope of the line, are listed in Table 0-4. 

Values for V test are somewhat higher than might have been 
V appl 

desired. This variation is due in port to the fact that errors is the 

moment values are magnified by the subtraction process needed to calculate 

the Shears. 

Findings. Tests of the girder element indicated that construction 

techniques were generally satisfactos'y. The only detail of concern was 

the effect that produced the horixontal shear distress in one web. This 

problem was partially attributed to difficulty in placing the concrete 

with the slightly oversized coarse aggregate. The larger aggregate 

tended to accumulate on the horizontal wires in the web and prevent 

uniform compaction directly beneath. A contrIbuting factor may have 

been a tendency of the fresh concrete to settle out of the lower 

portion of web and into the lower flanges as that part of the web 

concrete was being placed. These possibilities suggested that extra 

D-35 	 D-34 
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Fig. 0-21 Transport of Double-Column Bridge Model Using 
Strongback Arrangement 

TABLE D-i, CALCUlATED SHEAR FORCE 
FOR BEAM ELAM22fC 

Load 
Stage 

Ohms, Pvte, V 

hips V test 
V apyt. Applied I 	Tent 

24 6.18 7.03 1.14 

27 9.314 10.72 1.15 

30 12.31 13.31 1.18 

Fig. 0_SI Relationship betmeen Applied and Calculated Bending 
Moments for Girder Element 
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care in casting the model bridges was needed. however, no changes in 

technique appeared necessary unless further difficulties were encountered. 

The instrumentation of the girder element provided the information 

needed. In addition, a workable method was developed for the determination 

of girder monmnts and shears from measured strains. Consequently, In-

atrntonntation and data analysis techniques used in the girder element 

tent were also used for the model bridgen. 

ConstructIon of Model Bridges 

The construction sequence for boti model bridge,  followed 

the order delcribed in Appendix A. For the superstructure, tisene 

techniques were confirmed by construction and tenting of the bridge 

girder element. 

The column base and the column or Columns for each model were 

precast in a suitable form at a location seal' from the main casting 

platform. They were then Oct in position tinder the pl.atforn. After 

reinforcement and formeork for the first canting were installed, the 

soffit and webs were cant in a single day. The top surface of the web 

concrete was purposely roughened to provide better bond with the next 

casting. After a curing period, the web foran, were stripped, the deck 

forms installed, and the remainder of the reinforcement placed. Deck 

concrete was then cast in a single day. 

Ech model bridge was lifted from the casting platform using 

a ntrongback arrangement that enabled the elastic distribution of 

reactions between bent cap and abutment to be maintained. The double-

coluca bridge during transport 10 shown is Fig. 0-22. After the model 

was set In place in the tenting ares, temporary supports were provided. 

0-37 
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Fig. D-26 Colunnn Support 

End diaphragms were cast to clone the boxes. installation and final 

adjustment of the supports to reestablish the elaStic distribution of 

reactions completed construction and positioning of the model. 

After a portion of the load test had been conpieted, parapets 

were cast along each oide of the deck. The parapets were cast in 

slvwood forgo tORI were clampeA to the deck. Reinforcement protruding 

from the deck was provided to assure composite action between the parapet 

and deck. Open jointn, about 0.5-In, wide were provided in the pseafet 

at the quarter points of the spans and at the bent cap centerilee. 

These joints were ninilar to those normally provided in bridges of this 

type. 

Views of the single-column and double-column model bridges 

are shown in Figs. 0-23 and 0-24, respectively. in Fig. 0-23, the 

reinforcement for the asffit, webs and part of the test cap is in pisee. 

Fornworh for the webs and for one Side of the bent cap is also cccvii 

in the near half of the bridge. 

Preparations for casting the deck of the double-colons model 

bridge are nhosx in Fig. D.21. Deck and top bent cap reinforcener,t Ore 

in place for casting. The pieces of white cloth mrs attached as a 

sint,, svanuse to ,si'v sisli,il.ltT Is Ll_ r,L.  odd.0, tso,di. sf ti,_ 

supporting the removable deck forowerk. 

FrelssratInn for 'rest 

Abutment Support. Abutment reactions were pr,seded at points 

between each pair of webs, an shown in Fig. 0-25. From the top, the 

vupport covvivted of a roller with bearing plates, a load cell with 25 hip 

capocssy, and a sane plate nub a memos to pieslon ieilt ndjsctmcct. 

Fig. D-53 Connteuction of SingleColuecn Model Bridge 

Pig, D.Z4 Coseteocticri of Double-Columns Model bridge 
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This height adjustment was needed to equaline reactiOns anang the several 

nspports at the st-set of testing. Fur the single-colons bridge tie 

height adjustment was accospiinhed by scans of shinS. A specially 

made differential screw, shown in Fig. D-25, was used for adjustment 

or the double -cuban bridge. 

The diaphragms cant Into the ends of the model bridges were 

uniformly prentresued over their depth to 500 psI. Prestresu was 

nppUed through a 5/4_in, pont-tensioning rod. To prevent horizontal 

novemest of the ends of the bridge, the diaphragm prentresvisg rods 

were fastened to the statilshry abutment Support. 1.010 lot-silO is 

shown in Fig. 0-25. 

Cnl,nvn Bane. A view of the support at the base of a 

column is presented in Fig. 0-26. To prevent cracking, the base block 

was eccentrically prestresced to a total force of 300 hips by means 

of five I-in, diameter rods. The bane blocks were supported at two 

points located 21-in, from the centerline of the bridge and on the center-

line of toe be,,t cap. Each support conninted of a spherical neat, a 

load cell of suitable capacity, and a 100 ton mechanical jack. This 

support equ.ipoent in visible in the foreground of Fig. D-26. by 

transferring the column reaction to a temporary support on the concrete 

hioeh Jiseetly under the column, load cells of either 50 hip or 200 

hip capacity could be inserted In the system. Connequeeti,y, the 1ev-

sitivity could be increased or decreaned as needed for a partIcular 

tsct. 

The column bane was restrained against horizontal movement 

longitudinally and transversely by a system of rods and Otruto. 
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Rotation about the longitudinal (spaswlse) axis was controlled by the 

jacks and was measured by dial gages and level readings. Free rotation 

about the transverse axis was permitted. 

loading Apparatus. Three separate hydraulic system were 

used to apply test loads to the models. The dead load system and the 

lane load portion of the live load system applied loads at the same 

points spaced at 3-ft. centers along the webs of the girders. A third 

system applied paint loads to the bent cap. These concentrated loads 

included the poist load portion of the AASHO live loads, as well as the 

dead load and uniform live load associated with the area tributary to 

the paint of application. 

An previously noted, the dead load system supplied the con-

tinuously applied dead load oakeup, as well as required increments of 

dead load. Dead loads for all points were those calculated for as 

interior girder. 

The lane load portion of the live load system applied forces 

through the same points as the dead load system. However, the actuatisg 

rods were centered on the particular lane, rather than being centered 

on the boxes. Thus, the resultants of the applied loads were in the 

correct lateral location. On the single-column model bridge, lane load 

could be applied to any one, to any two, or to all three lanes. For 

the double-column model, lanes 1 and 6, 2 and 5, and  3 and lo were paired 

for live load, load could be applied to any one, to any tw,b or to all 

three pairs. 

The system applying points loads to the bent caps could apply 

load to either or both of lanes 1 and 3 of the single -column model. 

D-1o3 

Note Rams for Dare some size, operate at some pressure as rams for 0 
in span. Rams for(L+I) are different size,operote at different 
pressure than rams for (L+I)in span. 

For the double -column model, lanes 1, 3, 4, and 6 could be loaded in 

any combination. No provisions were mode for bent cap point loads in 

lane 2 of the single -column model or for lanes 2 and 5 in the double- 

column model, since application at these locations over or in the vicinity 

of the column would not have affected the bent cap stresses. 

The arrangement of loading apparatus for the application of 

dead load and distributed live load in the spans of the model bridges 

is shown for the single -column model in Fig. A-il. The arrangement 

for the double-column model was similar. The bent cap loading system 

for the two model bridges are shown is Figs. 0-27 and 0-28. Details 

of the loading apparatus between the double-column model and the test 

floor are shown in Fig. 0-29. 

Instoun,estation. The layout of strain gages for a represen- 

tative instrumented girder is shown is Fig. D-lS. The strain gage 

layout for the bent cap of the single -column model bridge is shown 

in Fig. 0-30 and for the double-column model bridge in Fig. 0-31. 

Overail instrumentation patterns, Including deflection measure- 

ment points, lines of Whittemore gage points, and load celi locations, 

are shown for the single -column model bridge in Fig. 0-32 and for the 

double-column model bridge in Fig. 0-33. 

Test of Single-Column Model Bridge 

General Planning of Test Program. As a first step in the 

test prograo the dead load makeup was applied to bring the total load 

to 1.00. Next, successively increasing loads were applied. At the 

service load intensity, response both to AASHO lane loads and to con- 

centrated loads was measured. 

0-144 
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Model Bridgen 
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Fig. 0-29 Dooble-Colnmn Model Bridge Loading Apparatun 

Fig. 0-31 Strain Cagen on Top Bent Cap Reinforcement for 
Doable-Column Model Bridge 

o Load Cell for Reaction 
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Deflection Scale 
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Fig. 0-32 Inatromentatton Layout for Stngle.Colueon Model Bridge 	
Fig. 0.33 Inatromentution Layout for Double-Column Model Bridge 
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After application of the initial series of service load 

tests was completed, the parapet was added and the same tests were 

repeated. This was intended to show the effects of the parapet on 

behavior. Loadings of increasing intensity were them applied uotil 

capacity of the bridge was reached. Alter completion of the original 

program, additional tests were performed. 

Materials. Material properties for the single-column 

model bridge are summarized in Tables D-5 and D-6. 

Summary of Phases. Testing of the single-column model bridge 

was performed over a period of 70 days. For reference purposes, the 

main phases of the testing program are listed in Table D-7. 

loadings applied in Phase 1 were intended to provide a measure 

of the response of the model, without the participation of parapets, 

at loads in the service load range. Included were application of con-

centrated loads and equivalent AABHO service loadings. At the con-

elusion of these tests, only a few flexursl crschn had developed in the 

positive moment regions and in the negative moment region over the 

column - 

Foilva-ing the casting of the parapets, the equivalent AABHO 

service loadings were again applied. This loading, designated Phase 2, 

provided a comparison of behavior under similar loadings with and without 

the parapet. In Phase 3, the bridge was intentionally subjected to a 

high overload. This overload produced substantial cracking in both 

negative and positive moment regloos. A 4 hip concentrated load was 

applied at points on the roadway during Phase 4. This was intended to 

provide information on the response of the model after substantial 	- 

cracking had Occurred. 
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TABLE 0-7 TINT PR00RAM ON SINGLE .COWMN BRItON 

Phase Description 
Number of days 
from start of 
testing 

1 Application of equivalent dead load, a 2 hip 
concentrated load at 3 ft. intervals along 
each web, and equivalent AASNO service 
loadings 1.0 [D+(L+ I)] 1 toil 

- Delay while parapets were cast and allowed to 
cure 12 to 31 

2 Application of equivalent AABHO service loadings 
1.0 (D -e (L + x)J 32 to 35 

3 Application of overload 1.75 (D) + 2.0 (1-,- I) 36 

Is Application of a I hip concentrated load at 
3 ft. intervals along each web 38 to IsO 

5 Application of equivalent AxiNG ultimate loadings 
1.5(D). 2.5 (L+i) 45146 

6 Test to destruction 47 to 49 

7 Test to destruction of repaired bridge 61 

8 Test to destruction of bent cap region 70 

TABLE 0-5 REINFORCgIENT PROPERTIIN FOR SINGLE -COLUMN MODEL BRIIZE 

Modulus 
Reinforcement Yield Stress Tensile Strength of 

Elasticity ksi fsu'  kai E 

psi x 10 

Dl 70.7 71.1 26.6 

00 74.7 79.1 29.1 

05 75.5 83.8 29.3 

No. 	Is 63.5 103.3 28.8 

TABLE D-6 CONCREON PROPIBTIAB FOR SINGLE-COLUMN MODEL BRI00E 

Concrete 
Location 

Age at 
Start of 

Testing Deys 
Compressive 
Strength 
f,  

psi 

Splitting 
Tensile 
Strength 
f 

psi 

Modulus 
of 

Elasticity 
Ec 	

6 
psi x 10 

Rotten 
Slab, 
Webs, 70 4050 500 3.8 
and 

Bent 
Cap 

Deck 
Slab 50 5330 600 4.3 
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In Phase 5, combinations representing AASNO design ultimate 

loading conditions were applied to the bridge. These loadings were in-

tended to show which combination subjected the bent cap to the highest 

stresses. The critical loading Occurred with the maximum total load 

on the bridge, i.e., with all three traffic laces loaded to 100 percent 

of the lane load (L* I) 

Finally, in Phase 6, the bridge was loaded to destruction by 

proportionally increasing the most critical loading found in Phase 5. 

Distress Occurred in the positive moment region of the box girders, at 

a section near the abutment. In this region there was a combination of 

bar cut-offs and splices in the maim reinforcement. 

Since the bent cap and adjacent superstructure were undsmaged 

at the end of Phase 6, the region in which distress Occurred was repaired 

by filling the ends of the cells with concrete. To maintain symmetry, 

the Opposite end of the bridge was strengthened in a similar manner. 

In Phase 7, the repaired bridge was tested to destruction. 

Under the loading, distress Occurred again in the positive moment region. 

However, it was at a section approximately one-quarter of the span 

length from the bent cap where there was again a combination of bar 

cut-offs and splices. 

In Phase 8, the bent cap region and adjacent superstructure, 

to one-quarter of the span length each side of the pier, were separated 

from the bridge and loaded to destruction. Distress Occurred in the 

bent cap, due to a combination of flexure and shear. The ultimate load 

was close to that producing the calculated flexural capacity of the 

bent cap. 
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In the following sections, additional data concerning the 

testing and the behavior of the single-colons bridge is presented. 

Preparation. A thorough visual exomisation of the bridge 

was made prior to the removal of temporary shoring in the positive 

moment regions. No cracking was observed. 

After the shoring was removed, the elevations of the reactions 

were adjusted until the reactions approximated those predicted by an 

elastic analysis. Some difficulty was esperiesced is making the in-

dividual reactions at each abutment equal. IndivIdual reactions varying 

from 0.9 to 1.4 hips were accepted witsin the ass of 3.5 hips. 

Alter sdjusthent of the reactions, it was observed that 

there was on upward curl of the superstructure. Deflection measurements 

indicated that the roadway surface at the cods of the bridge was 0.6 in. 

higher than at the bent cap. This curl was attributed primarily to the 

effect of differential shrinkage between the roadway stab and the lower 

part of the superstructure. 

Alter the abuthent reactions had been adjusted, the dead load 

makeup was applied to produce Stress conditions equivalent to those 

caused by the dead load of the prototype. This 1.00 conditiOm was 

maintained, as a minimum, daring most of the period that the first six 

phases of the test program were conducted. The load was removed for 

two brief periods at the start of Phases 2 and 6 to obtain mere readings 

on instrumentation. 

Dead load strains measured by both the electrical and mechanical 

goges located is the bent cap are compared in Fig. 0-34. Agreement is 

satisfactory. It is important to note that the equivalent dead load 
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Fig. D-34 Measured Strains from Application of Equivalent 
Dead Load on Single-Column Model Bridge 
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comdltiOn, 1.0 (D) at the start of Phase 1, is the zero base for most 

of the data presented in the followiog sections. Fig. 0-34 indicates 

that the strains under application of 1.0 (D) were so small, that they 

could be comsidered negligible (less than 100 millionths). Also, there 

appeared to be no cracking of the bent cap except possibly at the 

location of the fourth ilhittemore gage from the bridge centerline. 

Time -Dependest Behavior. Lines of lOtittemore gage points 

were placed on the bent cap and an interior box girder to provide long-

tee's control during the three month period of the test program. Initial 

measurements were taken on the roadway stab before the model was removed 

from its form. Readings on the bottom stab were taken after the model 

had been moved from the form, placed in the testing area and shored to 

as equivalent no load condition. Strains measured with the model in 

identical unloaded conditions, at the start of Phases 1, 2, and 6, 

are showS in Figs. D-35 and 0-36. 

The strain data presented is Figs. D-35 and D-36 indicate that, 

at early ages, the model was subjected to compressive strains at both 

top and bottom. These strains are attributed to shrinkage: Later, 

residual strains of the same sign as those caused by loading are 

superimposed on the earlier shrinkage strains. 

The observation that the compressive strains did not change 

significantly between Phases 2 and 6 indicates that the principal 

effects of shrinkage occurred at an early age. The measurements also 

indicate that there was a residual tensile strain of roughly 350 

millionths, the equivalent of abOut 10 ksi, in the main bent cap and 

box girder reinforcement in the vicinity of the column at the start of 

500 

250 

Strain 
millionths 

0 

-250 

~ Er__i-J==[ 
.. 

'-Wt,itemore Goge Points, Soc., 
81/2 from (Bent Cop 

---- Own Woigt,t,Stort of Photo 
--- I 	 l.OlDl,StortofPhonel 

l-. 	 —a-- Own Weight,Sfort of PhoneS 
—a--- Own Welght,StOrf of PhOne 6 

0 

Strain 
millionths 

-250 

-500 

Fig. 0-35 Mechanical Strain Gage Measurements on Best Cap 
of Single-Column Model Bridge 
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Phase 6, the test to deatrssction. Contributing to this residual strain is 

a compressive shrinkage strain rangIng from 100 to 200 millionths before 

the start of Phase 1. 

Phase 1. At the start of Phase 1, a 4 hip concentrated load 

was positioned at 3-ft. intervals along the two interior webs adjacent 

to the column. However, computations indicated that the 4 hip load, 

the equivalent of a 100 hip concentrated load on the prototype, would 

produce a reinforcement stress of 31 ksi when it was positioned to produce 

maximum positive moment on an exterior web. Since the 31 ksi stress 

was greater than the 24 ksi service load design stress, it was decided 

to apply only a 2 hip concentrated load. This load was subsequently 

positioned at 3-ft. intervals along each girder web. 

Application of these concentrated loads to the bridge pro-

duced only minor cracking transverse to the girders in positive moment 

regions. Most of the cracks occurred between the exterior and first 

interior webs. Measurements of the total abutment reaction and column 

reaction were in reasonable agreement with values predicted by  an elastic 

analysis for a 2 hip load located at dif'ferent positions on a 2.span 

continuous beam. Strain response of the bent cap to the 2 kip load 

was so snaIl, that it could not be separated from residual and tine-

dependent effects. Values of measured deflection of the ends of the bent 

cap under the 2 hIp load averaged 0.009 is., the equivalent of 0.045 

is. in the prototype. 

In the next port of Phase 1, several equivalent A/lIMO live 

loadings were applied. First, load was applied to produce maximum 

negative moment in the box girders. This conoisted of a distributed 

Strain 	I 
millionths 	I 

-250 

500L 

Fig. D-36 Mechanical Strain Cage Measurern,entn on Girder 
of Single-Column Model Bridge 
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lane loading, equivalent to 640 pounds per linear ft., plus impact on 

the prototype, and two concentrated loads, equivalent to 18 hips plus 

impact. The concentrated loads were located 7.5 ft either side of the 

centerline of the model bent cap, is each of the three traffic lanes 

showis in Fig. D-l. The load it, the middle traffic lane was centered 

within the jane. 

The first flexurai cracking in the roadway, in the vicinity 

of the column, was observed under this loading. A deflection at the end 

of the bent cap of 0.06 in. was measured. The maximum deflection of 

the exterior web measured at the section of maximum positive moment was 

0.22 in. Noting that the corr4sposding deflection under the equivalent 

dead load was 0.075 in., the corresponding maximum deflection of the 

prototype would be 1.19 in., or 1/900th of the span. 

Next, the equivalent of the live load±ng shown in lanes 1 

and 2 in Fig. 0-1 was appUdd o the model. This loading, the critical 

AASHO design combination for the bent cap, produced a deflection at 

the end of the model bent cap of 0.014 in. 

After application of loads 14 lanes 1 and 2, the equivalent 

of the live loading shown on all 3 lanes in Fig. 0-1 was applied to 

the model at full 100 percent intensit,. Under this loading, the de-

flection at the end of the bent cap was% 0.007 in. These two loadings 

produced minor additional cracking in the roadway. Most of the 

cracking was in the direction of the Centerline of the bent cap. The 

naxin,us measured width of any crack was 0.002 in. 

The average reading of the first, second and third %dhittenore 

gages from the bridge centerline along the top of the bdnt cap indicated 

that the absolute stress in the —in bent cap reinforcement due to the 

above three loading conditions was 2.5, 2.6, and 3.0 ksi tension, 

respectively. However, the nedsured response due to the application 

of any of these loads was about 0.5 ksi. This observation indicates 

that eves at these low stresses the development of cracking in the road-

way 

oad-

way produced residual stresses in the reinforcement. These are attributed 

to the causes already discussed in Appendix A. 

Following the application of the equivalent AmiNO loàtiings, 

the 2 hip concentrated load was again positioned at 3-ft. intervals 

along each girder web. The behavior was uldilar to that observed 

previously. In this case, values of measured deflection df the ends 

of the bent cap under the 2 hip load varied,sverging 0.009 in. Stress 

in the bent cap reinforcement lndicated by the electrical gages was 

in good agreeneht with that indicated by the mechanical Whittemore gaged. 

However, the response indicated by application of specific loads was 

not consistent. 

An overall indication of the defleCtioss measured durin4 

Phase 1 is prenested in Fig. D-37. these data indirste that from a 

percestagc standpoint, there was substantial residual deflection is 

the model at the conclusion of these tests. 

Phase.2. Following the 20.day period required to cast the 

parapets, the three AiPItO loading conditions previously applied in 

Phase 3, were again applied. As described before, the first; loading 

condition produced maximum negative moment is the girders. The second 

and third loading conditions were with lanes 1 and 2, and lanes 1, 2, 

and 3 loaded, respectively, as shown in Fig. 0-1. 
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The deflection measured at the intersection of Web No. 1 and 

the bent cap for these three loading conditions was 0.005, 0.014, and 

0.006 in., respectively. This can be compared with the deflections 

of 0.006, 0.014, and 0.007 in., respectively,measured for these loading 

conditions in Phase 1. It appears that the addition of the parapets 

increased the stiffness of the superstructure slightly. Nowever, the 

stress in the bent cap reinforcement under Phase 2 loading was about 

10 percent higher than that measured in Phase 1. 

A comparison of the deflection of the model under the loading 

condition critical for negative moment in the box girders is shown in 

Fig. 0-37. This comparison shows that the maximum deflections increased 

in Phase 2. HOwever, it should be noted that the deflection response 

under the application of the equivalent dead load plus the live load 

was considerably less in Phase 2, indicating the effect of prior loading. 

Phase  3.  Before proceeding with further testing with a con- 

centrated load in Phase Is,  the model bridge was intentionally subjected 

to an overload of 0.75 times the dead load plan two times the equivalent 

of the live load conditions shown is Fig. D-l. This gave a total load 

of 1.750*2.0(1+ I). All lanes were loaded with live load, with 

the loading in the middle lane off center. 

The measured strain in the bent cap reinforcement before, at, 

and after this loading was applied in shown in Fig. 0-38. Strains 

measured by the mechanical Whlttemore page were somewhat higher than 

the average strain determined from the electrical gages. 

As seen in Fig. D-34, the strain in the maim bent cap rein- 

forcing bars under 1.0 (D) was insignificant. In Fig. 0-38, the electrical 

1[ rrX 
.0(0) Before 	' 
I.0(D)After 	?EIectricaI Gages 
I.75(D)+2.0(L$1)) 
.75(0 )+20(L+1) from Whittemore Gages 

Fig. D-38 Strain in Bent Cap Reinforcement for Phase 3 Loadsng 

gages indicate that the maximum strain in the bent cap reinforcement 

under 1.75 0 + 2.0 (L * I) was about 600 milliOnths, which is equivalent 

to a stress of 17 hal. 

The deflections in the model brIdge under the 1.75 (0) s. 2.0 

(1 * I) loading are indicated in Fig. U.39. The application of 1.75 

(D) + 2.0 (t + I) produced an increase in residual deflection. 

Phase ii. Application of a nominal Is hip concentrated load 

at 3-ft. intervals along each box girder web provided confirmation of 

the elastic behavior of the structure and the distribution of reactions. 

The actual weight of the concentrated load was is.23 hips. Measured 

reactions at the abutments and below the column were in excellent 

agreement with values predicted by analysis assuming that the structure 

as a whole meted like an elastic continuous bean. 

Influence lines for bent cap deflection respbnaes at the bent 

cap centerline with the load moving along the exterior and first in-

ten or girders are shown in Fig. 0-40. Both model and prototype de-

flection scales are shown. The deflection at the end of the bent cap 

in a prototype structure, due to a 25 x 4.23 106 hip load at that 

point, would be expected to be about 5 x 0.018 = 0.09 in. 

Influence lines for girder deflection responses at the point 

of maximum positive moment in each of the three girders, for the load 

moving along the girder, are shown in Fig. 0-41. 

Influence lines for girder deflection at the point of maximum 

positive moment in each of the three girders, for the load moving 

transversely across the section, are shown in Fig. D-42. The 

maximum deflection occurs at the exterior girder with the load at that 

point. This deflection would be about 0.22 in. in the prototype. 

Average 
Tensile 
Strain 

millionths 
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c. Abutment Bent Cap Abutment 
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Fig. 0-40 Influence Lines for Bent Cap Defl•ections 
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37(D)+2.5(L+t) 

.37(0) 

.0(D),Stort of Phase 5 

.0(0),Start of Phase I 

-Lone 1 Loaded 

1 and 2 Loaded 

Stress Level Indicated 
by Whittemore Readings 
.37(0) +2.5(L+I) 

..nes 1,2 ,and3 Loaded 
3" from 
Face of 
Cal urns 

Phase 5. In Phase 5, it was intended that loads representing 

various distributions of 1.50 + 2.5 (L • I) would be applied to the model. 

This planned value was obtained by dividing the design load factor, 

1.35 ID * (Lw i)' by 	0.9, on the expectation that flexure would 

guvero the behavior and, that is the laboratory, $ 1.0. Due to errors 

In ealculating the hydraulic pressures, however, the actual applied 

dead load was the equivalent of 1.37D. 

First, the dead load was incremented to 1.37D. Next, 2.5 

(Lw I) was applied in lane 1. The load was then reduced to 1.37D. 

Next, 2.5 (i + I) was applied is lanes 1 and 2. The load was again 

reduced to 1.370. Finally, 2.5 (i w I) was applied in all three lanes. 

Fig. Di) provides a comparison of the stress in the bent cap 

reinforcement under the first three Phase 5 loadings. Thia comparison 

is made at three sections through the bent cap. These are the center-

line, the face of the column, and 3 is. in front of the face of the 

column. The data indicate that the highest stresses and the maximum 

stress response occur with all three lanes loaded. If the stress with all 

three lanes loaded is nultipUed by the 0.9 factor for multiple lane 

loading( , the response is still, larger than for the other two 

cases. Consequently, it is concluded that the critical case is with all 

three lanes loaded. The data also indicate that tie stresses at the 

face of the column and at a section one-quarter of the depth of the 

superstructure in front of the face of the column are approximately equal. 

After the application of the first three loadings in Phase 

5, the loadings for lane 1 and for lanes 1 and 2 were repeated with the 

dead load at the plastned nominal 1.50 level. The responses to the 
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2 .5( I'i) loadings were the same as those shown is D-43. This indicated 

that the reduced dead load of the earlier series had little or no ef-

feet on the live load responses. 

It should be noted that, due to the prior application of the 

1.750 * 2.0 (I,sI) mad, none of these loadings is a new maximum. For 

this reanon, the absolute values of the stresses should not be compared 

with those resulting from new maximum loadings. However, the responses 

can be compared with each other to determine critical load patterns. 

Comparison of the stresses calculated from the Whitteeore 

readings with those from the electrical gages again shows comparable 

results, as can be seen in Fig. D-43. The slightly lower stresses in-

dicated'by the Whittenore readings are attributed to the location of 

the gages being 1/2 in. outside of the edge of the bent cap. 

Deflection response to Phase 5 loadings measured at the 

intersection of Web No. 1 and the bent cap, were 0.062, 0.066, and 

0.040 in. under the application of 0.37(D) + 2.5 (1,51) load on lane 1, 

lanes 1 and 2 and lanes 1, 2, and 3 respectively. Measured crack widths 

in the roadway, in the vicinity of the column, were 0.008 in. or iess. 

Phase 6. In the test to destruction on the model bridge, load 

was applied in increments of a ratio, N, defined as the total applied 

bid divided by the nominal design uitioate load. The nominal design 

ultimate load, N 1.0, is 1.5 times the equivalent dead load of the 

prototype bridge plus 2.5 times the equivalent of the live loading shown 

is Fig. 0-1. At the service load 1.0 ID + (L + I)], N is approximately 

equal to 0.6. 

2.5(LeI) Response 

20 
24 

';F ' 

3.1 

TStress 
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2 .4 
ksi 
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20- 

4.5 

4.6  

1  

fi 

: 

Q Face 
Best of 
Cap Column 

Fig. D-43 Stress in Bent Cap Reinforcement during Design Ultimate Test 
of SingleColumn Model Bridge 

At the start of Phase 6, the equivalent dead load on the model 

was removed. In this condition, the model was renisting its own weight 

Pius the weight of the loading apparatus, a total corresponding ap-

proximately to 5 = 0.1. Strains in the bent cap and adjacent box girder 

superstructure in this condition were previously shown in Figs. D-35 

and 0-36. 

The measured deflection of exterior Web No. 1 during the test 

to destruction is shown in Fig. 0-44. Thene plots show the deflection 

at the centerline of the bent cap and at the section of theoretical 

masinsa,, positive moment, 6 ft. 9 in. from the abutment, ssosming the 

superstructure acts as an elastic continuous beam. At, N equal to about 

1.8, the model was unloaded, as indicated by the dashed line, for an 

overnight rest period. It may be observed that the deflection at the 

section of maximum positive moment is about four times the deflection at 

the end of the bent cap. At the design service load of 5 = 0.6, the 

maximum deflection of 0.38 in. during the initial loading cycle cor-

respsndo to 1.90 in. in the prototype. This is about 1/570th of the 

span length. 

Deflections of the bridge superstructure along transverse 

lines at the bent cap and at the section of maximum positive moment 

are shown in Fig. D-145. Deflections of the bent cap were measured at 

points located at the intersection of each web with a line 3.5 in from 

the centerline of the bent cap. Deflections of the superstructure 

along Web No. 3 are shown in Fig. 0-46. 
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Fig. D-44 Deflection of Single-Column Model Bridge during Test to Destruction 

Fig. 0-45 Transverse Distribution of Deflections for Single-Column Model 
Bridge during Test to Destruction 

The test was concluded when slip of lapped splices in the main 

box girder positive moment reinforcement occurred in a region chere 

other bars, were cut off. When this occurred, the load had just been 

raised to the level of It = 2.3. In Fig. D-57, a side view upward toward 

the superstructure shows the separation that occurred in the bottom slab 

at a section approximately 3 ft. from an abutment. A close view of the 

bottom slab below Web No. 2 is shown in Fig. 0-58. Inspection disclosed 

that only one of the main 0-5 reinforcing bsrs across the full width 

of the bottom slab was fractured. However, all of the auxiliary D-2 

bars crossing the section stern fractured. 

In Fig. D_49,  average measured strain is the bent cap rein-

forcement is plotted for several values of the load ratio, R. From 

this plot, it is evident that the maximum strain occurred at the edge 

of the column. The maximum measured strain was 1950 millionths which 

corresponds to a stress of 56 ksi. 

Experimentally determined stresses in the bent cap flexural 

reinforcement are compared in Fig. 0-50 with values of the stresses 

predicted by the Working Stress method. The experimental stress is 

calculated from the average strains at the face of the column, the 

location of maximum strain as shown is Fig. 0-59. 

The predicted stresses were calculated by assuming that the 

stress was 25 Mi for service load (taken to be It = 0.6) at the design 

section one-sixth the column diumeter from the column centerline. The 

stress, assumed to be linearly related to moment, was them adjusted 

from the design section to the gaged section using the service load 

moments of Chapter 2. 

0 
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Fig. D-47 View of Region of Distress after Phase 6 Loading for Single-
Column Model Bridge 
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Fig. D-48 Bottom Slab Directly below Web No. 2 in Single-Column Model Bridge 
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Fig. 0-51 Strains in Bent Cap Stirrups of Single-Coluernn Model Bridge 
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Fig. 0-50 Predicted and Measured Stress in Bent Cap Reinforcement of 
Single-Column Model Bridge 

Fig. 0-49 Strains in Bent Cap Reinforcement of Single-Col,mn Model Bridge 

-c 

This calculation did not take into account neveral factors 

that tend to reduce the measured stress as 000pared to the predicted. 

These factors include participation of surrounding superstructure in 

carrying the load, area of reinforcement greater than that required 

by the design, libersl ssssmptions of dead load in the original design, 

and the conservative nature of the Working Stress method. 

The agreement between measured and predicted stresses seems 

to be satisfactory, considering the approximations invoived. 

Measured strsino in the bent cap stirrups are shown in Fig. 

0-51. Maximsm stirrup strains occurred midway between Web NOs. 2 and 

5. Strains in the bent cap stirrups directly over the column were 

quite low. 

Crack width measurements were taken at selected locations 

on the roadway surface in the vicinity of the column. These data, 

plotted in Fig. D-52, indicate substantial variation in crack widths 

depending on the location and orientation of the cracks. A photograph 

of the crack patterns taken after the end of the test is presented in 

Fig. D-53. As shown by the dashed lines in Fig. 0-52, the width of 

cracks transverse to the box girders are considerably greater between 

the webs than directly over then. These wider cracks were located 

beyond the ends of the shorter flexsral reinforcement in the girders. 

In this region, only a snail amount of reinforcement crossed the crack. 

Cracks across the bent cap near the Column were somewhat narrower than 

those in the box girders. However, widths of cracks that formed at 

higher loads near bar cut offs in the bent cap were substantial when 

first observed. Widths of these cracks increased rapidly with load. 

0-82 



To 0.034 
Boo GIrderS, 	 at R2.2 

/1 
8.ntCo/ 

/ 	nmorColum 

t Cop, 
nq o,  Bar Cutoff 

II
ooGI,d.ns  / 	

bstw.s Webi 	

- _ - 

0.005 	 U,OItJ 

Average Crock Widths, in. 

Fig. 0-5Z Meaoorrd Crook Wjdthu in Rodwoy of Singte-Colrnn Modnl 8rdge 

79 

2 

R 

IT 

Fig. D-53 View of Crack Pattern in Roadway Slab Directly over the Column 

of Single-Column Model Bridge 



.- Computed Flesu,al Copocity 
_L 	at Face of Column 

11j 
Pusc22 2 kips 

.. 6.75 	6 	6.75 L 

3( 

Applied 
Load 

P 
hips 	20 

Hi 

80 

Testang was resumed after repairs had been shiv or. 

the ,si of the bridge where the distress had occurred. In this prvc.'ee. 

the bridge was restored to its proper aligmsent. Best, a length of 

6 ft. of each box girder ecU was filled with concrete and was reinforc-

ed vertically. 

A similar arrangement was used to strengthen the opposite end 

of the bridge, wince it appeared that a tension failure was inminent in 

this region as well. In addition, external stirrups were placed on all 

the webo in the span that failed. These stirrups were located in the 

viconity of the point of inflection, approxImately 4-1/2 ft. ft-n, the 

centerline of the bent cap. This region had been damaged as the initial 

failure occurred. 

It was eutlmated that about Is hips of weight was added at each 

end of the bridge in repairing the box girders. For analysis, it was 

ason,ed that 85 percent of this weight was distributed to the abutment 

and 15 percent to the column. 

The critical bent cap ixadin.g condition, with all three iaxes 

loaded, was incremented to destruction. Failure again occurred at B 

equai to 2.5. Collapse occurred in the same span as before, but in the 

region located at the interior end of the positive 000e.st steel cut-

offs. it again appeared to be caused by tons of anchorage at Splices 

of the main bars. 

Phase 8. Since the bent cap of the bridge was still andainag..i, 

the ends of the nadel were aeeered at sections located approximately 

ose-qaarter of the span on either aIde of the centerline of the bent 

cap. The renaming portion, shown in Fig. D-54, was ssbj'rcted to a load-

ing cossiating of concentrated forces, P/2, applied near the severed 
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end of each box girder web, 3 ft. from the centerline of the bent cue. 

Additional Concentrated forces equal to P were also applied at the 

intersoetlos of tie centerline of the bent cap and the center of tire 

exterior bOxes, 5 ft. from tnc centerline of the column. This loading 

approximated the loading on the bent cap in the prccedtng tests. 

As indicated by Fig. 0-55, the ocanared atcength of the bent 

cap was approximately tO percent greater than the capacity expected 

assuming a critical section at the face of the column. This suggests 

that the reisforcesest is adjacent parts of the decin was also effective 

is resisting the external. quvement on transverse sections through the 

bent cap. 

The Side clew of the damaged region, shown in Fig. 0-56, 

shows substantial shear distress in the bent cap. Close inspection 

showed that several stirrups were fractured. However, the main shear 

crack appears to have started as a fleosiral ccxci in the region where 

oeeerai main bent cap bars were ters,inated. At the last load stage 

before the teat was terminated, a strain of 2,200 millionths was 

measured on a bar at this location. This indicated that yielding was 

imminent. At this load stage, strains sear and slightly Shave the 

yield Strain were also oeaaured at sections at the face of the column 

and 3 in. from the face of the column. The failure was therefore con-

sidered to be due to flexure, but the shear relnforcenent in the 

vicinity of the bar cut-afire was apparently insufficient to allow 

substantial yieldIng. 

Fig. D.54 Vew 01 Tcst of Bent Cap Prtioo of Singic-Colucon 
Mxdci Bridge 

0-87 

1.) 	 0.2 	 0.4 
	

0.8 

Deflection, in. 

Fig. D_55 Deflect,0,, at End of Bent Cap for Tent of Bent Cap Psrtion of 
Singie-Coluron Model Bridge 
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TABLE 0-10 TABT PTIC*35554 OF EfSUBIE.COWMhi BRIDlE 

Number of days 

1 ApplIcation of equivalent dead load and 
various equivalent kP$HO service load-
ings l.0lD+ (La i)1 

ltOl 

- Delay while parapets were cast and 
5 to 19 

allowed to core 

2 ApplicatIon of equivalent 522)40 service 
1.0 to + (i * 	i) 20 

losdisgo 

3 Application of equivalent A,ASliO ultimate 
loadings 1.5 0 + 2.5 (1 * 1) 21 to 22 

I. Special tests, 	includIng application of 
concentrated loads, and settlement and 

22 to 21 
rotatIon of columns 

5 Test to destruction 
25 

81 

Test of Double-COisro Model Bridgg 

Gen5 .jPlannlne of Test lrag. As was the cane for the 

single-colutOl model bridge, the test program Included the application 

of the dead load nakeop followed by neaeuretseflt of the response to a 

series of loads of successively increasing cagnitude. However, some 

of the lover intensity loads applied to the single-coLumn nodel were 

nut applied to the double.cOlWOt model bridge, sInce it had been found 

in the test of the slngle-colomn node), that the effects of the low 

intensity loads were difficult to interpret due to the snail quantities 

involved. 

tioterinis. Moterial properties for the double-COi.Wsfl model 

bridge are summarIsed in Tables 0-8 and 0-9. 

Testing of the double-Colors model bridge 

was performed over a period of 25 dayo. For reference, the phases of 

the testing program are listed and briefly described in Table 0-10. 

Outline of Proerng,. The test program for Phases 1 and 2 

in the double-column model bridge paralleled that for the same phases 

in the single-cOlumn model. The response to varIous equivalent AAZHO 

service loadings before (Phase 1) and otter (Phase 2) the addition of 

parapets was measured. No concentrated loads were applied to the 

double-column model in these phases. 

In Phase 3, the equivalent 522140 loadings 1.5 ii + 2.5 (t + i) 

in distributions most Ldghly stressing the various locations in the model 

were applied. The results provided iaformotios on the critical loading 

for the beat cap. This series of loadings was equivalent to the loadings 

applied in Phase 5 of the tests on the single-colors model bridge. No 

preceding overload had been applied, however. 

D-91 

Fig. D-56 Side View Showing Distress of Bent Cap Port,on of Single-
Coi,rn,n Modei Bridge 
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TABLE D-8 REINFORCEMENT PIIOPE111'IElt FOR I))UBLE.COL1JI'Oi MODEL BRIDlE 

T Modulus 	I 

Reinforcement Ytcid Stress Tensile Strength of Elasticity 

psi o 
106 

Dl 70.7 71.1 26.6 

Dl 57.9 67.6 29.0 

05 71*.1 82.3 30.1 

NO. 	1* 63.1 101.8 

TABLE 5-9 CO1ICRISE PROPERTIES FOR DSUBLE.COI2J41 MODEL giurcig 

Concrete 
Locution 

/o4v '1 
Start of 

Testing 505 

Compressive 
Strength 

f' 

psi 

SplItting 
Tenoile 
Strength 	I 

I 
psi 

Modulus 
of 

Elasticity 
C 

psi 

Bott+ut 
Stub, 

Webs, 1O( 3150 1,10 3.1 

and 
Bent 
Cap 

Dccl, 
Slab 76 4610 541 0 3.9 

0-93 
0-92 
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In Phase I., a Series of special tests was conducted. These 

included application of a i hip Concentrated load soccessive]y at 

points Spaced at 3 It. intervals along each web, and the introduction 

Of iAOs'n rotations and displacements at the base of the columns. 

- Finally, in Phase 5, the bridge was loaded to destruction 

by incrementally applying multiples of an equivalent loading of 1.5 
(n) * 2.5 (L * I) on all six lames. Collapse occurred due to a com- 

bination of the effects of flexure and shear in the box girders adjacent 

to the bent cap at a load 2.2 11.5 (D) • 2.5 (L * I)]. 

Preparation. The bridge was carefully examined for cracking 

prior to the start of testing. One i-ft. long crack was found in the 

bottom slab, alnoat exactly on the centerline of the roadway. This 

crack started at the aide of the bent cap. Several Other short 

cracks, also parallel to the centerline of the roadway, were found 

extending from loading rod holes, Sear the bent cap. A few similar 

cracks were found extending from loading rod holes in the roadway 

slab. All of these cracks were indicative of differeotial shrinliage 

between the bent cap and adjacent superstructure. 

Following the removal of shoring, the elevations of the 

supports were adjusted until the reactions approximated those pre- 

dicted by an elastic analysis. The total weight of the model bridge 

and the loading equipment suspended from it was 41.2 hips. Reactions 

at the column bases were 14.0 and lIt.) hips. The five reactions 

at each abutment varied from 1.2 to 1.4 kipn. As for the single-column model 

bridge, an upward curl of the roadway surface, measured to be 0.5 in., 

was observed at this stage. 
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Fig. D-57 Meaourcd Strains from Application of Equivalent Dead Load 
to DoubieCoIumn Model Bridge 
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After the reactions were set, the dead load makeup was applied 

to produce Conditions equivalent to the dead load of the prototype. As 

in the caae of the single-col,,mn bridge, this loading was oaintained. an 

a nimimum, during the testing period, except for brief periods when the 

model was unloaded to obtain xero readings on Instrumentation. These 

unloading periods occurred at the start of Phases 2, 3, and 5. A cnmpari - 

son of the strains measured by electrical and tdhittemore gages in the 

bent cap when the loading was 1.0 (D) is shown in Fig. 0-57. The 

strains measured were similar to those found for similar loading on the 

single -colum model bridge. 

))pq.endent Behavior. The double_column bridge was somewhat 

older than the single-column bridge at the start of testing. However, 

the period of testing ,was less than half as long, as seen by comparing 

Tables 0-7 and D-lO. 

As in the case of the single-colwen model bridge, strains through-

out the term of the test were monItored by means of the Whittenmre 

mechanical strain gage. Initial measurements were taken with the model 

bridge in the form, or shortly after its removal. Subsequent measurements 

were taken at selected times. 

Data presented in Fig 0-58 and 0-59 show the deformation which 

had taken place at the start of testing and also at the start of Phase 5, 
the test to destruction. For these sets of measurements, the model bridge 

was supporting Its own weight, plum the weight of loading equipment. 

In addition, Figs. D-58 and 0-59 include strain data with the double- 

column bridge under equivalent dead lnad at the start of Phase 1. A 

pattern similar to that observed in the simgle-colu,un model bridge was 

obtailsed. 	 - 
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Fig. D58 Mechasicui Strain Gage Measurements on Bent Cap of Double-
column Model Bridge 
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Fig. D-59 Mechanical Strain Gage Measurements on Girders of Double-

Column Model Bridge 
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Phase 1. The first live loading applied to the bridge consisted 

of a distributed lane load, equivalent to 640 pounds per linear ft. plus 

impact, and two concentrated loads each equivalent to 18 hips plus impact, 

located 37.5 ft. (7.5 ft. in the model) either side of the centerline of 

the bent cap in each of the six traffic lanes. With the dead load, this 

loading was equivalent to a 1.0 (D) + 1.0 (i + I) loading on all six 

lanes of the prototype producing maximum megative moment in the box 

girders. No reduction was made in live load imtensity for the multiple 

lane loading. 

The deflection of Web No. 5, adjacemt to the centerline of the 

roadway, under Phase 1 loading, is shown in Fig. 0-60. The maximum 

deflection of Web No. 5  was 0.19 in. Duflectiom of the bent cap at its 

intersection with this web was 0.03 in. Noting that the maximum de-

flection of Web No. 5 under the equivalent dead load was 0.10 in., the 

corresponding maximum deflection of the prototype under 1.0 (D) * 1.0 

I * i) would be 1.08 in. or 1/1000th of the span. The corresponding 

maximum deflection determined from measurements on an exterior web of 

the single-column model bridge was 1.19 in. The d.ouble-column bridge 

deflection was less even though on the average each box girder in it 

carried 20 percent more live load than did the single-column bridge 

girder. 

Subsequently, individual lane loads and concentrated loads 

were applied to further condi lion the superstructure. These loadings 

domonstrated that, as for the single -column bridge, the overall 

behavior was essentially linear although the, measured strain response 

at specific locations was quite erratic. 

0-99 

Next, loading equivalent to that shown in Fig. D-2 was applied. 

Besides the loading equivalent to 640 lbs. per linear ft. plus impact 

on each lane, concentrated loads equivalent to 26 hips plus impact were 

applied on the bent cap in lanes 1, 3, Ii, and 6 The application of this 

live loading produced a deflection of the bent cap at its cantilevered 

end and at its intersection with the centerline of the roadway of 0.003 in. 

and 0.005 in. respectively. 

Phase 2. The parapets cast on the double-column model bridge 

were similar to those on the, single-column bridge. Again, open joints 

were provided at the centerline of the bent cap and at the quarter points 

of the span. During the 15-day period in which the parapets were cast 

and allowed to cure, the model was maintained under an equivalent dead 

load condition. Subsequently, several of the diAHO loading conditions 

previously applied in Phase 1 were reapplied. 

A comparison of the deflection of the model under the loading 

condition critical for negative moment in the box girders Is given 

in Fig. 0-60. This comparison Shows that the maximum deflections in-

creased by about 10 percent. However, It should be noted that the 

deflection response under the applicatiom of the equivalent dead load 

plus the live load was considerably less in Phase 2, indicating the 

effect of prior loading. 

In Phase 3, the equivalent AASHO ultimate loads 

were applied to obtain information on the critical loading for the 

bent cap. Values of stress, computed from the average measured strain 

of four gages at each of three locgtionn on the bent cap reinforcement, 

are plotted as bar graphs Is Fig. D-61. 
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As indicated in the upper graph in Fig. 0-61, the stresses in the 

bent cap reinforcement at oil three locations had increased by about 3 kni 

under the equivalent 1.0 (D) loading between the start of Phase 1 and 

the start of Phase 3. First, the dead load was increased to 1.5 (D), 

resulting in the increase in stress shown is Fig. 0-61. Next, live load 

equivalent to 2.5 times the loading shows in Fig. D-2 was applied on mU 

six lanes. This loading produced the oami,nme stresses shown by the bars 

in the upper graph. The response is shown as the crosshatched portion 

of the bar. When this equivalent live load usa removed, the stresses 

shown as the line scross the crnsshatched portion of the bar remained. 

These stresses were substantially greater than those measured previously 

under the application of 1.5 (0). This resulted because the applied 

load was a new maximum. 

Subsequently, distributed lone loads equivalent to 2.5 (L • I) 

were applied successively to lanes 2 through 5, 3 and I., and 1 and 6. The 

maximum stresses measured under these loadings are also plotted in 

Fig. D-61. Between each of the loadings, the stresses under the 1.5 (D) 

load condition were the sane as those measured after the initial application 

of load on all six lanes. Loading on lanes 2 through 5 was applied at 

75 percent intensity to comply with AASHO specificstioos for multiple 

lone loadings. 

Evamination of the dead and live load stresses shown is Fig. D-61 

indicstes that they are about one-half of the corresponding design stresses 

for the prototype given in Table 0-1. It is also evident that the critical 

live loading for the top bent cap reinforcement over the column in with 

load on all six lanes. Even if the stress responses of 3.7 and 3.5 kni 

based on the 1.5 D condition after loading near the exterior and interior 

0-103 

ed.es  of the coiuen, are muitipiied by 0.75, to account for the WHO 

specification for loading Os multiple lanes, they would be greater than 

for any of the Other loading conditions. The maximum measured stress 

is the bottom reinforcement occurred with the live load on lanes 3 and I. 

in accord with the design of the prototype. 

Phase1.. Ueversl special tests were conducted on the oOdci in 

Phase 1.. First, because it had been difficult to distinguish between 

a pinned or fixed condition at the base of the columns is any of the 

prior loading conditions, vertical displacesents a,,d rotations were 

applied to the bases. It was found, however, that small vertical 

displacements could not be reliably correlated with a change in the 

column reaction. 

For example, when a vertical settlement of 0.1 in. was intro-

duced at both columns, while the modci was being maintained under its 

equivalent dead load condition, the measured change in the sum of both 

reactions was 6.8 hips. Using a modulus of elasticity of 3.5xi06 psi 

the average of measured values for the concrete in the superstructure, 

and using the gross section properties of the superstructure, the 

predicted settlement for this change in the reactions was 0.21 in. 

This large isconsiatency between the measured change in reactions and 

predicted settlement was attributed to friction and Other restraints 

in the loading system. This was verified by the observation that only a 

small part of the decrease of 6.8 hips at the bases of the columns was 

found as an increase in the abutment reactions. 

The nument required to produce rotation at the base of the 

colunns was determined for different conditions. One of these is plotted 

in Fig. D-62. For this condition, both column bases were rotated 

D_101. 
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simultaneously in opposite directions, first to produce tension on the 

"inside" fibers, nearest the centerline of the roadway, and subsequently 

to produce conpressios on the "outside" fibers. The rotations were 

applied by means of the two mechanical jacks at the support ponts 

hnne,sth each column. The elevation of the base was held cu,,stant. 

Based on tie averaGe of the values of maximum moment producinG 

a rotation of 0.0012 radians, equal to 296 hip-in. or 215.7 hip-ft., the 

correspondiIlG relation between sanest and rotation in the prototype 

would be (Ii,.? x 125)11.2 = 2570 hip-ft. per 0.001 radian. 

When the base of only one column was rotated, a moment of 

270 hip-in. was required to produce a rotation of 0.0012 radians. 

When both columns were rotated simultaneously in the sa,ne direction, 

moments of 235 hip-in. were required to produce the sane rotation. 

Prior to application of the h-hip concentrated load at 3-ft. 

intervals alonG the webs of the bridge, concentrated loads of 1, 2 and 

Ii lips were applied successively at the intersectiOms of the centerline 

of the bent cap and Web No. 1, centerline of the roadway, and Web No. 10. 

toads of 1, 2 and i hips on the model are equivalent to 25, 50, and 

100 hips respectively, o,, the prototype. 

The stress response in the top and bottom reinforcement of the 

bent cap, shown in Fig. 0.63, was small ander application of the concen-

trated loads. However, the response is linear with load, and co,,n,stemt 

with location. 

Influence lines for stress in the bent cap reinforcement at 

three locations are shown in Fig. D-615. These influence lines show the 

effect of a 15 hip concentrated load applied within one third of the span 
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from the centerline of the bent cap. Stress response of the top rein-

forcement on the inside of the column is small, when concentrated loads 

are applied between the columns. 

nase 5. The test to destructiom was carried Out followlog 

procedures simILar to those used for the aicglensolmss ohilel bridge. Again, 

load was applied in increments of a ratio, B, defined as the total applied 

load divided by the onmlnal design ultimate load. The nominal design 

ultimate load, B 1.0, in 1.5 times the equivalent dead load of the 

prototype bridge plum 2.5 times the live load shown in Fig. D.2. 

Measured deflections of Web No. 5, nearest to the centerline 

of the roadway, and of Web No. 1, the exterior web, during the test to 

destruction are shown in Fig. 0.65. By comparison with deflections measured 

in the test on the single -column bridge, shown in Fig. D-hIr, it may be 

noted that the maximum deflections of the bent cap and the superstructure 

of both bridges were approximately equal. 

Transverse deflections at the bent cap and at the section of 

theoretical maximum positive moment are shown in Fig. 0.66. ioogitudinal 

deflections along Web No. 5 are shown in Fig. 0-67. In Fig. D-66 it may be 

noted that the bent cap deflections, at R = 2.2, are nearly equal at the 

end and at the centerline of the roadway. In Fig. D-67 it may be seen 

that the maximum longitudinal deflection occurred at midspan rather than 

the theoretical section of maximum positive moment. As in the case of the 

single.cnlumn bridge, it appears that a concentration of rotation exists 

at the intersection of the bent cap and the superstructure, ieadang 

to behavior between that of a simple and continuous span. 
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Fig. D-66 Transverse Distribution of Deflections for Double-Column 
Model Bridge during Test to Destruction 
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Collapse of the model Occurred after the application of the 

load equivalent to 2.2 (1.5 D + 2.5 (t, * I)]. The collapse was apparently 

caused by the combination of the effects of flexure and shear in the box 

girders adjacent to the bent cap. The first indication of distress 

was s line of opalling of the girder lower flanges along the face of the 

bent cap near a column. Within a period of about one minute, the spalliog 

progressed approxioately 2 ft. along this line toward the center of the 

bridge. At this time sounds of several fractures of reinforcement were 

heard; It was later determined that the fractures occurred in box girder 

stirrups. After this event, the line of apalling increased rapidly in 

length, extending both toward and beyond the center of the bridge and 

toward the exterior web. Finally, sudden and complete destruction of 

the compression soon of the girders occurred along the line of spalling, 

resulting in the collapse of the bridge. 

A view of the exterior of Web No. 1 after the test was completed 

is shown in Fig. 0-68. The distress appeared to initiate at the inter-

section of Web No. 3 and the bent cap, where spelling of the bottom slab 

was observed. A view of this region, after the test was complete, is 

shows in Fig. D-69. This photo was taken, with respect to Fig. D-68, 

from behind the column. The potentiometer in the foreground of Fig. D-69 

is located at the intersection of Web No. t and a line parallel to, and 

1 is. to the near side of, the centerline of the bent cap. The line 

of Whittemore points furthest in the background is located along Web 

No. 3. The separation in the slab, at Web No. 31  extends upward from 

the bottom surface at a flat angle to the intersection of the junction of 

the web, bottom slab, and face of the bent cap. It then extends along 
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Fig. D-68 Web No. 1 after Test to Destruction of Double-Column 

Model Bridge 

Fig. D-69 Region of Initial Spalling after Test to Destruction of 
Double-Column Model Bridge 
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this junction for approximately 14 in. Finally, it extends upward through 

the web at an angle of about 45 degrees. Cracking is Web No. is was quite 

similar. Several stirrups were fractsred is both these webs. Cracking 

in Web has. 2 and 5 was more like that shown in Fig. D.68 for Web No. 1. 

There were no fractured stirrups in these webs. 

Strains measured in the top and bottom bent cap reinforcement 

of the double -column model bridge are shown in Fig. D-70. As can be 

sees, the location of maximum strain for the top reinforcement is not 

within the column . Rather it is at a section located outside of the 

column. Is this case, the maximum strain was measured at a location 

beyond a point where some of the reinforcement in the negative moment 

region was cut sf.  f. 

Fig. 0-70 shows that the location of xero stress in the bottom 

bent cap reinforcement was near Web No. A at low load, but moved toward 

the coluous at higher load. 

Experimentally determined stresses in the bent cap flexm-al 

reinforcement are compared with approximate values of the stresses pre-

dicted by the Working Stress method is Fig. 0-71. The experimental 

stress for negative moment is taken at the section 1 in. outside the 

exterior face of the column. The stress for positive moment is taken 

at the bridge centerline. 

The predicted values were determined by assuming that the stress 

was 24 hal at the relevant critical design section at service load (taken 

to be N = 0.6) for the critical load distribution. Adjsstnent was them 

made to account for applied loading conditions and location of measure-

ment. 
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Fig. D-70 Strainn in Bent Cap Reinforcement of Double-Column Model Bridge 
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Fig. 0-71 Predicted and Measured Stresses in Bent Cap Reinforcement of 
Double-Column Model Bridge 

For the negative moment case, the applied load was the sane 

(6 lanes loaded) as assumed in the design, but the critical design 

section was taken 1/6 column diameter inside the column centerline. 

The predicted stress for Fig. D-71 was obtained at 5 0.6 by multiply-

ing the 24 ksi design stress by the ratio of the indicated moment at 

the gaged section to that at the design section. To do this, service 

load moments of Chapter 2 were used. 

The positive moment stress was measured at the point assumed 

critical in the design. However, the design load distribution was lanes 

3 and 4  loaded, rather than all lanes loaded. The predicted stresses 

were adjusted according to the difference in moments as calculated by 

the design method. 

The appronimate calculations do not take Into account such 

factors as stress reduction due to participation of surrounding super-

structure, round off to a higher value of the design area of reinforce-

ment, liberal assumptions of dead load in the original design, and the 

conservative nature of the working stress method. On the other hand, 

two factors tending to increase the measured stresses were not taken 

into account. These include the stress concentration due to bar cut-

off s and the reduced effectiveness of the ungaged short bars. 

The agreement between measured and predicted stresses in the 

negative moment region is reasonable, considering the approximations 

involved. The correspondence in the positive moment region was not as 

good and may have been influenced by the tendency for the interior span 

of the bent cap to behave as a built-in bean, with clear-span moments 

substantially less than the centerline-dinensios moments assumed in the 

design. 

R 

D-ll/ 
D-llS 



89 

Measured strains in stirrup reinforcement in the bent cap 

are shown in Fig. 0-72. High stirrup strains were measured in regions 

both inside and outside the columns. The data indicate that the design 

of the bent cap in shear wan adequate, since stirrup strains apprnached 

yield an the flevorni reinforcement yielded. 

Data obtained from a limited number of crack width measure- 

siesta on the roadway surface are summarized in Fig. 0-73. The solid 

line is the average of measurements on cracks normal to the bent cap 

reinforcement located about 3 in. outside either edge of the column. 

The dotted lines are the average of measurehenta on a generally con-

tinuous crack normal to the box girder reinforcement and located 

approximately 22 in. from the centerline of the bent cap. Consequently, 

the dotted line for the box girder crack widths between webs is in 

a region beyond where the main box girder reinforcement was cut off. 

By comparison with data presented in Fig. D-52, it is evident the 

crack widths observed on the double-column model were comparable to 

those of the single-column model bridge. 

A photograph of the crack patterns in the roadway is shown 

in Fig. D-74. It is evident that the crack pattern in the vicinity 

of both columns is like that shown for the single-column model in Fig. D-53. 

The patterns, is the vicinity of the columns, are similar to those 

cOmnonly observed around slab-column junctiosa. 

Analysis of Eta-Model Brldme Tents 

General Approach. Momenta and shears for the iostrumeoted 

girders of the single-column and double-colomn model bridges were 

determined from the experimental data using slightly nodifled versions 
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Fig. D-72 Strains in Bent Cap Stirrups of Double-Column Model Brsdge 
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Fig. D-74 View of Cracking in Roadway Slab of Double-Column 
Model Bridge 
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of the procedure developed for the bridge element. SlIght differences 

In the layout of strain gages and reInforcement, plus the differences 

In bent cap width, necessitated modifications in the analysis of the 

interior girder data. For the anterior girders, the lack of a portion 

of the compression flange also required modification of the analysis. 

FInal values for assent and shear in each girder were deter-

,sioed by adjustIng the experimentally determined value Of each in the 

case proportion so that the sum of the shears and moments for all the 

girders equalled the sum for the particular cross section calculated 

using the measured loads and reactions. 

Three load stages were oelevted for analysis from each of the 

model bridges. Selection was based on the following criterIa: 

I.. The strains at each location should be a new moslems, 

for that location. 

2. The strains at all locations should be large enough no 

that response to the loading predominated over random 

effects. 

The tint criterion was selected following the reasoning 

developed in Appendix A that the only unique v*lue for a strain at a 

given point was that obtained when loading caused that strain to be 

a new maximum. According to this, loadings to strains that were not 

new easiascis olgit well produce linear, repeatable responses, but the 

response rate would never be the sane as the original. Furthermore, 

the rate would not be easily predictable. 

The second ccl tenon was a recogni tiOn of thy fact that the 

strain data would always contain a random element. The amniler the 

straIt,, p 	wnUly Inc larger tile influence of the random element. 

Application of this Criterion sharply restricted the choice of loadings, 

since the strains at the section meet remote from the bent cap were 

quite smell throughout the testo. 

Determination of Absolute VSluc of Stralna. The analysis was 

performed using absolute strains. These were obtained by sting the 

response to load and the residual in the unloaded condition before 

the start of the phase Containing the load. The residual was deter-

nined from the Whittesore gages as the difference between the strains 

in the codel brIdges under their sun weight and the strains under the 

lame conditions at the start of the phase containing the load. The 

difference was reduced by a small calculated ameunt to sUes for creep 

and shrinkage between the two pb5oeu. Consequently, the residual was 

that caused entirely by loading. Is some cases, particularly for the 

section most remote from the bent cap, the residual strains were a 

large proportion of the absolute values. 

Calculation of Moments and Shears. The calculation of omoents 

and shears from strains was perforoed In the sane manner as for the 

bridge element. Measured streso-strain relatiosminipo were used in 

each cane. For every girder at every Crone-section, the calculated 

lever arm was compared with the theoretical value. In the case of the 

third section most remote from toe bent cap, it was necessary to make 

an assumption about the effectiveness of the bars cut off just beyond 

the section. AnalysIs 01 the measured strains in the bridge element 

D-123 
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showed that up to a strain of 1100 milliOaths, the cut-off bars were 

fully effective. Thereafter, the increase in strain was only at 

one quarter the rate of that in adjacent continuous bars. This 

criterion was used in the analysis. 

Moments and Shears in the Single -Column Model Bridge. 

Application of the criteria of selection of loads for analysis limited 

the study to loads in Phase 6, the teat to destruction, loads at 

B = 1.2, 1.7 and 2.25 were selected. These loads are respectively 

52, 70, and 98 percent of the measured ultimate capacity of H = 2.3. 

Thum they fall approximately in the range between service load (5 0.6 

referred to design ultimate for these bridges) and ultimate capacity. 

Moments and shears were determined for the three instrumented 

girders. The length of lever arms calculated from the strains agreed 

with the theoretical values. This indicated that the analysis was not 

being affected by possible axial forces. At the instrumented sections 

closest to the bent cap, experimentally determined tensile and com-

pressive resultants were approximately equal for the first two loads. 

For all other cases, the tensile force was considerably greater than 

the compressive force. 

Total moments across the three sections were on the average 

6 percent greater than the moment calculated by statics. Total shear 

force for the three load levels were respectively 36, 22, and 7 per-

cent greater than the statical values. 

Values of the experimentally determined shear force is each 

girder are given is Fig. D-75 as a percentage of the total of the three. 
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The measured distributions do sot vary significantly with increase is 

load. The small decrease in the percentage of load carried by girder 

No. 3 at higher loads may have been caused by flexural yielding is the 

negative moment reinforcement occurring first is this girder. 

The applied distribution of shears is slxu riiau in Fig. D-75. 

Girders Sos. 1 and 2 have the same shear because the same dead load 

was assigned to each, and the live load lane is centered on them. It 

appears that girder No. 2 was carrying some of the load originally 

applied to the other girders. 

Moments and Shears is the Doubie-Coiunn Model Bridge. As for 

the single-column bridge, the loads selected for analysis were all selected from 

in the test to destruction, in this case, Phase 5. loads of H 1.2, 

1.6 and 2.0 were selected. These loads are respectively 55, 73, and 

91 percent of the measured ultimate capacity of H = 2.2. The loads 

fall into the same range utilized is the analysis of the single-column 

bridge. At the highest load selected, the strains at certain locations 

in the cross-sections most remote from the bent cap reached maximum 

values. Decreasing strains at higher loads were probably due to in- 

ternal redistribution of forces. 

Calculated tensile resultants were always greater than the 

compressive resultants. The emperimental lever arms agreed with the.  

theoretical values. Very good sgreememt between the total experi- 

mentally 

xperi-

mentally determined moment and the statical moment based on external 

forces was obtaimed for all three sections. The calculated shear 

forces agreed within 1, 6, and 8 percent for the three loads considered. 
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Fig. 0-75 Girder Shear Force Distribution at Bent Cap for Single_Column 
Model Bridge 
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Values of the distribution of the experimentally determined 

shears for one-half of the bridge are shown is Fig. D-76. Generally the 

measured values are constant for increasing load. Distribution of the 

shears between the various girders is complicated by the unequal loads 

applied to them. However, it oppcnru that tic girdcrc upamaing into the 

cantilever portion of the bent cap carried more load than was applied 

to them. 

Conclusions. The obtained distributions do not show sufficient 

evidence to warrant any change in the assumption that loads applied to the 

individual girders travel straight along the girders to the bent cap. 

Furthermore, the analysis provided evidence to justify the application of 

equal loads to the webs of the bent cap specimens. 

Load Distribution Characteristics of the Bridges. To ansess the 

experimentally determined load distribution characteristics of the model 

bridges, the ratio of the load in a girder (girder shear) to the load 

applied on the girder was determined. This experimental ratio of output 

girder shear to input girder load is compared is Chapter 2 with the dis-

tribution 'characteristics assumed in the design and predicted by the analysis. 

The load distribution characteristics were calculated for each 

girder, considered as part of the group of instrumented girders in a bridge. 

The input per girder was taken to be that portion of the total load on the 

group that was applied to the girder. The output per girder was taken to 

be the portion carried by the girder, of the total calculated shear for' the 

group. Thus, the ratio of output to input indicated what part of its applied 

load a particular girder delivered to the bent cap. 

Input and output percentages are shown in Fig. D-75 for the 

single-column model bridge and in Fig. 0-76 for the double-column 
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TABLE D-ll PSBCHBT DISThIBUTION OF SIIEABU  

Model 
Bridges 1 2 

Girder 
3 	ts 	5 

Input 32 32 36 	- 	- 
Single -Column 

Output 30 35 35 	- 	- 

Input 19 19 21 	18 	23 
Double -Column 

Output 20 20 21 	18 	21 

model bridge. For the purposes of Chapter 2, average values of distri-

bution were used, rounded off to the nearest whole percent. This approxi-

mation was felt to be consistent with the accuracy Of the data. The re-

sults are shown in Table 0-11. 

Input for any girder was taken to be the hydraulically applied 

load on the girder web. It should be noted that this loading assigned the 

same dead load to the exterior girders as to the interior girders, whereas 

in actuality the cross sectinnai area for the exterior girders was only 

82 percent of that for the interior girders. lhus, somewhat greater relative 

dead load was applied to the exterior girders than to the interior girders 

than might have been assigned on the basis of girder cross sections. How-

ever, it was felt that this small departure from the calculated distribution 

of dead, load would not affect the load distribution characteristics of the 

bridges as defined by the girder Output to Input ratios. 

Loadings on the Bent Cap. Bent cap loadings, including the 

effects of girder shears at the beet cap, are compared in Chapter 2. The 

Experimental Distributlon& were calculated using the measured distri-

butions of shear shown in Figs. 0-75 and 0-76, and summarized in Table 

0-il. 

For the discussion in Chapter 2 the girder shears for the 

single-column beet cap were determined using a hybrid, procedure. Total 

shear for the three girders considered was computed as the center reaction 

for an elastic continuous prismatic bras of two equal spans, pin supported, 

and loaded with the applied live loads and assumed dead load associated 

with seroice conditions. This total shear was theo distributed to each 

girder according to the oeasured, output shears Shown in Table 0-U. 

0-130 

For the double-column bent cap, total shear for five girders con-

sidered was calculated on the assumption of continuous beam action. This 

total shear was then distributed, to each girder according to the measured, 

Output shears shown Is Table 0-U. 

Continuous Beam Action. To determine whether or not the model 

bridges acted like two-span continuous beams in the spanwise direction, 

the measured ratios of abuthient reaction to total reaction were computed 

and compared in Table 0-12 with those calculated,. The measured ratios 

represent the effects of all hydraulically applied, loads at the particular 

load stage. The calculated loads .were obtained by applying the nominal 

values of the sane hydraulically applied loads to a two-span continuous 

elastic prismatic beam. The correspondence between measured and predicted, 

loads is well withir, the limits of experimental error. Consequently, it 

is concluded that, for purposes of predicting reactions, the models acted 

like continuous beams. 

0-131 	 D-l32 



TABlE D-12 CONTINUOUS BEAM ACTION 

I Ratio - Abutment Reaction 

Model Bridge Load Total Reaction 

Measured Calculated 

.13.9 .151 Single-Column R 	1.2 

B = 1.7 .153. .151 

N = 2.25 .13.9 .151 

Double-Column N = 1.2 .13.6 .13.9 

B = 1.6 .13.7 .13.9 

R = 2.0 .13.9 .13.9 
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APPENDIX E 

MODEL BERT TINTA 

Introduction 

Behavior of the bent cap o,tioa of the concrete box girder 

bridges when subjected to known loads was determined by tests on five 

model bent caps. Pour of these represented single-cOluoin bridges and 

one represented a double -column bridge. The loading, selected on the 

basis of the results from tests on two model bridges, was the same' for 

all webs in a model. 

Tie bent cap models were utilized to investigate the following 

items from the list of specific objectives in Chapter 1: 

Effective width of the bent cap in tension and 

cucpression. 

Location of the critical cross-sections for design 

of the bent cap. 

Effect of flaring the column. 

Effect of spreading the bent cap reinforcement. 

The model bents were intended to represeni a transverse strip 

of bridge superstructure. The strip modeled is paraliel to and includes 

the bent cap and the column of the prototype bridges shown in Figs. 

5; 3., and 5 of Chapter i. The width of each specimen was equal to the full 

width of the bridge. AnalytiCal studies reported in Appendix B in-

dicated that the transverse inflection position in the box girders ió 

a slightly curved line approximately one-fourth of the span length 

from the centerline of the bent cap. The observation during testing  

that the model bridges behaved ma continuous beams hawing inflection 

points at one-fourth the span from the center support tended to con-

firm this finding. Accordingly, it was decided that the model bent 

caps should extend to one-fourth of the span length either side of the 

centerline of the bent cap. 

Variables adopted for the teat program are summarized in 

Table E-l. The first single -column bent cap model had a cylindrical 

column, and was geometrically quite similar to the bent cap portion 

of the single -column model bridge. The next two bent cap specimens 

had different amounts of flare in the column. The fourth model had 

the main bent cap flexural reinforcement spread Out into the adjacent 

portion of the deck that had been thickened for the purpose. Dimensions 

of the models are shown in Figs - 11 through 13.. 

The double -column bent cap model was geometrically quite 

simIlar to the bent cap portion of the double column model bridge. 

This bent cap model served to show the effect of a change in the 

moment-to-shear ratio in the negative monedt region of the bent cap. 

In addition, behavior of the positive moment region could also be 

investigated. Dimensions are shown in figs. 16 and 17. 

Design Procedure. Isometric views showing total superimposed 

loads applied to the single-and double -column model bests are shown in 

figs. E-1 and E-2, respectively. Self weight of the models is not in-

cluded. The loading, A, at the ends of the girders, represents the 

shear from dead load, live load and impact transmitted from the missing 

portion of the structure. The loads, B, along the girders, represent 

5-1 
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TABLE E-i MODEL BENT CAP TEST SPECIMENS 

Specimen Single Double 

Column Flare Deck Slab 

Two Three Thickened 
Mark Column Column None Times Times Uniform Near 

Two-Fifths One-Fifth Col. Cot. Best 
Scale Scale Dia. Dia.  

SC-) X N x 

SF-k x x x 

SF-S S S N 

ST-6 N N N 

DC-9 N X B 

32 

E-) 

\\ 

.\ °6C3 (5J'M) * 	z 
\ -- 	 W 4mQ 

\\ 

\\ 

4'—i \\ 

1. 	1 

\O 

E 

—490Z — —' —$ N 

o 

Ip 
hI 

'9 \ 

i.4 

the distributed dead loads and lane live loads. The loads, C, applied 

to the bent cap represent dead load, lane live loads, and concentrated 

live loads. The numerical values shown are for the design ultimate 

load condition. 

The column bases were grouted to steel plates seated is a 

mortar bed on the laboratory test floor. Symmetrical loading of the 

single-column models produced no overturning moment, and the small 

moment introduced into the column base of the double-column model was 

insufficient to cause any tension. Consequently, the base acted as 

if fully restrained. 

With the overall geometry and loading of the single and 

double-column specinens defined, the following design procedure was 

used: 

The test specimens were proportioned to satisfy strength 

critria 19 ) 	 - 

A load factor for the design of the bent cap was selected 

to make its strength comparable to that of the supporting 

column. The basic load factor9 > was U m  1.)) 

(D + 1.67 1) . Dividing by the strength modification 

factor, 0. of 0.75 for a spiral column, the design ultimate 

loading on the bent cap was taken as U = 1.8 D + 5.0 L. 

5. 	Since the single -column prototype carries three traffic 

laneo, each of the aim girders was assumed to carry one-

half traffic lane. Likewise, aioce the double-column 

prototype carries aix traffic laces, each of the ten 

girders was considered to carry nix-tenths traffic lane. 

Thio load factor has since been auperaededby the value U - 1.30 

(D + 1.67 L) in the AH0 Speclficatioms2 . 

E-6 
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T 

I. tOads were assumed to be carried longitudinally to the 

bent cap along each girder web and then transversely 

to the column. 

The critical bent cap design section was assumed to be 

located one-quarter of the depth of the superstructure 

outside the extreme edge of the round or flared columns. 

This assumption was based on preliminary analysis of 

data obtained from the tests of the nodel bridges. For 

the double-column specimen, the critical section for 

positive moment was taken at the center of the bent. 

Momont calculations were based on centenlime dimensions. 

The effective compressive flange width for the bent cap 

was takes to satisfy the AAAMO Specificstiomo 	for 

bom girders. 

Flexural reinforcement in the bent cap was proportioned 

to carry the design ultimate loads. 

To fscilitate strain mesaurementa along the length of 

the bent cap reinforcement, all bent cap reinforcement 

in the single-column specimens was rum full length. 

Similarly, for the double-column specimen, all negative 

moment bent cap reinforcement extended the full length 

of the cantilever. Al]. positive moment bent cap rein-

forcement was carried beyond the point of inflection 

toward the column. In spite of the neemingly arbitrary 

choice of bar lengths, the resulting reinforcement was 

essentially the same as if the bar cut-offs had been 

precisely calculated to be the minimum required to meet 

the design requirements. 

E-7 

The prototype column was designed by the strength method. 

A 5-ft. diameter column containing approninately 1.1 percent reinforce-

ment was found to be adequate for both the single- and the double-

column bridges. The dimensions and reinforcement were scaled down for 

the mndel bent cap specimens. 

In the flared columns, the circular column reinforcement, 

including the ties was continued through the flared portion of the 

columns. Supplementary reinforcement was placed around the flare 

periphery. This reinforcement amounted to at least 0.5 percent of the 

net um-einforced area at the top of the flare. Ties for the flared 

reinforcement were placed at the saute spacing as those for the circular 

column. 

Details of Model Bunts 

tlet.ni1,s of the single- and double-column bent cap specimens 

are shown in Figs. B-) through E-30. 

Physical properties of the concrete and steel used in the 

specimens are listed in Tables E-2 and B-). Representative stress-

strain curves for the model concrete and reinforcement are given in 

Appendix A (Figs. A-8 and A-9). Appendix A also contains a general 

discussion of the materials selected for the specimens. 

Construction of Model Bests 

The single- and double-column specimens were constructed 

in three stages. First the column was cast. Rent, the soffit and webs 

of the hon girders and the bent cap were cast. Finaliy, roadway deck 

slab concrete was placed. 

When the reinforcement was spread near the bent cap, 

a greater number of smaller size bars uniformly dis-

tributed over the entire width of the bent cap and the 

thickened portion of the deck slab was used. The total 

area of reinforcement was kept the same as in the similar 

specimen without spread reinforcement. 

Flexural and shear reinforcement in the box girders 

and shear reinforcement in the bent cap was proportioned 

to carry ten percent more shear and moment than required 

to develop the fiexural capacity of the bent cap. The 

purpose of this was to bias the design in an attempt to 

have first distress occur in the bent cap. 

ll. The following material properties were used in design: 

Compressive strength of concrete at 28 days, f 	3500 psi 

Yield stress of reinforcement, fy  = 60,000 psi. 

Ciearamceo and Other dimensions were scaled as appropriate 

from the single- and double-column bridges described in 

Appendix B. 

Wherever possible, hot-rolled deformed reinforcing bar 

sizes that modeled prototype reinforcement were used. 

In following this design procedure, it was found that the 

shears were low enough to permit the use of non-flared boo girder webs 

and a bent cap width equivalent to the one used in the double-column 

bridge. The deck and sof fit slab reinforcement was scaled from the pro-

totype bridge design. 

E-8 

Fig. E-3 Plan of SingieColumn Bent Cap Specimens 
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Coluo,ns. After fabricutlon, each caisson reinforcing cage was 

positioned in a heavy cardboard form as shows in Fig. I-li. The column 

concrete was then placed and was consolidated with internal vibratora. 

The completed column was stripped and positioned under the lame elevated 

platform previously used for construction of the model bridges. The 

auperotructure was cast on this platform. 

Sof fit Slab, Sebs, and Bent Cap. After the cOlumn was in posi-

'.1cc, construction of the soffit slab of the box girders, the girder 

webs, and the bent cap was begun. Each box girder web cage, consisting 

of the longitudinal girder compressive reinforcement, the girder stir-

rups, and the longitudinal temperature reinforcement, was prefabricated. 

Tnesr rages we positioned on the casting platform along with the 

longitudinal and transverse reinforcement for the soffit slab. Fornn 

for the girder webs were then attached as shoots in Fig. E-52. 

Next, a pre-aose,sbled bent cap reinforcement cage was lowered 

over the column reinforcement and tied to the box girder compressive 

reinforcement that extended into the bent cap. This cage included the 

bent cap compressive reinforcement, the bent cap stirrups, the bent cap 

temperature reinforcement, and the cage ntiffening bars at the top 

corners of the stirrups. One of the bent cap retnforcscg 'sge8 is Show,, 

in Fig. E-53. 

The procedure for casting was intended to eliminate voids in 

the girder webs caused by concrete flowing Oct into the soffit slab 

after the web had been filled. First, the bottom portions of adjacent 

webs were fifled to the level of the lowest longitudinal web bar, and the 

concrete in the soffit slab between those webs was placed. At this 
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tie,', tt," utjee 	rs',lee,oeuin • "rrupt.'d until tb. cot, had taco 

its initial cot. following this holding persod, the remainder of the 

webs and the bent cap were filled to the top of the web forms. The 

partially hardened concrete firnt cant prevented settlement of the si-

ditional concrete no it was placed in the webs. Thin procedure was 

used in all of the specimens eocept SC-), uhere the girder webs were 

cant to their full height in one eperation. 

Peek Slab. Tb' third stage of construction started with 

assembly of the deck fnre,o and placing of the deck reinforcement. The 

bottom not of deck reinforcement and the main longitudinal reinforce-

ment in the top of the bent cap were placed first. Next, the box 

girder negativ' mOm'nt reinforcement, was placed on top of the bent cap 

reinforcement as shown in Fig. F.-)t.. A final layer of transverse rein-

forcement in tb' leek nJ.ub was then tied to the box girder negative 

moment bars. 

After the deck ronerete was east and cured, the specimen was 

lifted from tb. fern with lifting chains attached to anchors cant into 

the top of tb. column. The teat specimen was then positioned for test-

ing sal loa.iing upparatux and instrumentation were installed. 

tooling Apparatas and Instr,ae.'etation 

toe, leg Apparatus. A hydraulic aynter,, was used to apply the 

loads nhc,w,, in Figs. i-i and F.-) for the single- and the donble-coltcnn 

specimens, tine,. the tents were of short duration, it was not neceonary 

to apply tn. lent load deficiency of the model neparntety, as bad been 

done in tb. nectei bridge tents. 

For the double-column bent cap, a lever system was used to 

adapt the patters of applied loads to the hole sparing of the test 

floor. 

Photographo of the test setups for the single- and doable-

column npecinenn are shown in Figs. 15 and 18, reSpectively. 

instrazucntntion. The bent cap models were instrumented to 

measure loads, defleetionn, concrete atrninn, and steel strains. 

Instrumentation was concentrated In one quadrant of each specimen. 

Applied loads were determined from measured hydraulic pros-

nures. As a check on the hydraulic system, load cells were also used 

to monitor foreen at selected lotations. 

Vertical deflections were measured at the four corners and 

along the box girder webs in one quadrant of each specimen. Linear 

peteetloneterS having a i-in, total travol'sere fixed between the up-ct-

ncr. and the test floor to measure dei'leetiens. in addition, level 

readings were taken at selected locations to verify potentiometer read-

ings. 

Strain gages were located at the t'oflcwirg :':ve levels cm,: 

the ouperatruoture depth: 

On concrete at t),.1 bottees curface of the cofflt slab, 

On the bottom layer of soffit slab reinforcement, and 

the bottom longitudinal reinforcement in the bent cap. 

5. On concrete at the top surface of the ooffit slab. 

It. On the bottom layer of deck slab reinforcement. 

5. On the top layer of deck slab reinforcement, and the 

top longitudinal reinforcement in the bent cap. 

Layouts for the otrnio gages in the single- and double-

column nodeix are shown in Figs. 5-35 sod 5-56. The location of the 

gages, as shown in the figures, was simiLar at each of the five levels, 

but not all of the gages shown were included at each level. 

Straixn were also measured on the bent cap and box girder 

web otirrupn, the column and column flare reinforcement and surface 

concrete, and the bent cap teoperature reinforcement. 

A iAhltte,nore mechanical strain gage with a 5-in, gage length 

was used to measure strains along the top and bottom surface of the bent 

cap in the single-eol,ano specimens. These measurements were taken to 

deterninc the changes in the bent cap strains as the specimen was re-

moved from the formvork and prepared for testing. Readings of thene 

gages were also made during testing. 

Crack patterns were marked with a felt tipped pen on the deck 

slab during testing. At selected locatIons, crack widths were measured 

using a used nlcroscope containing a scale having 0.001-ic. divisions. 

Tests of Single-Column Beats 

Loading Sequosce. The initial zero conditIon for teats of 

each single-column bent was take,, after removal of shoring. At this time, 

the specimen wan supporting its own, weIght plas that of the loading 

apparatus. The specimens were inspected for initial cracks before 

and after removal of the shoring. 

A service load test and a test to deatructioo were carried Out 

on each specimen. For the service load test, the dead and live loads 

were each applied in four increments to 1.0 0 ' 1.0 (1. ' I). ifter 

reachIng the service load, the specimen was unloaded. For the test to 

5-45 	
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destruction, usually carried out on the day following the service load 

test, the leads were applied in increments of 0.05 of the design ultimate 

load (1.8 0 + 3.0 (i + 1)1 until collapse occurred. 

Test of Specimep9C3. Specimes SC-) had deck and sOffit 

slabs of uniform thickness, and a straight circular column. 

toad versus deflection curves for SC-S are shown in Fig. E-37. 

The load is given as the ratio, K, of the total applied load to the 

design ultimate load. Thus, K 1.0 represents the load corresponding 

to 1.8 0 * 3.0 (ic I). The defleetions plotted are thooe at the end 

of the bent cap and the end of the emterior girder. The initial loops 

in the curves represent the service lead test. 

The difference in deflectiOns for the two curves is the net 

deflection of the exterior girder. Potentiometer readings not shown here 

indicated that tee net deflections of each of the three girders measured 

was nearly equal. 

Majwreceuln of the test are indicated on the load-deflection 

plots. Flemural cracking was first observed in both the box girders 

and the bent cap while the structure was carrying 0.5 D. The maximum 

crack width measured at the service load level was 0.007 in., over a 

girder web. The maximum crack width measured in the bent cap was 0.006 in. 

In Fig. 5-37, points indicating yielding represent first yielding 

of a reinforcing bar, not general yielding. First yielding of the box 

girder tensile reinforcement was observed at K = 0.95. FIrst yielding 

of the bent cap tensile reinforcement was observed at K = 1.1. 

At the design ultimate load, K = 1.0, there was no visual 

evidence of structural distress. It was not until a load of K 1.15 

5-19 
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that opniiog of csocrvte 00 the b,ttoe of the ooff1 I lsb we,,  oherzvi. 

Thin spallir.g was seen at the intersection of the centerlIne  of the 

bent cap with the fl0?th exher,or g,rde,' web. 

At a load IC - 1.20, horizontal cracks developed in several of 

the box girder webs on both olden of the bent cap. Thoe cracks formed, 

in all cases, at the level of the longitudinal temperature reinforcement 

located in the box girder webs. A possible explanation for this oracking 

Is that horizontal planes of weakness developed in the webs because of 

settling of the concrete below the longitudinal barn after casting. 

In addition to the horizontal cracks, spoiling of concrete on 

the bottom of the noffit 01mb at the interoection of the bent cap with 

the south exterior girder web was also observed at K = 1.20. 

The test terminated after the load had been increased to 

K • 1.25. At this load, horizontal shear distress developed in an interior 

box girder web west of the bent cap. The failure plane, Shown in Fig. E-39, 

propagated nearly the entire length of the girder. A photograph of the 

top of ZC-3 after the tent was terminated is shown in Fig. E-38. A 

felt-tipped pen was used to accent the cracks no they would shoe clearly 

in the photo. 

Average longitudinal bent cap strains measured in ipecimen SC-) 

are plotted in Fig. Kb. These plots were prepared from measurements 

of tensile strains in the No. 7  reinforcing barn and compressive strains 

in the concrete along the bottom face of the bent cap. 

Although the peak tensile strains are located at the face of 

the volume, the strains 6 in. to eIther side of this point do not 

differ greatly from the naxics,m. At a load of K - 1.0, the reinforcement 

nearly reached the design ylei.d strain. 
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Fig. E-38 Deck Cracking of Specimen SC-3 at End of Test 
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Fig. E-39 Detail of Horizontal Shear Distress 
of Girder Web No. 4 Specimen SC-3 
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CompresSive strains along the tottot of the bent cap were 

generally snail. In the vicinity of the column, howCver, higher strains 

were observed 5$ expected. 

Strains Is the bent cap stirrups are shows in Fig. K-Il. Only 

orali strains were observed at service load conditions. While strains 

in stirrups over the colucm were segligible at all loads, outside of 

the colons flecural and inclined cracking in the bent cap at higher 

loads resulted in significant increases in stirrup strains. In most of 

the stirrups, strains did not reach the design yield value. 

longitudInal strains measured in the box g1rders along the face 

of the bent cap are shows in Fig. F-is. The observed higher tensile strainS 

over the girder webs compared to the values between the webs are indicative 

of shear lag. At K 1.0, the peak strains were greater than those 

corresponding to the design yield stress. 

Longitudinal compressive strains along the bottom 01 the soffit 

slab were nearly uniform at service conditions. As the load was iscreaned, 

the concrete in the exterior girder became more highly strained than in 

the interior girders. 

Tent of Specimen SF-h. Specimen SF-h represents a single-column 

prototype with deck and oofft slabs of uniform thickness and a variable 

colu, cross section. The column cross section of the model was circular 

to 2 ft. below the noffit and then was flared at a two-to-One slope 

until it intersected the bent cap. it the top of the colui, the flare 

span was two time the circular colons diameter an shown in Fig. 116. 

Load versus deflection curves are shoVE for SF-h Is Fig. Ei.3. 

to before, the deflectloss are at the end of the bent cap and the end 

Fig. E-lO Lo,,gitudinai Strains in Beet cap of Specimen SC-3 

E-51. 
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Fig. E-41 Strains in Bent Cap Stirrups of Specimen SC-3 

3000 	

/11 
deasared Ko 1.2 Yield 

2000 _.slgn 
K 01.1 

Steel Kxl.O WA Strain 
Kn75 millionths 	

Yield 

1000 
0+1. 

D 

:_______ 

1000 

Irain 

-2000 

-3000 

Fig. E-42 Distribution of Strains in Box Girders at 
Face of Bent Cap of Specimen SC-3 

E-56 

of an exterior girder. Flexursl cracking of the deck slab in the bent 

cap and the box girders was first observed while the specimen was main- 

taining 0.5 D. At service load, inclined cracks were present in the 

box girder webs. Inclined cracks in the bent cap were found at K 0.70. 

The maximum crack width measured at service load was 0.0065 in. at a 

flexural crack in the bent cap. 

The longitudinal box girder reinforcement started to yield at 

K = 0.95. Longitudinal bent cap reinforcement did not begin to yield 

until the load K = 1.05 was reached. 

With the design ultimate load K 1.0 applied to the specimen, 

no visible nigos of structural distress were evident. Cracks along the 

deck slab-girder web and soffit slab-girder web joints did, however, 

indicate distortion of the box sections. 

Spalliog of the concrete in an exterior girder at the center- 

line of the bent cap was observed at K 1.2. Additional spalling along 

the periphery of the column was observed at K = 1.25. 

The endof the teat came while the load was being increased 

to K = 1.30. Concrete in the exterior girder soffit crushed at the bent cap, 

and the soffit slab in that quadrant was torn away along the bent cap 

toward the column. The region of distress is shown in Fig. 5-14; the 

view is looking toward the column from the end of the bent. The crack 

pattern of the deck slab after fhilure is shown in Fig. 5-45. 

Average strains in the bent cap main reinforcing bars and in 

the concrete along the bottom face of the bent cap are plotted in Fig. E-46. 

The tensile steel strains are fairly uniform within 6-in, either side 

of the 15cc of support, and tend to decrease toward the column centerline. 
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Fig. E-44 Crushed Concrete of Specimen SF-4 
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Fig. E-45 Deck Cracking of Specimen SF-4 at End of Test 
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Fig. E-46 Longitudinal Strains in Bent Cap of Specimen SF-4  

At the design ultimate load, the average steel Strains approach the design 

yield value. 

Compressive strains in the concrete at the bottom of the bent 

cap were small, except at the face of the support. At this location, 

concentrations of stresa were caused by the change in section and the 

curve in the face of the support. 

Measured Strains in the bent cap stirrups are shown in Fig. E-47. 

The strains were negligible at the service load level. Several stirrups 

had just reached their design yield at the design ultimate load. Only 

small strains were recorded on those stirrups located over the column. 

Longitudinal strains in the box girders of SF-4 are shown in 

Fig. E-48. The strains plotted are those at the face of the bent cap. 

Shear lag is evident from the tensile strains that peals over the girder 

webs and diminish at the box centerline. At design ultimate load, K = 1.0, 

the longitudinal reinforcement near the webs had yielded, while the bars 

near the nester of the boxes had not. Compressive strains in the concrete 

were essentially uniform under service load conditions. 

Teat of Specimen SF-5. Specimen SF-5 represents a single -column 

prototype with deck and sof fit slabs of uniform thickness, and a variable 

column cross section. The column cross section was circular to a distance 

2 ft. below the soffit and then was flared at a one-to-one slope untIl 

it ioteroectjon the bent cap. At the top of the column, the flare 

span was three times the circular column diameter as shown in Fig. 5-6. 

toad-deflection curves for Specimen SF-5 are given in Fig. E-49. 

Deflections plotted are those at the South end of the bent cap and at the 

end of the south exterior girder. Flexural cracking of the box girdern was 

E-61 
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Fig. E-48 Distribution of Strains in Box Girders at 
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first observed In the deck at 0.5 D. 	This was followed by cracking in 

the bent cap when the entire dead load wan applied. 	At the service 

loa d 	1.0 0 + 1.0 (1 + I)], the maximum mesoured crack wIdth was 0.007 in. 

0 
Diagonal cracks were observed in the box girder webs at service load. 

01 However, none were seen in the bent cap. 	Distortion of the boo girder 

cells was indicated at service load by the pattern of longitudinal erects 

observed along the girders adacer.t to the dccl and noffit slabs. 

0) 

c 	a 
Initial yielding of the box girder longitudinal reinforcement 

C wan noted at K 	0.90. 	yielding of the bent cap reinforcement followed 

t atK 	1.15. 

I) The end of the test for Specimen SF-5 was similar to that of 

0 SF-i. 	While no evidence of structurOl distress was found at the denlgn 
- 

ultinate load, spmUng of concrete in as exterior girder at Its inter- 

section with the centerLine of the bent cap cat observed at K 	1.20. 

With the application of load K 	1.25, 	spelling of concrete in both co- 

tenor glrdern and in the soffit slab at the face of the column was 

Ii 
observed. 

in After load K - 1.30 had been applied, incipient failure was 

indicated by farther npalline of the concrete .sl the face of the column 

and along the longitudinal centerline of the bent cap. 	This spelling 

was seen to ntart at the column and propagate toward the exterior girder. 

While melntaining the load K 	1.30, collapOc occurred with crushing of 

the concrete i n  the  noffit slab along the face of the bent cap. 	A photo- 

,.rnph of the region of distress it 	shown in Fig. P.50. 	The view is of 

the bottom of the bent cap looking toward the column. 	The crack pattern 

narind on top of the deck slab 10 slOws in Fig. k-51. 
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Fig. E-50 Crushed Concrete of Specimen SF-5 
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Fig. E-52 Longitudinal Strains in Bent Cap of Specimen SF-S 
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Fig. E-51 Deck Cracking of Specimen SF-5 at End of Test 
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DistrIbution of longitudinal strains measured in the bent cap 

has been plotted in Fig. 9-52. At K - 1,0, average tensile strains 

bed not reached the desime yield s3lue. Coxcrete Strains, uifornI,v low 

Sander service conditions, were bigiter near the face of the ouppert at 

higher loads. 

Strains meaSured or. the bent cap stirrups for Specimen SF- 

are shown in Fig. E-53. Strains in ntirrupn beaned above the column 

were smell. As seen in Fig. E-, only one of the instrumented otirrops 

yielded. The stress in this stIrrup, located at the intersection of the 

exterIor girder with the bent cap, was affected by the fiexure and shear 

cracking of the exterior girder. 

Fig. E54 in a cutaway view ohowbng the crack pattern in the 

bent cap. Similar patterns were Observed in Opecinecs SC-3 and SF-I. 

Longitudinal strains measured at the face of the bent cap is 

the box girders are plotted in Fig. 11-55. As in previous mealeLc of the 

series, the effects of Shear lag are evident. The measured te.asile Strains 

in the girder cebo are significantly larger than those at the center of 

the box cells. At K - 1.0, strains in the girder webs exceeded denigs 

yield, whereas the strains at the center of the box cells did not. 

Concrete strains were slightly larger than ttosc observed in Specimens 

SC-) and SF4. 

Tent of Specimen ST-6. Specimen ST-A repreoents a prototype 

with a single column of constant circular cross section and with bent cap 

tienurai reinforcement spread into the deck. To accommodate the spread 

reinforcement, the deck 01mb was thickened to twice its original thickness 

for a distAnce of 48 in. on eIther side of the bent cap an shown in Fig. 11-5. 

The total area of fleoural reinforcement was the same as in Specimen SC-). 
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Fig. E-54 Cutaway View of Bent Cap 



Fig. E-55 Distribution of Strains in Box Girders at 
Face of Bent Cap of Specimen SF-S 	 5-72 
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load-deflection curves for ST-6 are shown in Fig. E-56. De-

flections at the end of the bent cap and the end of the south exterior 

girder are plotted. Cracking in the bent cap and the box girders wan 

observed before the full dead load was applied. The maximum measured 

crack width at service load was 0.010 in. 

At the service load level., shear distortioo of the box girder 

cells was apparent from the pattern of longitudinal cracks that developed 

along the web-to-flange joints of the box sections. 

At K = 1.0, the design ultimate load, spalling of the concrete 

around the periphery of the column was observed. After the load was in-

creased to K = 1.15, particles of concrete were seen flaking off around 

the column. However, no Other visual signs of distress were evident. 

The test ended at a load of K 1.20. As the load was applied, 

a large increase in deflection was noted and spelling of the concrete at 

the intersection of the centerline of the bent cap with the exterior 

girder was observed. Collapse was gradual as the concrete around the 

column and along the bent cap began crushing. Fig. K-57 shows the come 

of crushed concrete at the end of the test. The crack pattern marked 

on the deck slab after collapse of the specimen is shown in Fig. E-58. 

In contrast to the previous three specimens, initial yielding 

of the bent cap reinforcement in ST-6 was observed at a lower load level 

than was initial yielding of the box girder flexural reinforcement. 

Yielding of the reinforcement within the bent cap occurred at K 

well below the design ultimate load. Tensile strains in the bent cap 

reinforcement dropped off significantly for bars located outside the bent 

cap web. This observation indicated that the effectiveness of a rein-

forcing bar in resisting the applied moment decreased as the distance 
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Fig. E-57 Crushed Concrete of Specimen ST-6 
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Fig. E-58 Deck Cracking of Specimen ST-6 at End of Test 
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between the bar and the bent cap web increased. The inefficiency of the 

barn located outside the bent cap web resulted in the relatively early 

yielding of the barn within the bent cap web. Thin also resulted in 

ST-6 hawing a more flexible bent cap than SC-). 

Figure E-59 shows Strains measured in the bent cap stirrups for 

Specimen ST-6. As was the case for the Other single-column specimens, 

stirrup strains were small at service load. At aubsequent higher loadings, 

measured strains indicated the stirrups over the nolan, were not stressed 

significantly. However, a number of stirrups outside the column reached 

their design yield strain. 

The distribution of the measured longitudinal strains in the 

box girders at the face of the bent cap is shown in Fig. E-60. At 

K 1.0, the strains indicate that the box girder tensile reinforcement 

had essentially reached its design yield. Peaking of the tensile strains 

over the girder webs was not as distinct in this specimen as it was in 

the previous specimens which did not have thickened decks. The compressive 

strains show a definite peak at the exterior girder. 

Test of Double -Column Bent 

loading Sequence. The planned loading sequence for the double-

column bent, Specimen IE-9, was the same as for the single-column bents. 

A service load test of 1.00 + 1.0 (L + I), was applied. This was followed 

by recasal of superimposed load and them by the test to destruction. 

Again, load Increments for the service load test were 0.25 D and 0.25 

(L + I). For the test to destruction, incremests were 0.05 K, where 

K - 1.0 is that load correspomdtng to 1.8 D + 3.0 (L + I). 
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Fig. E-60 Distribution of Strains in Box Girders 
at Face of Bent Cap of Specimen ST-6 
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Fig. E-59 Strains in Bent Cap Stirrups of Specimen ST-6 

The test to destruction coded with local distress at a load of 

K = 1.15. To gain more information on general structural behavior, the 

loading apparatus was rearranged to bypass the damaged area, and the test 

was continued, with load increments of K = 0.05 as before. Details are 

described below. 

Tcst. load-deflection curves for the bent cap at the end and 

at the centerline of roadway, for the corner of the specimen, and for the 

centerline of roadway at the end of the specimen are shown in Fig. E-61. 

As for the single-column bests, the service load tests have been con- 

verted to fractions of K load ratios giving equal column reactions. 

Various events of the test are shows on the plots. First 

flexural cracking occurred in the girders at the face of the bent cap 

at 1.0 D. First cracking in the bent cap (circumferential cracking 

above the columns) was Observed at 1.0 0 + 0.75 (L * I). Minor web 

cracking in the exterior girder webs also was noted at this load. No 

other cracking was visible at the end of the service load test. 

In the test to destruction, the first clearly defined negative 

moment flexural cracking in the bent cap was visible just Outside the 

column at a load of Ii = 0.6. At the load K = 0.7, these flexural cracks 

were visible entending down into the bent cap. 

The first clearly developed diagonal tension web crack, as 

opposed to the minor cracking observed earlier, occurred in the exterior 

girder web at a load of K = 0.85. 

At K 0.9, a loading rod fractured and the applied load was 

reduced to zero. After the loading apparatus was repaired and strengthened, 

testing resumed. These events appear as a break in the load deflection curve. 

6 
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As load wan increased, no marked changes in behavior were 

noted through K • 1.10. Just as the load reached K 1.15, the east 

portion of exterior girder 10 (south side of specimen) developed hori-

zontal shear distress in the c050tnhitlsn Joint between web and deck. 

This was apparently due to lnconplete compaCtion of the concrete. Since 

no data were ohtaned at the load K 1.15, K - 1.10 represents the 

higheat load for which a cooplete net of data exi5ts. 

Fig. E.62 shows the area of distress. As can be seen, damage was 

lImited to the exterior girder and the adjacent deck and ooffit. 

Due to the local nature of the distress that terminated the 

test to destruction, it was decided to continue the tooting on the 

relatively u,xisxsged portiono of the structure. To contInue the test 

visits rnaintair,lOg, for stability, symeetry of loadin& It was necessary 

to deactivate all the girder loading apparmtuo on Webs 9 and 10 and 

replace it with the statically equivalent equal force at the cestroid 

of the deactivated loads. This  force was applied at the locatIon of the 

existing south load point on the bent cap centerline. 

Sioce the went ends of Webs 9 and ii in the deactivated area, 

so well as the south load point on the bent cap cesteritne, were in the 

instrumented southwest quadrant of the specimen, the change Is load 

pattern meant that readingo from the instrumentation, though asnilsbh-s, 

were no longer a valid todicatiOn of the original load carrying necistIsu 

of the structure. 

11cc optical level targets were installed in the essentially 

unaffected north portion of the structure so that deflecthotso could be 

nonitoreil during the test eontsuatiO5. The test continuation portion of 

Pig. E-6i was plotted from these data. 
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The break in the load-defiectlso curve for the test costir.uatiOs 

at a load of K 1.20 resulted from as unloading to correct difficulties 

in the loading syotra. Load was increased  in the uxsal mnnre,cents to 

K 1.10, with no significa0t changes in behavior. Impesdiog distress 

is the compression flange of the exterior girder, niollar to that 

obser,ed in  the  single-column bent specimens, was obser,ed at higher 

loads. 

Just as the load reached K 1.10, crushing in the compression 

flangeo of the box girder began in the north nr.d of the bent cap and, 

sosbined with oheanlng distortion, spread along the east junction of 

lest cap and girder soffit through the first three bones. The distresS 

then continued outward as, a hinging of the deck and xsfflt along the north 

.side of thefourth web. The load was reduced to nero and the testing 

tcsntlnated. This node of collapse in nisilar to that observed is 

c',eral of the singlecOlson bent cap npecimesn. A photograph of the 

sr'eeimen alter test is shows is Fig. E-65. 

Average strains in the main bent cap reinforcemest are ohown In 

forcernest in the negative moment region, 
Fig. K-Gb. For the top reis  

it can be seen that the location of the maximum average strain moved 

from the coluOs  center at low loads to a point 6 in. beyond the 

exterior culuxfl face at high loads. YIeld strain was not reached at any 

of the loads 015050. 

Straien on the interior side of the column were lower than 

those on the exterior side. The point of zero strain showed some shift at 

higher loads bt not as much as was found in the double-column bridge. 

Compressive strains is the positive moment region were relatively smell. 

i-Il. 	
E-82 
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Fig. E-63 Crushed Concrete of Double-Column Bent DC-9 
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Considering the bottom reinforcement in the positive moment 

region, it can be seen that the maximum tensile strain at K 1.0 van 

about 900 millionths, lens than half the yield strain predicted by design. 

This implies that bending moments in the region were substantially less 

than those calculated in design. 

Measurements indicated that the point of zero strain in the 

bottom reinforcement nigrated very little with increasing load. Also, 

compressive strains in the negative moment region were small. 

Strains in the bent cap stirrups are shown in Fig. E.65. 

Strains were negligible at all locations except in the immediate vicinity 

of the column. tven there maximum strains were only about half the yield 

strain. 

Longitudinal strains in the girders along the face of the bent 

cap are shown in Fig. 5-66. The upper portion of the figure shown the 

variation of strains in the main girder reinforcement. The lover portion 

of the figure shows the measured strains in the extreme lower fiber of 

the concrete. 

The strains in the concrete were uniformly distributed (the 

exception for one location at high loads does not appear to be 

significant) and of quite small magnitude. However, the reinforcement 

strains showed the name variations between locations on web centerlines 

and box centerlines already noted in previous tests of the bars above 

the vebs. The bars nearest the column were the more highly strained, 

and at K 1.1, the strains at one location were at yield. This was the 

highest strain measured anywhere in the structure at this load. However, 
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the average Strain for the girder reinforcement was well below yield. 

Consequently, the moment capacity of the girders was not developed. 

Bent Data Analysis 

Analysis of the tests of the four single -column and the double-

column bent cap specimens was carried out in the following sequence: 

Effect of column flare 

Effective slab width for bent cap design 

Effect of spreading bent cap tensile reinforcement 

I. Location of critical section for bent cap design 

The analysis was based primarily on the measured strains in the 

concrete and reinforcement. 

The object of the analysis was to evaluate the observed response 

of the bent cap specimens so that design recommendations based on this 

response could be developed. 

Determination of Absolute Strains. As discussed in Appendix A, 

one of the problems encountered in the interpretation of the experimental 

results was the determination of the absolute value of strain for any 

partIcular load. This problem was less acute in the model bent tests 

than in the model bridge tests because fewer cycles of loading were applied 

and a shorter time elapsed between each cycle in the bent tests. 

In interpreting the data for the bent cap specimens, the original 

zero, point A in Fig. A-li., was used as the datum for strains measured 

during both the service and ultimate load tests. Most of the analysis 

was performed on the data from two loads, service load and design ultimate 

load, K = 1.0. These data were selected because they represented respectively, 

a load of an intermediate level and one of a high level. The high level 
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load, however, was not so high that local distress had begun to cause 

internal redistribution of forces. 

Effect of Column Flare. Model bests with the column flared in 

the plane of the bent were studied to determine if the flared column would 

act as effectively as a cylindrical column having the same cross section 

as that at the top of the flare. Stresses in the concrete of the flare 

were also investigated. 

Specimens SF-I. and SF-5, shown in Fig. E-6, had single columns 

with two-to-one and one-to-one flares, respectively. The tests of these 

two specimens, along with SC-) which had a circular cylindrical column, 

provided the data for the analysis. Except for the flare detail, all 

three specimens had the same nominal dimensions. As a result of the 

design assumptions already listed, the main flexural reinforcement con-

sisted of 12440. 7 burn for SC-), 12-No. 6 bars for SF-I and 12-No. 5 

bars for SF-5, as shown in Fig. E-13. 

The effect of column flare on bent cap deflectiona at service 

load and at K 1.0 is shown in Fig. E-67. At both loads, the smallest 

deflection in produced with the largest flare. Deflections for ST.6, 

also shown, exceed those of the Other specimens. 

The distributions of longitudinal strains in the main fle,mral 

reinforcement and in the concrete at the botton of the bent cap for 

SC-), SF-I., and SF-5 are shown in Fig. E-68. The strains plotted are 

those measured at K 1.0. For ease in making comparisons, the distance 

between the face of the support and the center of the exterior web has 

been drawn as though it was constant for the three specimens. The face 

of the support was defined as the most extreme point, in the longitudinal 

direction of the bent cap, of the column or flare. 
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Fig. E-67 Effect of Column Flare and Spread Reinforcement 
on Bent Cap Deflections 	

Fig. K-IS Distribtios of Average Strains in Bent Cap 
Between Face of Support and End of Bent Cap 
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Figure E-68 shows that the distributions of reinforcement strains 

along the bent cap closely coincided for the three specimens. The shapes 

of the curves in the vicinity of the face of support are similar. The 

compressive strains measured on the bottom face of the bent cap also match 

for toe straight and flared column models. Booed on the bent cop strains, 

it can be concluded that the flared columns were as effective as an 

equivalent cylindrical column. 

To determine if the concrete in the most highly otresoed region 

of the flare shoved any signs of distress, strains measured on the face 

of the flared column 3 in. below the bottom of the bent cap for SF-b 

and SF-5 were platted against load in Fig. 5-69. The concrete strain in 

SF-5, containIng the widest flare, was slightly greater than the corres-

ponding strain is SF4. In neither specimen, however, does the strain 

at the design ultimate load indicate that the concrete in the flare 

was overatressed, since maximum strains are well below the usually 

accepted limit of 3000 millionths. 

Effective Slab Width. An analysis was made to determime the 

extent of participation of the soffit and deck slabs in resisting the 

bending moment applied to the bent cap. The situation is analagous to 

that in T.besmn where the flanges effectively participate in resisting 

the moment applied to the section. While studies of 2-beams have been 

primarily directed toward determIning the effectiveness of the flanges 

in compression 7 	the present study was intended to iovestigate 

the effectiveness of the tension flanges as well. as the compression 

flanges. 
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In single -column bests, and in the segative moment regions of 

double-column bests, the deck and the soffit slabs serve as the tension 

and the compression flanges, respectively. In the positive moment region 

of double -column bests, the roles of the deck and soffit slabs are 

reversed. 

To obtain a measure of the participation of the deck and soffit 

slabs, the transverse distributions of strains parallel to the longitudinal 

centerline of the bent cap were analyzed. These distributions, for strains 

measured at the face of the support, are plotted in Fig. E-70 for K 1.0. 

The reinforcement strains are those in the main tensile reinforcement for 

the bent cap and the top reinforcement in the deck slab. Concrete 

strains are those on the bottom surface of the soffit slab. 

As can be seen in Fig. 5-70, strains decrease with increasing 

distance from the bent cap. This is indicative of shear lag in the 

slabs, and results in a reduced effectiveness of the slab portions farther 

away from the bent cap. The transverse strain distributions for SC-3, 

SF-b, and SF-5 are discussed in more detail below. Discussion of Specimen 

51-6, which had spread reinforcement, is reserved for a later section. 

Considering first the negative moment tensile strains, Fig. E-70 

indicates that out to about 36 in. from the bent cap centerline, the 

decrease of strain for SC-3, SF-b, and SF-5 is similar. Beyond this 

point, however, the deck strains in SC-3 and SF-b are much higher than 

those in SF-5. This difference can be attributed to shearing distortion 

of the box girders shown in Fig. E-71. The shearing distortion results 

in a secondary strain gradient is the deck and soffit slabs. These strains 

Fig. E-70 Transverse Distribstios of Strains at Face of 
Sopport is Single-Coluecn Bents 
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Fig. E-71 Shearing Distoriion of Box Girder for Specirsen SF-5 
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are greatest sear the Webs of the box section. For Specimens SC-3 and SF4, 

the sections along suici, the strains in Fig. k-il were neaslired are lOcated 

011511 tInt tile tosusdasy sisal,, &u41nsi. snuld •...Jalt 1,0 as inCroanc in 

the strains in the top steel of the dech slab. For Specimen SF -5, 

on the other hand, the section at the face of the flared column is iOcsted 

at the centerline of a box section. Here, the influence of the secondary 

strain gradient is not uignlficant. Consequently, the steel strain 

distribution plotted for SF-5 in Fig. t-70 is considered to be the 

one most indicative of the participation of the decic slab In resisting 

the moment applied to the bent cap. 

Since strain gageo were not piaceo On OhS buitti.oc layer of tech 

slab reinforcement at every loogitudinai section, the influence of the 

secondary erfects described above could not be quantified. However, 

for those sections where strains were measured, the expected pattern of 

strains due to ahearing distortion of the boxes was confirmed. 

To n,arize, the results in Fig. E-70 indicate that the dech 

slab reinforcement in 50-3, IF-I, and SF-5 did contribute to the moment 

resistance of the bent cap. The effectiveness of this reinforcement, 

however, decreased rapidlr as its distance from the bent cap increased. 

In addition to the negative mosent tensile strains, negative 

moment compressive strains are sIns shown in Fig. 5-70. Because of high 

strain concentrations at the intersection of the bent cap with the support, 

the decrease in the concrete compressive strains in accentuated at the 

section along the support face. Therefore, Fig. E-72 showing the strain 

distributions for each specimen along a section 6 in. outside the face 

of the support i lnclodvd. 

Eq1  

The transverse distributions of compressive strains shows in 

Fig. E-72 are similar for SC-3, SF-Is, and SF-5. This isdicates that the 

soffit slab acted as a compressive flange in resisting the applied bent 

cap xonent. The effectiveness of the soffit slabs decreased in portions 

of the slab farther from the bent cap In a menDer similar to that observed 

is T-beam flanges. It should be noted that the ccsnments gives above 

regarding secondary effects also apply to the concrete strains measured 

on the bottom of the soffit slab. 

Results similar to those shows in Figs. 5-70 and 5-72 were 

obta.ixed in the negative moment regions of the double-column beat cap 

node)., iXi-9. Transverse strain distributions for IC.9 are gives in Fig. E-73. 

The steel strains plotted are those along a section at the exterior face of 

a column and at a section 3 in. outside the colons. This section, at one- 

fifth scale, is equivalent to the section shows in Fig. 5-72 for the 

two-fifth-scale single-column bent specimens. Similarity to strain 

distributions of the oingle.eolrssn bests indicates that the strain decreased 

with increasing distance from the bent cap was similar in the negative 

moment region of the double column bent. 

The transverse strain distributions at the section of mexirriv.m 

posItive moment in IX-9 are 01,0w,, in Fig. E74. The strains plotted are 

those neasured on the top layer of deck reinforcement and the bottom layer 

of soffit reinforcement. Strain distributions are given both for IC - 0.75 

and IC - 1.0 to show the changes that occurred between these two load 

stages. 

At K - 0.75, the strain distribution patterns are similar to 

those obtained in the negative moment regions. In this case, strains 
Fig. E-72 Transverse Distribution of Strain, in Single.Column Rents 
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decreased as the distance from the bent cap increased. As expected, 

the soffit slab is is tension and the deck slab is is compression. After 

the load was increased to K = 1.0, the measured strains indicate that both 

slabs were in tension over approximately one 4,alf the length of the box 

girders. The existence of the tensile strains indicated by the Strain 

gages was confirmed by tensile cracking of the deck slab. The source of 

the redistribution of internal forces that caused the cracking was not 

determined. 

Effect of Spreading Bent Cap Tensile Reinforcement. As pre-

viously described, specimen ST-6 had a thickened deck to accommodate a 

portion of the bent cap reinforcement as shown in Fig. E-14. Spread 

bent cap reinforcement is used when the width of the bent cap web is 

not great enough to acccnnnodate all the flexural reinforcement. In 

such cases the reinforcement would be expected to be rather heavy. How-

ever, for ease in comparison of results, the total amount of reinforce-

ment in ST-6 was made the none as in SC-). 

Figure E-75 is a plot of the transverse distribution of strains 

paraU.el to the longitudinal centerUne of the bent cap for Specimen ST-6. 

The strains, measured at the face of the column, are plotted at several 

levels of load. Within the width of the thickened deck, the strains are 

those on the main tensile reinforcement. Beyond the thickened deck, the 

strains are those on the top layer of deck slab reinforcement. The concrete 

strains were measured on the bottom surface of the soffit slab. 

It in evident from the figure that reinforcement at the ex-

tremities of the thickened deck was much less effective than that located 

closer to the bent cap. At a load of K = 0.75, for example, the reinforcement 

Fig. E-75 Transverse Distribution of Strains Paraliel to Longitudsnal 
Centerline of Bent Cap Specimen ST-6 
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strain measured at the end of the thickened deck was less than 20 percent 

of the maximum strain at the center of the bent cap. 

As can be seen by comparison with Figs. E-70 and E-72, the rate 

of strain decrease for bars more remote from the bent cap in ST-6 is similar 

to that found is the other single-column bent naps. However, dun to the 

fact that much of the main reinforcement is only partially effective in 

ST-6, the strain in the more highly stressed reinforcement is increased 

above that in the Other specimens. 

The higher stresses in the reinforcement over the bent cap web 

are also reflected in larged defiections for ST-6 compared to the Otherwise 

similar SC-3. These deflections are shown is Fig. E-67. 

Location of Critical Section for Best Cap Design. The mast 

significant requirement for a critical design section is that it be located 

where the maximum stresses occur. This is essential for design of both 

the negative and positive moment reinforcement. 

Variations of the average longitudinal tensile and compressive 

strains in the single -column bent naps are presented in Fig. E-76. These 

curves show that reinforcement strains are at a maximum at or sear the face 

of support, but that strain gradients in either direction are small, in 

the imediate vicinity. Reinforcement strains at the center of the support 

tend to be seafler than at the thee of support, presumably because the 

support serves to increase the effective depth of the bent cap. 

It is evident from the results shows is Fig. E-76 that design 

of the bent cap for negative moment based on a critical section at the 

centerline of the column would be unrealistic, since this is not the location 

of maximum stress. The data support the selection of the critical section 

at or near the face of the column. 

Figure E.64 shows the variations in the average longitudinal 

tensile and compressive strains in the double-column bent cap. These results 

show that the maximum negative moment tensile strains occur in the vicinity 

of the face of the support, as was the case for the aingle-column specimens. 

The maximum positive moment tensile strains occur at midspsn of the bent cap 

as expected. 
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51 Sensing and Communication Between Vehicles (Proj. 37 p., 	$2.00 

3-3), 	105 p., 	$5.00 77 Development of Design Criteria for Safer Luminaire 
52 Measurement of Pavement Thickness by Rapid and Supports (Proj. 15-6), 	82 p., 	$3.80 

Nondestructive 	Methods 	(Proj. 	10-6), 	82 	p., 78 Highway 	Noise—Measurement, 	Simulation, 	and 
$3.80 Mixed 	Reactions 	(Proj. 	3-7), 	78 	p., 	$3.20 

53 Multiple Use of Lands Within Highway Rights-of- 79 Development of Improved Methods for Reduction of 
Way (Proj. 7-6), 	68 p., 	$3.20 Traffic Accidents (Proj. 17-1), 	163 p., 	$6.40 

54 Location, Selection, and Maintenance of Highway 80 Oversize-Overweight Permit Operation on State High- 
Guardrails 	and 	Median 	Barriers 	(Proj. 	15-1(2)), ways (Proj. 2-10), 	120 p., 	$5.20 
63 p., 	$2.60 81 Moving Behavior and Residential Choice—A Na- 

55 Research Needs in Highway Transportation (Proj. tional Survey (Proj. 8-6), 	129 p., 	$5.60 
20-2), 	66 p.; 	$2.80 82 National 	Survey 	of Transportation Attitudes 	and 

56 Scenic Easements—Legal, Administrative, and Valua- Behavior—Phase II Analysis Report (Proj. 20-4), 
tion Problems and Procedures (Proj. 11-3), 	174 p., 89 p., 	$4.00 
$6.40 83 Distribution of Wheel Loads on Highway Bridges 

57 Factors Influencing Modal Trip Assignment (Proj. (Proj. 	12-2), 	56 p., 	$2.80 
8-2), 	78 p., 	$3.20 84 Analysis 	and Projection 	of Research 	on Traffic 

58 Comparative Analysis of Traffic Assignment Tech- Surveillance, 	Communication, 	and Control 	(Proj. 
niques with Actual Highway Use (Proj. 7-5), 	85 p., 3-9), 	48 p., 	$2.40 
$3.60 85 Development 	of 	Formed-in-Place 	Wet 	Reflective 

59 Standard Measurements for Satellite Road Test Pro- Markers (Proj. 5-5), 	28 p., 	$1.80 
gram (Proj. 1-6), 	78 p., 	$3.20 86 Tentative Service Requirements for Bridge Rail Sys- 

60 Effects of Illumination on Operating Characteristics tems (Proj. 12-8), 	62 p., 	$3.20 
of Freeways (Proj. 5-2) 	148 p., 	$6.00 87 Rules of Discovery and Disclosure in Highway Con- 

61 Evaluation of Studded Tires—Performance Data and demnation Proceedings 	(Proj. 	11-1(5)), 	28 p., 
Pavement Wear Measurement (Proj. 1-9), 	66 p., $2.00 
$3.00 88 Recognition of Benefits to Remainder Property in 

62 Urban Travel Patterns for Hospitals, 	Universities, Highway Valuation Cases (Proj. 11-1(2)), 	24 p., 
Office Buildings, and Capitols (Proj. 7-1), 	144 p., 

$2.00 
$5.60 89 Factors, Trends, 	and Guidelines Related to Trip 

63 Economics of Design Standards for Low-Volume Length (Proj. 7-4), 	59 p., 	$3.20 
Rural Roads (Proj. 2-6), 	93 p., 	$4.00 90 Protection of Steel in Prestressed Concrete Bridges 

64 Motorists' Needs and Services on Interstate Highways (Proj. 12-5), 	86 p., 	$4.00 
(Proj. 7-7) 	88 p. 	$3.60 91 Effects of Deicing Salts on Water Quality and Biota 

65 One-Cycle Slow-Freeze Test for Evaluating Aggre- —Literature Review and Recommended Research 
gate Performance in Frozen Concrete (Proj. 4-3(1)), (Proj. 	16-1), 	70 p., 	$3.20 
21 p., 	$1.40 92 Valuation and Condemnation of Special Purpose 

66 Identification of Frost-Susceptible Particles in Con- Properties 	(Proj. 	11-1(6)), 	47 	p., 	$2.60 
crete Aggregates (Proj. 4-3(2)), 	62 p. 	$2.80 93 Guidelines for Medial and Marginal Access Control 

67 Relation of Asphalt Rheological Properties to Pave- on 	Major 	Roadways 	(Proj. 	3-13), 	147 	p., 
ment Durability (Proj. 9-1), 	45 p., 	$2.20 $6.20 

68 Application of Vehicle Operating Characteristics to 94 Valuation and Condemnation Problems Involving 
Geometric Design and Traffic Operations (Proj. 3 Trade Fixtures (Proj. 11-1(9)), 	22 p., 	$1.80 
10), 	38 p., 	$2.00 95 Highway Fog (Proj. 5-6), 	48 p., 	$2.40 

69 Evaluation of Construction Control Procedures— 96 Strategies for the Evaluation of Alternative Trans- 
Aggregate Gradation Variations and Effects (Proj. portation 	Plans 	(Proj. 	8-4), 	111 	p., 	$5.40 
10-2A), 	58 p., 	$2.80 97 Analysis of Structural Behavior of AASHO Road 

70 Social 	and 	Economic 	Factors 	Affecting Intercity Test Rigid Pavements (Proj. 	1-4(1)A), 	35 p., Travel (Proj. 8-1), 	68 p., 	$3.00 $2.60 
71 Analytical Study of Weighing Methods for Highway 98 Tests for Evaluating Degradation of Base Course 

Vehicles in Motion (Proj. 7-3), 	63 p., 	$2.80 Aggregates (Proj. 4-2), 	98 p. 	$5.00 
72 Theory and Practice in Inverse Condemnation for 99 Visual Requirements in Night Driving (Proj. 5-3), 

Five Representative States (Proj. 	11-2), 	44 p., 38 p., 	$2.60 
$2.20 100 Research Needs Relating to Performance of Aggre- 

73 Improved 	Criteria for Traffic Signal Systems 	on gates in Highway Construction (Proj. 4-8), 	68 p., Urban Arterials (Proj. 3-5/1), 	55 p., 	$2.80 $3.40 
74 Protective 	Coatings for Highway 	Structural 	Steel 101 Effect of Stress on Freeze-Thaw Durability of Con- 

(Proj. 4-6), 	64 p., 	$2.80 crete Bridge Decks (Proj. 6-9), 	70 p., 	$3.60 
74A Protective Coatings for Highway Structural Steel— 102 Effect of Weldments on the Fatigue Strength of Steel 

Literature Survey (Proj. 4-6), 	275 p., 	$8.00 Beams (Proj. 12-7), 	114 p., 	$5.40 
74B Protective Coatings for Highway Structural Steel— 103 Rapid Test Methods for Field Control of Highway 

Current Highway Practices (Proj. 4-6), 	102 p., Construction (Proj. 10-4), 	89 p., 	$5.00 

75 
$4.00 
Effect 	of 	Highway 	Landscape 	Development 	on 

104 Rules of Compensability and Valuation Evidence 
for 	Highway 	Land 	Acquisition 	(Proj. 	11-1), 

Nearby Property 	(Proj. 2-9), 	82 p., 	$3.60 77 p., 	$4.40 



Rep. Rep. 
No. Title No. Title 

105 Dynamic Pavement Loads of Heavy Highway Vehi- 133 Procedures for Estimating Highway User Costs, Air 
des (Proj. 15-5), 	94 p., 	$5.00 Pollution, and Noise Effects (Proj. 7-8), 	127 p., 

106 Revibration of Retarded Concrete for Continuous $5.60 
Bridge Decks (Proj. 18-1), 	67 p., 	$3.40 134 Damages Due to Drainage, Runoff, Blasting, and 

107 New Approaches to Compensation for Residential Slides (Proj. 11-1(8)), 	23 p., 	$2.80 
Takings (Proj. 	11-1(10)), 	27 p., 	$2.40 135 Promising Replacements for Conventional Aggregates 

108 Tentative Design Procedure for Riprap-Lined Chan- for Highway Use (Proj. 4-10), 	53 p., 	$3.60 
nels (Proj. 15-2), 	75 p., 	$4.00 136 Estimating Peak Runoff Rates from Ungaged Small 

109 Elastomeric Bearing Research (Proj. 12-9), 	53 p., Rural Watersheds (Proj. 15-4), 	85 p., 	$4.60 
$3.00 137 Roadside 	Development—Evaluation 	of 	Research 

110 Optimizing Street Operations Through Traffic Regu- (Proj. 16-2), 	78 p., 	$4.20 
lations and Control (Proj. 3-11), 	100 p., 	$4.40 138 Instrumentation 	for 	Measurement of 	Moisture- 

111 Running Costs of Motor Vehicles as Affected by Literature 	Review 	and 	Recommended 	Research 
Road 	Design 	and Traffic 	(Proj. 	2-5A and 	2-7), (Proj. 21-1), 	60 p., 	$4.00 

97 p., 	$5.20 139 Flexible Pavement Design and Management—Sys- 
112 Junkyard 	Valuation—Salvage 	Industry 	Appraisal tems Formulation (Proj. 1-10), 	64 p., 	$4.40 

Principles 	Applicable 	to 	Highway 	Beautification 140 Flexible Pavement Design and Management—Ma- 
(Proj. 	11-3(2)), 	41 	p., 	$2.60 terials 	Characterization 	(Proj. 	1-10), 	118 	p., 

113 Optimizing Flow on Existing Street Networks (Proj. $5.60 
3-14), 	414 p., 	$15.60 141 Changes in Legal Vehicle Weights and Dimensions- 

114 Effects of Proposed Highway Improvements on Prop- Some Economic Effects on Highways (Proj. 19-3), 
erty Values (Proj. 11-1(1)), 	42.p., 	$2.60 184 p., 	$8.40 

115 Guardrail Performance and Design (Proj. 15-1(2)), 142 Valuation 	of 	Air 	Space 	(Proj. 	11-5), 	48 	p., 

70 p., 	$3.60 $4.00 
116 Structural 	Analysis 	and Design of Pipe Culverts 143 Bus Use of Highways—State of the Art (Proj. 8-10), 

(Proj. 	15-3), 	155 p., 	$6.40 406 p., 	$16.00 
117 Highway Noise—A Design Guide for Highway En- 144 Highway Noise—A Field Evaluation of Traffic Noise 

gineers (Proj. 3-7), 	79 p., 	$4.60 Reduction Measures (Proj. 3-7), 	80 p., 	$4.40 

118 Location, Selection, and Maintenance of Highway 145 Improving Traffic Operations and Safety at Exit Gore 

Traffic Barriers (Proj. 15-1(2)), 	96 p., 	$5.20 146 
Areas (Proj. 3-17) 	120 p., 	$6.00 
Alternative 	Multimodal 	Passenger 	Transportation 

119 Control of Highway Advertising Signs—Some Legal Systems—Comparative 	Economic 	Analysis 	(Proj. 
Problems (Proj. 11-3(1)), 	72 p., 	$3.60 8-9), 	68 p., 	$4.00 

120 Data Requirements for Metropolitan Transportation 147 Fatigue Strength of Steel Beams with Welded Stiff- 
Planning (Proj. 8-7), 	90 p., 	$4.80 eners 	and 	Attachments 	(Proj. 	12-7), 	85 	p., 

121 Protection of Highway Utility (Proj. 8-5), 	115 p., $4.80 
$5.60 148 Roadside Safety Improvement Programs on Freeways 

122 Summary and Evaluation of Economic Consequences —A Cost-Effectiveness Priority Approach (Proj. 20- 
of Highway Improvements (Proj. 2-11), 	324 p., 7), 	64 p., 	$4.00 
$13.60 149. Bridge Rail Design—Factors, Trends, and Guidelines 

123 Development 	of 	Information 	Requirements 	and (Proj. 12-8), 	49 p., 	$4.00 
Transmission Techniques for Highway Users (Proj. 150 Effect of Curb Geometry and Location on Vehicle 

3-12), 	239 p., 	$9.60 Behavior (Proj. 20-7), 	88 p., 	$4.80 

124 Improved 	Criteria for Traffic 	Signal 	Systems 	in 151 Locked-Wheel Pavement Skid Tester Correlation and 

Urban Networks (Proj. 3-5), 	86 p., 	$4.80 Calibration Techniques (Proj. 1-12(2)), 	100 p., 
125 Optimization of Density and Moisture Content Mea- 

152 
$6.00 
Warrants for Highway Lighting (Proj. 5-8), 	117 surements 	by 	Nuclear 	Methods 	(Proj. 	10-5A), 

86 p., 	$4.40 p., 	$6.40 

126 Divergencies in Right-of-Way Valuation (Proj. 11- 153 Recommended Procedures for Vehicle Crash Testing 

4), 	57 p., 	$3.00 of Highway Appurtenances (Proj. 22-2), 	19 p.,  
127 Snow Removal and Ice Control Techniques at Inter- 

changes 	(Proj. 	6-10), 	90 	p., 	$5.20 154 
$3.20 
Determining Pavement Skid-Resistance Requirements 

128 Evaluation of AASHO Interim Guides for Design at Intersections and Braking Sites (Proj. 1-12), 	64 

of Pavement Structures 	(Proj. 	1-11), 	111 	p., 
$5.60 155 

p., 	$4.40 
Bus Use of Highways—Planning and Design Guide- 

129 Guardrail Crash Test Evaluation—New Concepts lines (Proj. 8-10), 	161 p., 	$7.60 

and 	End 	Designs 	(Proj. 	15-1(2)), 	89 	p., 156 Transportation Decision-Making—A Guide to Social 

$4.80 and Environmental Considerations 	(Proj. 8-8(3)), 

130 Roadway Delineation Systems (Proj. 5-7), 	349 p., 135 p., 	$7.20 
$14.00 157 Crash Cushions of Waste Materials (Proj. 20-7), 

131 Performance Budgeting Systeni for Highway Main- 73 p., 	$4.80 
tenance Management 	(Proj. 	19-2(4)), 	213 	p., 158 Selection of Safe Roadside Cross Sections 	(Proj. 

$8.40 20-7), 57 p., 	$4.40 
132 Relationships 	Between 	Physiographic 	Units 	and 159 Weaving Areas—Design and Analysis (Proj. 3-15), 

Highway Design Factors (Proj. 1-3(1)), 	161 p., 119 p., 	$6.40 
$7.20 



Rep. 
No. Title 

160 Flexible Pavement Design and Management—Sys-
tems Approach Implementation (Proj. 1-1A), 
54 p., 	$4,00 

161 Techniques for Reducing Roadway Occupancy Dur-
ing Routine Maintenance Activities (Proj. 14-2), 
55 p., 	$4.40 

162 Methods for Evaluating Highway Safety Improve- 
ments (Proj. 17-2A); 	150 p., 	$7.40 

163 Design of Bent Caps for Concrete Box-Girder Bridges 
(Proj. 12-10), 	124 p., 	$6.80 

Synthesis of Highway Practice 

No. Title 

1 	Traffic Control for Freeway Maintenance (Proj. 20-5, 
Topic 1), 	47 p., 	$2.20 

2 Bridge Approach Design and Construction Practices 
(Proj. 20-5, Topic 2), 	30 p., 	$2.00 

3 Traffic-Safe and Hydraulically Efficient Drainage 
Practice (Proj. 20-5, Topic 4), 	38 p., 	$2.20 

4 	Concrete Bridge Deck Durability (Proj. 20-5, Topic 
3), 	28 p., 	$2.20 

5 Scour at Bridge Waterways (Proj. 20-5, Topic 5), 
37 p., 	$2.40 

6 Principles of Project Scheduling and Monitoring 
(Proj. 20-5, Topic 6), 	43 p., 	$2.40 

7 Motorist Aid Systems (Proj. 20-5, Topic 3-01), 
28 p., 	$2.40 

8 	Construction of Embankments (Proj. 20-5, Topic 9), 
38 p., 	$2.40  

No. Title 
9 Pavement Rehabilitation—Materials and Techniques 

(Proj. 20-5, Topic 8), 	41 p., 	$2.80 
10 Recruiting, Training, and Retaining Maintenance and 

Equipment Personnel (Proj. 20-5, Topic 10), 35 p., 
$2.80 

11 Development of Management Capability (Proj. 20-5, 
Topic 12), 	SOp., 	$3.20 

12 Telecommunications Systems for Highway Admin-
istration and Operations (Proj. 20-5, Topic 3-03), 
29 p., 	$2.80 

13 Radio Spectrum Frequency Management (Proj. 20-5, 
Topic 3-03), 	32 p., 	$2.80 

	

14 Skid Resistance (Proj. 20-5, Topic 7), 	66 p., 
$4.00 

15 Statewide Transportation Planning—Needs and Re- 
quirements (Proj. 20-5, Topic 3-02), 	41 p., 
$3.60 

16 Continuously Reinforced Concrete Pavement (Proj. 
20-5, Topic 3-08), 	23 p., 	$2.80 

17 Pavement Traffic Marking—Materials and Applica-
tion Affecting Serviceability (Proj. 20-5, Topic 3- 
05), 	44.p., 	$3.60 

18 Erosion Control on Highway Construction (Proj. 
20-5, Topic 4-01), 	52 p., 	$4.00 

19 Design, Construction, and Maintenance of PCC 
Pavement Joints (Proj. 20-5, Topic 3-04), 	40 p., 
$3.60 

	

20 Rest Areas (Proj. 20-5, Topic 4-04), 	38 p., 
$3.60 

21 Highway Location Reference Methods (Proj. 20-5, 
Topic 4-06), 	30 p., 	$3.20 

22 Maintenance Management of Traffic Signal Equip- 
ment and Systems (Proj. 20-5, Topic 4-03) 	41 p., 
$4.00 

23 Getting Research Findings into Practice (Proj. 20-5, 
Topicil) 	24.p., 	$3.20 

24 Minimizing Deicing Chemical Use (Proj. 20-5, 
Topic 4-02), 	58 p., 	$4.00 

25 Reconditioning High-Volume Freeways in Urban 
Areas (Proj. 20-5, Topic 5-01), 	56 p., 	$4.00 

26 Roadway Design in Seasonal Frost Areas (Proj. 20-5, 
Topic 3-07), 	104 p., 	$6.00 

27 PCC Pavements for Low-Volume Roads and City 
Streets (Proj. 20-5, Topic 5-06), 	31 p., 	$3.60 

28 Partial-Lane Pavement Widening (Proj. 20-5, Topic 
5-05), 	30 p., 	$3.20 

29 Treatment of Soft Foundations for Highway Em- 
bankments (Proj. 20-5, Topic 4-09), 	25 p., 
$3.20 

30 	Bituminous Emulsions for Highway Pavements (Proj. 
20-5, Topic 6-10), 	76 p., 	$4.80 

31 	Highway Tunnel Operations (Proj. 20-5, Topic 5-08), 
29 p., 	$3.20 

32 	Effects of Studded Tires. (Proj. 20-5, Topic 5-13), 
46 p., 	$4.00 

33 Acquisition and Use of Geotechnical Information 
(Proj. 20-5, Topic 5-03), 	40 p., 	$4.00 



THE TRANSPORTATION RESEARCH BOARD is an agency of the National 
Research Council, which serves the National Academy of Sciences and the National 
Academy of Engineering. The Board's purpose is to stimulate research concerning the 
nature and performance of transportation systems, to disseminate information that the 
research produces, and to encourage the application of appropriate research findings. 
The Board's program is carried out by more than 150 committees and task forces 
composed of more than 1,800 administrators, engineers, social scientists, and educators 
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	whoservewithout compensation.-  The programissupported bystate transportation -and — - - 
highway departments, the U.S. Department of Transportation, and other organizations 
interested in the development of transportation. 

The Transportation Research Board operates within the Commission on Sociotech-
nical Systems of the National Research Council. The Council was organized in 1916 
at the request of President Woodrow Wilson as an agency of the National Academy of 
Sciences to enable the broad community of scientists and engineers to associate their 
efforts with those of the Academy membership. Members of the Council are appointed 
by the president of the Academy and are drawn from academic, industrial, and govern-
mental organizations throughout the United States. 

The National Academy of Sciences was established by a congressional act of incorpo-
ration signed by President Abraham Lincoln on March 3, 1863, to further science and 
its use for the general welfare by bringing together the most qualified individuals to deal 
with scientific and technological problems of broad significance. It is a private, honorary 
organization of more than 1,000 scientists elected on the basis of outstanding contribu-
tions to knowledge and is supported by private and public funds. Under the terms of its 
congressional charter, the Academy is called upon to act as an official—yet indepen-
dent—advisor to the federal government in any matter of science and technology, 
although it is not a government agency and its activities are not limited to those on 
behalf of the government. 

To share in the tasks of furthering science and engineering and of advising the federal 
government, the National Academy of Engineering was established on December 5, 
1964, under the authority of the act of incorporation of the National Academy of 
Sciences. Its advisory activities are closely coordinated with those of the National 
Academy of Sciences, but it is independent and autonomous in its organization and 
election of members. 
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