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Abstract 

This final project report summarizes the research efforts on 

Missouri Cooperative Research Project No. 67-1, "Study of Precast­

Prestressed Composite Slabs". A particular type of precast­

prestressed composite box bridge deck system is proposed for use 

in highway bridge construction on primary and secondary roadways. 

The basic concept and design procedure, as well as an eval­

uation of the structural performance and an economic evaluation of 

the proposed system, are summarized. In addition to these 

summaries,design recommendations for the proposed systems are made. 
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1.1 INTRODUCTION 

CHAPTER I 

INTRODUCTION 

With the adoption of the National Interstate Highway program and 

with additional emphasis on improved and more extensive state highway 

systems, bridge construction is of ever increasing importance. As a 

result of the expanded bridge construction program and the rapidly in-

creasing construction costs, there is a great demand for more efficient 

and more economical bridge structures. Prefabricated and precast 

structures have exhibited these characteristics for the building 

industry as a whole while in some sections of the country precast 

bridge construction has lagged. 

The bridge system proposed in this study is aimed at helping to 

overcome this deficiency by better utilizing the advantageous character­

istics of precast concrete. The proposed system not only utilizes pre-

casting but incorporates pre-tension prestressing and composite 
~. 

construction, as well as virtually eliminating forming of the bridge 

superstructure. Each of these features has independently demonstrated 

efficiency or economy and no less would be anticipated from the 

combination. 

1.2 PROPOSED COMPOSITE-BOX BRIDGE SYSTEM 

To make use of the advantages of precast prestressed composite 

construction a particular structural system is proposed. This system 

consists of a series of precast prestressed concrete channels with an 

interior void used in conjunction with a monolithic top slab of cast-

in-place concrete. A typical section of the resulting "Composite-Box" 
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bridge deck is shown in Figure 1.1. The void in the bridge deck does 

not necessarily extend continuously through the entire span length 

but may be interrupted prior to reaching a pier and at intermediate 

points between piers. This provides solid bearing ends at the 

supports and furnishes a region for diaphrams to provide lateral 

continuity. An illustration of the general configuration of the 

proposed system at an interior bent is shown in Figure 1.2. 

The interior void form can be fabricated from various materials, 

since the only strength requirement of the void is to support the load 

of the cast-in-place concrete during placing and the weight of the 

workmen during casting of the top slab. Since the configuration of this 

void form is such that it functions as a two-hinged arch, the form is 

stronger than a comparable flat void form. Corrugated metal, light­

weight concrete, plywood, and plastic are but a few of the materials 

which could be used to fabricate the void form. 

In addition to fulfilling the requirements of economy and service­

ability, today's structure must also be esthetically pleasing. The 

proposed composite-box system would provide a smooth or textured, 

uncluttered appearance when viewed from beneath (as in the case of a 

highway overpass). Also, when viewed from the side, the structure would 

have a graceful appearance. 

1.3 SCOPE OF STUDY 

A particular type of precast-prestressed composite box bridge deck 

system is proposed for use in highway bridge construction on primary 
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5 
and secondary roadways. In order to properly evaluate the system~ the 

efforts were categori zed into the foll owing four interrel ated phases, 

and the results are presented in interim reports: 

1. "INVESTIGATION OF A PRESTRESSED-PRECAST BRIDGE SYSTEM II (1 )* 

The objects of the first phase of the study were to develop a 

design and analysis procedure for the proposed members and to investigate 

the characteristics of these members through a limited test program. In 

addition to the design procedure, this phase includes the fabrication 

of three 36-foot long composite beams designed to carry HS20-44 loading 

and presents results of flexural tests performed on these beams. 

A computer program for the design of the proposed members and a 

design example are presented in Appendices of the report. 

2. "MODEL STUDY OF THE PROPOSED PRECAST PRESTRESSED BRIDGE 

SYSTEM" (2) 

The objects of the second phase of the study were to design a one ­

half scale concrete model of the member and to investigate the similitude 

relationship between the model and the prototype through a model test 

program. In addition to the theoretical approach, the study includes 

the fabrication of three 18-foot long composite members and five pre­

stressed channels to be used for further bridge study. 

Also, results of flexural tests performed on the three model beams 

are compared with the prototype test results and similitude correlations 

are considered. 

* Numbers in parentheses refer to entries in bibliography. 
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3. "STUDY OF A PRECAST-PRESTRESSED MODEL BRIDGE SLAB" (3) 

The object of the study in the third phase was to investigate 

the structural perfonnance of the composite-box bridge system through 

tests carried out on a one-half scale concrete model simulating a 36-

foot, two-lane, highway bridge span. Included in this report are the 

theoretical load distribution analysis, the experimental load transfer 

characteristics of the bridge slab under the action of various concen­

trated loads, and the comparison between the two sets of data. 

In addition, ultimate load capacity and the mode of failure of the 

model bridge span, under the application of simulated wheel loads, are 

included. 

4. "ECONOMIC EVALUATION OF THE PROPOSED PRECAST -PRESTRESSED 

BRIDGE SYSTEM" (4) 

Because of the structural desirability and the advantages in 

construction of the proposed system, a cost analysis of this system 

was made. The purpose of the fourth phase of the study was, therefore, 

to determine the economic feasibility of constructing the superstructure 

of short-span highway bridges using the proposed system of precast­

prestressed composite construction. 

In determining the economic feasibility of the proposed system 

the most practical method was to compare the new system with contempo­

rary bridges designed and constructed, or under construction, in 

Missouri. 
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In order to make realistic comparisons, the scope of this 

work was limited to the comparison of the cost of three specific highway 

bridges with the cost of the same bridges using the proposed system 

for the superstructures. The design of the superstructure for one of 

the bridges considered is included in Appendix B of this interim 

report. Design procedures were also developed and the modified computer 

program, together with a flow chart and sample output is presented in 

Appendix A of the interim report. 



CHAPTER II 

STRUCTURAL PERFORMANCE OF THE PROPOSED 

BRIDGE DECK SYSTEM 

2.1 INTRODUCTION 

The general structural performance of the proposed bridge deck 

system was evaluated through a series of full-scale and one-half scale 

model tests. The first two of these test series were conducted on 

single units, while the third test program utilized a five-unit monoli­

thic section as shown in Figure 2.1. The total test program was 

designed to evaluate the following aspects of the structural performance 

of the system: 

1. A check of the design procedure 

2. A preliminary check of the method of construction 

3. Behavior of the member under working loads and high overload 

conditions 

4. Verification of the composite action between components of 

the members 

5. The lateral load distribution characteristics of the members 

making up the multi-unit deck system 

6. A check of the ultimate load characteristics of the proposed 

system 

Whenever applicable, analytical predictions were used as a basis 

for evaluating the structural performance of the system. 
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2.2 INITIAL DESIGN OF THE BRIDGE SYSTEM 

Prior to the detailed design of any member in the proposed syst~m, 

it was desirable from a fabrication point of view for certain basic 

dimensions of the presast channels to be fixed. Since the moment 

capability of a prestressed member is primarily depeneent upon the 

depth of the section and the location of prestressing force, the di­

mensions, with the exception of the depth, were fixed as those of the 

full-scale specimen shown in Figure 2.1. Although some slight modi­

fications to the initial section based on recommendations from pre­

stressed concrete producers were made during the economic evaluation 

study, the design and construction of the test sections were in 

accordance with those dimensions shown in Figure 2.1. 

The simple support condition was initially used for both the dead 

and live load design. Again this condition was modified to account 

for continuity over intermediate supports for the live-load design 

during the economic evaluation phase of the study. Since all the 

tests were of simple span only, the continuity condition was not 

considered in design of the specimens. 

The loading used for design of the laboratory specimens was a sim­

ul ation of AASHO HS20-44. Due to the particular span length used in the 

full-scale test series, the trailer wheel locations were very nearly 

that of one-third point loading. Symmetrical loading is desirable 

for testing and, as a result, the specimens were tested using the one-

third point loading condition. The error involved in this simulation 

was examined and found to be small (3). The initial and final design 

procedures developed for the member will accept the normal range of 
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AASHO standard loadings. 

The actu a 1 detailed des; gn of the tes t spec i mens was made, with 

one exception, in accordance with AASHO specifications with the 

assumption of complete composite action and the loading and support 

conditions previously stated. The exception consisted of reducing the 

top slab reinforcing to approximately 50% of the AASHO requirement for 

the single units since the method of loading was such that the load 

was distributed over the entire width of the member. A detailed example 

of the preliminary and final design procedures as well as a computer 

program for the design was presented in the Appendix of Interim Report 

No. 68-8. The revised design procedure and program were presented 

in Interim Report No. 69-1. An analysis of members designed by this 

procedure was used as a basis for comparison of the test results with 

predicted behavior. 

2.3 COMPOSITE BEHAVIOR OF THE MEMBERS 

Since one of the prime concerns of the structural performance of 

the proposed system was the composite action between the components of 

the member, portions of each test series were designed to evaluate load­

strain, load-slip, and load-slab separation relationships. Each of 

these quantities independently indicates the degree of composite action 

between components of the deck system. 

Load-Strain Relationships: 

The members used in all of the test series were instrumented with 

six-inch strain meters at a minimum of four locations over the depth of 

the member. Generally the sets of strain meters were located at mid-
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span, however, some measurements were made at the mid-point of the shear 

span. The strain distributions in the shear span for the sing1e-

member tests indicate a slight discontinuity at the interface of the 

two components prior to failure which corresponded to the actual 

failure mode. On the other hand, the strain distributions resulting 

from the test of the model bridge slab indicate complete composite 

action prior to failure which again corresponds to the actual mode of 

failure. 

Figures 2.2, 2.3 and 2.4 show typical strain distributions at 

various load levels for each of the three test series respectively 

as described in Figure 2.1. Even though failure of the single members 

was premature due to loss of composite action, large discontinuities 

of strain were not evident prior to failure. 

The similarity of strain distributions between that of the proto­

type and model members can be noted by comparing Figures 2.2 and 2.3. 

This comparison was more completely examined in Interim Report No. 68-9. 

These results show that the strains of the prototype can be predicted 

from those of the models with a reasonable degree of accuracy. The 

predictability constitutes part of the similitude relationships used 

to extend the one-half scale bridge slab test results to a fu11-

scale bridge slab. 

Load-Slip, Load-Slab Separation Relationships: 

Each member of the test series was instrumented with dial in­

dicators at four to six locations along the length of the member to 

measure slip and separation between the two components of the composite 
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member. In general, the data obtained from each of the test series 

were of very little value. Some small discontinuities in strains were 

observed in the shear span during the- -tests of the full-scale single 

members; however, the magnitude of these discontinuities was not 

sufficient to produce meaningful results. The results from the one-half 

scale bridge slab test indicated no discernible slips or slab 

separations which again complies with the load displacement results and 

the mode of failure of the slab. 

2.4 LOAD-DISPLACEMENT RELATIONSHIPS 

Dead-Load Displacement Relationships: 

A displacement history was maintained for all of the channels 

used in each of the tests series. The displacement records were made 

for the members from the time of release of the prestressing strand 

through placing of the composite slab up to the time of application 

of the live load. A detailed description of the method of obtaining 

the displacements was presented in Interim Report 68-8 and 68-9. These 

measured values were compared with those predicted by conventional 

methods assuming a creep coefficient of 1.50 and with creep occurring 

over a 30 day period. In general, these predicted and measured 

values compared well for both the full-scale and the one-half scale 

members. A typical set of these values is shown in Figure 2.5. 

Live Load-Displacement Relationships: 

The live load-displacement relationships were evaluated both 

analytically and experimentally for each member in each test series. 
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The load displacement relationships were predicted based on an 

idealized section and the assumption of complete composite action 

between the two components of the members. The idealization considered 

an equivalent box section and accounted for the variation in concrete 

strength between the channels and the cast-in-place deck through both 

the elastic and inelastic ranges. The deflection predictions were 

made by the conventional elastic theory through that portion of the 

loading. The inelastic portion of the predicted deflection curve was 

obtained by considering the curvature of the member after the section 

was cracked and after the concrete stresses were no longer proportionate 

to the concrete strain. Both the stress-strain relationships for the 

concrete and prestressing steel were idealized for these predictions. 

The predictions were made by an iteration process at discrete values 

of concrete strain. Through the use of equilibrium relations 

corresponding points on the load-displacement were determined. 

Straight line segments connecting these points produce an approximation 

for the theoretical load-displacement relationship. 

Typical comparisons of the predicted and measured live load­

midspan displacement are shown in Figure 2.6. It can be noted that 

there is very good correlation between the experimental and the 

predicted values even though several approximations were involved in 

the prediction method. Again it is evident from these comparisons 

that virtually complete composite action took place up to the failure 

load. In addition, for the case of the one-half scale bridge deck the 

ultimate loads and corresponding displacements were within a few per­

cent (about 1%) of each of the predicted values based upon the con­

ventional rectangular stress distribution approach. Also the load-
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displacement curves show that the single member had a final displace­

ment of from 7 to 20 times the working load displacement at 80% to 

118% of the calculated ultimate load on the section. 

2.5 LOAD DISTRIBUTION OF THE MULTI-UNIT SYSTEM 

One of the more important aspects of the structural performance 

of the system is the lateral load distribution characteristics. Since 

model-prototype correlations for the one half-scale models were pre­

viously established, a one half-scale model brid~e deck was used to 

study the load distribution behavior. In order to consider the 

full range of loadings, the study was conducted in the following parts: 

load distribution characteristics for loads producing stresses in the 

elastic range; load distribution characteristics for loads producing 

stresses in the inelastic range. 

Load Distributions Through the Elastic Range: 

For the loadings producing concrete stressed in the elastic range, 

influence surfaces for deflection were developed. The bridge slab was 

sequentially loaded with an 8 kip load at five equally spaced locations 

along the center line of each box section. The displacement of each 

unit was measured at mid-span for each of the thirty load locations. 

Using r~axwell's reciprocal theorem, influence surfaces for deflection 

were obtained for a unit load applied to each box unit at mid-span. 

These surfaces are shown in Figure 2.7. 

The Guyon-Massonnet load distribution theory was used to predict 

lateral moment and deflection distribution coefficients for comparison. 
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This theory is based on converting the bridge deck to an equivalent 

orthotropic plate with equivalent average flexural and torsional 

stiffnesses. The problem is formulated by the following equation: 

Where 

+ D a4w = q 
y ay2 

W - Transverse displacement 

D.D - Flexural stiffness x y 

H - Torsional stiffness 

q - Load intensity 

22 

The Guyon-Massonnet solution (Levy Form) to the formulation takes 

the following form: 

for a sinusodial line load. Wm is the mean deflection found by equally 

distributing the line load over the entire width of the plate. Since 

the first terms of the solution for this particular loading produces 

95% of total deflection, a good approximation can be found from this 

first term. 

K = ~ 

~s a result the following coefficient can be defined. 

wl - - = k 
Wl 1 

The distribution coefficient K can be used for comparison and the 

actual deflections need not be considered. 

Values of K were analytically determined by considering a combi­

nation of flexural and torsional stiffnesses which best represented 
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the test results. The measured and predicted results are shown in 

Figure 2.8. The parameters a and e are used in the prediction relations. 

The values of e are representative of the transverse stiffness consid­

ering an effective thickness of cast-in-place slab over the joint 

of the precast channels, while the values of a are representative of 

the torsional stiffness of the composite box. As can be seen from 

the figure, the distribution characteristics change with the location 

of applied load. However, under the most critical condition, the 

distribution percentages are less than those for composite I-beam 

construction. It should also be noted that for load in the center 

region of the slab, the distribution characteristics are very similar 

to that of a monolithic plate with equal flexural stiffnesses in both 

orthogonal directions. 

Load Distributions Through the Inelastic Range: 

Since the bridge slab used in the study was to be loaded to failure 

for the purpose of evaluating the composite behavior of the member as 

the loads approached an ultimate value, the load arrangement was not 

ideal for load distribution studies. The loads used for this test 

series were one-third-point loadings to si :J:'.Jlate the trailer wheels of 

the standard AASHO HS20-44 loading as previously described in Art. 2.2. 

There were eight loads in total with four centrally located in each 

lane of the two lane bridge deck. This condition simulated trailers 

located in the center of each lane and symmetrically about mid-span. 

The loadi~g sequence was such that through the elasti~ range 

and approximately one-half way through the inelastic range each 
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lane was loaded independently. In addition, a single trailer 

located at the center of the bridge slab was loaded in each 

sequence. Each of these three locations, plus both lanes simu­

taneously, was loaded in a series of increasinq load levels ranging 

from 4 kips to 20 kips per ram. 
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Deflection values predicted by the Guyon-Massonnet theory for 

single concentrated loads were combined to produce predictions for the 

trailer wheel load combination. The values of a and e previously 

established were used for the elastic range. The values predicted 

were compared to measured displacements and a good correlation was 

again observed. When considering the inelastic range, an equal flexural 

stiffness in each direction was used to determine a and e. This led to 

predicted results that best fit the experimental values. These results 

indicate that the most critical lateral load distribution condition 

exists in the elastic range as opposed to the inelastic range or at the 

ultimate load. These results are shown in Figure 2.9. 

In addition to the comparison of the experimental displacements 

with those predicted by the Guyon-Massonnett theory, the measured dis­

tribution was compared with distribution coefficients recommended by 

the AASHO specifications. These results compare very well and are 

shown in Figure 2.9. 

In general the lateral load distribution characteristics of the 

proposed system were very good. Furthermore, for all practical design 

purposes, the lateral distribution behavior of the proposed system can 

he considered equivalent to a monolithic multicelled box slab. 
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2.6 FAILURE MODES OF SINGLE MEMBERS AND OF THE MULTI-UNIT SYSTEM 

The failure modes of the single members were quite different from 

that of the multi-unit system. This difference was due to the loss 

of composite action of the single member which did not occur in the 

multi-unit system. 

The loss of composite action in the single units was a result 

of the unconfined channel legs spreading, allowing excessive slips and 

slab separation at the time of failure. The actual failure occurred 

as a compression failure, or a combination of diagonal tension and 

compression failure in the upper portion of the channel legs. The 

same general mode of failure developed in all the single units tested 

in the program. The loss of composite action which resulted in the 

failures can be attributed to a wedging action of the shear connector 

designed to transfer the horizontal shear force between the two com­

ponents of the member. Detailed descriptions of the connectors and the 

failure modes were presented in Interim Reports 68-8 and 68-9. 

The multi-unit system failed in flexure with partial yielding of 

the prestressing strand and crushing of the composite slab. Prior to 

failure tension cracking had progressed through the entire depth of the 

channel and into the lower region of the top slab over the channel legs. 

Since no discernible slips or slab separation had occurred through the 

failure load, it was apparent that complete composite action was main­

tained. It is of interest to note that the same type horizontal shear 

connectors were used for the single unit members and the multi-unit 

system. The difference in the effect of the connectors was due to the 

restraint of the channel legs by the adjacent channels. As a result, it 
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was concluded that the type of connectors used in the model bridge slab 

was adequate for the proposed bridge deck system. A detailed description 

of the failure mode of the model bridge deck was presented in Interim 

Report 68-14. 



CHAPTER III 

ECONOMIC EVALUATION OF THE PROPOSED SYSTEM 

3.1 INTRODUCTION 

Before any new or different structural system can be adopted it 

must exhibit either superior structural performance, increased economy, 

or both, over existing methods of construction. With equality of these 

two primary considerations for two structural systems changing from 

one system to the other would not be warranted. To determine 

the economy of the proposed system, an economic evaluation of the 

proposed composite box bridge deck system was undertaken. 

3.2 METHOD OF EVALUATION 

One of the methods of obtaining a realistic cost evaluation of the 

proposed bridge system would be to compare the cost of actual bridge 

decks designed using the proposed members with the conventional 

superstructures which have been recently constructed in Missouri. 

Actual prices were available for the comparison structures and esti­

mated costs were only required for the proposed system. 

Three typical bridge structures were used as bases of comparison. 

These structures were selected to give a representative range of span 

length and to consider the most common types of bridge superstructures 

used for shorter spans in the Missouri Highway system. 

The first structure considered was a three span (34 1 
- 34 1 

- 34 1
), 

26-foot roadway, precast slab structure designated by A-214l. The second 

was a continuous composite I-beam structure with 26-foot roadway and three 



unequal spans (35 1 
- 43 1 

- 35 1
) designated by A~2039. The third 

structure had four spans (43 1 -. 70 1 
- 70 1 

- . 431)~ a 28-foot roadway, 
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a voided cast-in-place slab deck section and was designated by A-2416. 

Each of these structures was designed with AASHO H15 loading. The 

cross sections of the superstructures of these three bridges are 

shown in Figure 3.1. The bridges considered here were approved for 

construction in late 1966 and 1967. The Missouri State Highway 

Commission made available actual unit costs on these three structures 

to be used in the cost analysis. Quantities were also obtained from 

the Highway Commission for these superstructures and combined with 

the unit costs to produce a final cost to be used in the comparison. 

For the cost analysis, the superstructure of each of the three 

bridges was redesigned using the proposed composite box bridge deck 

system. The design procedure was siMilar to that used for the design of 

the test specimens with appropriate revisions. These revisions account 

for continuity with respect to live load over the supports at the 

interior bents, the recommended section revisions by the prestressed 

concrete producers, and the slab overhang recommendations made by the 

general contractors consulted in the study. The latter two of these 

revisions are discussed in the following articles. 

The channel sections as they are cast act as simply supported 

members as discussed in Chapter II. The dead load of the channel and 

of the cast-in-place top slab are supported by the channels as simple 

beams. However, after the cast-in-place top slab has cured and if this 

top slab is continuous and reinforced over the supports, any additional 
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loads applied to the deck will be resisted by the resulting continuous 

system. For the AASHO truck loadings considered in tne redesigns, tne 

design moments were determined for tnis continuous condition. Tne 

resulting cross sections of tne redesigned bridge decks are presented 

in Figure 3.2. 

The detailed design procedure for tne live load moments at mid­

span was the same as that for tne dead load moments. On the other hand, 

the design procedure for the live load moments over the support required 

the consideration of a combined condition of a prestressed compression 

zone and an ordinary reinforced tension region. The prestressed com­

pressive stresses were combined with compressive stresses resulting 

from the live load moments for consideration of the maximum allowable 

stress, while only the stresses due to the live load moment were used 

in determining the required tension reinforcing in this region. A 

detailed description of the design procedure and a revised computer 

program was presented in Interim Report 69-1. 

3.3 CHANNEL COST ESTIMATION 

The most economical prestressed concrete members are usually pre­

cast and pretensioned. The proposed composite box bridge deck system 

was designed utilizing this type of member. Since the channel portion 

of the proposed bridge deck is not drastically different from some 

commonly used precast pretensioned building members, prestressed con­

crete producers could be expected to estimate the production and 

delivery cost of the channel members with a reasonable degree of 

accuracy. 



'5 

15 

'5 

# 5 

KG 

15 ~ 

'50 

' 5 Span 2 "3 & 3-4 

30'-9" 

4'-0" 

3..:" para~olrc 
16 c rOVln 

4-
I 

N5Q12 'c ts 

# 5 ~ 12- '.: t .. 
, 6S Ii' ct~ 

Bents 2 &4 
Ben t 3 

Bridge A-2416 (H15 Loading) 
" ~ C1 "42' Beam 

• C3"69' Beam 
---.l2 Weight" 590 Lb Itt 

1 

~,C 
1£ 

;Iope 
C3-7-.z~@2·cts' .. 

~ 
~ lG I 

1B" 1 t 34' ;) ;n/ft n • __ . Tyr- e A Alt W',Ul Type B 
I I LL , / 113 . crow 9 1' I St'r r ups t'I 6 c ts 

':::::rrc:-~ ::....ffi' I • : ....... 1/....]. .' , 'm ' rid _--~l : 
, r" k 34·Lt::::==+==:.f.:=="::=~=o=:;z'.lJ Il ill. . ill. .Ill , " H. _. ~J ' : :4' l' 7' 7' 

6 @ 5 " 30-0 • , _ C1-16- 16 4' Cl-5' rr;0 

HA L F SECTION NEAR CENTER OF SPAN I HALF SECTION NEAR I NT. BENT 2 & <1 4~ C3-22 -~'~ C3-7 -{itJ 

28'-9" 

13'-0' 13'-0-

15 ~ B" cts . f 18 Shear Connectors @ 2'cts 

2'- 0' 2'- 0' 

~ 'H'~ ~ECTIO 'N NIOAR INT BION~9 5' 2'j'~~LF SECTION NEAR'-CEN' TER OFspl~P) 1 
28' -6" 

13'-0" 13'- 0" 6':9' 

2'-0" 3" 16 Parabolic Crow n , 8 St>ea r Connectors o!J 2' c ts. 

il; m/ft Crown 

18' 

9' 
3' 44 

26' 

End M idspan 

Bridge A-2039 (H15 Loading) 
2' 

I. ~=r~J6" ; 12 

1 ~ 2' Weight" 489 Lh/Ft 

I, Type A Alt wth Type B 
Stu-rups S 6· lc ts 

3'R3dlu$ I 

M idspc:-n 

Bridge A-2141 (H15 Loading) 
2" 

~ 12 

It I"', W.,,", 'r ",n 

~~I I 20" 

~.----+---~. ~_~./LJ ~ 
Slope ( ~' ~ , ( / I Ir ~2J 16 ~ "'-{! • ' . ., . 2· . 4"T- . ;" It~ ·- lOJ,i., ~.""/..p.-., ,-. .~~ ~ ."", ' F .-

5 8 5' 25'-0" 

HALF SECTION NEAR INT. BENT HALF SECTION NEAR CENTER OFSPAN 

Fig. 3.2 Redesigned Superstructures 

11" 
2 

: I 

1;'J L2" 
Type A Al t W,t h Type B 
Stirrups 86"ets . 

M Id span 

w 
w 



34 

An initial design of the three bridge decks to be considered was 

made sufficiently detailed to allow a realistic cost estimate of 

production. Several precast prestressed concrete producers in Missouri, 

Kansas, Iowa and Nebraska were contacted and asked to make cost 

estimates for the members resulting from the initial design. At the 

same time these producers were asked to make recommendations for any 

changes to the channel section or method of production. 

Three of the 1I1arger volume ll prestressed concrete producers re-

sponded to the request with both estimates and recommendations. The • 
member prices obtained from the producers are listed in Table 3.1 

on a square foot basis. These price estimates were made independently 

by each producer from the same information with no knowledge of the 

cost estimate of the other producers. In addition to the particular 

channel cross section, prestressing strand, and the span length, the 

producers were asked to consider a reasonable volume of production, 

rather than estimating on the basis of custom members. Since the 

variation in the price estimates for each of the members considered was 

small and since the estimates were independent, the values obtained 

should be quite realiable. 

The cost estimates furnished by the producers were made for the 

members delivered within a one hundred mile radius of the plant. In 

addition to including this transportation cost as part of the initial 

estimate, some additional transportation costs were furnished by one 

of the producers and are presented in Table 3.2. 

From the initial conception of the proposed system, it was anti­

cipated that the most economical method of production was the casting 

of the channels in an inverted position. However, the first 
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TABLE 3.1 

COST PER SQUARE FOOT OF PRECAST-PRESTRESSED CHANNELS 

Casting Depth/Lenath 
Producer Method 20"/33' 26"/34' 26"/42' 34"/42" 34"/69' 

No. 1 Inverted $3.15 $3.50 $3.75 $4.26 $4. Sl 

No. 1 Upright 3.2S 3.60 3.S0 4.0S 4.10 

No. 2 Upright 3.1S 3.S4 3.46 3.71 4.03 

No. 3 Upright 3.21 3.S2 3.81 4.4S 4. Sl 

TABLE 3.2 

TRANSPORTATION COSTS 

Mileage from Plant Cost Per Load 
to Job Site 

20 $34.00 
SO SO.OO 

100 77 .00 
1S0 104.00 
200 130.00 
2S0 1S7.00 
300 184.00 



36 

recommendation of two of the three producers responding to the request 

was that it would be more economical to cast the channels in the up­

right position as a result of high handling and inverting costs. The 

third producer was contacted and requested to provide estimates for 

both methods of production. As can be seen from the table, these prices 

vary such that the inverted casting method is more economical in the 

shorter spans and the upright casting method more economical in the 

longer spans considered. 

It was concluded from this information that the upright method 

of casting should be used for channel production. This method of 

production allows a desirable change in the horizontal shear connector 

arrangement. Rather than requiring a welded connector as originally 

proposed, a more conventional connector of U-shaped reinforcing bars 

extending from the top of the precast channel legs is recommended. The 

latter type connectors are conventionally used to develop composite 

behavior in standard precast prestressed I-beam bridge construction 

and were not considered in this study. 

The second recommendation from the producers was an alteration 

to the channel section and was of much less consequence than the 

method of production. The changes were the radius at the base of the 

channel legs and the slope on the inside of the legs. These changes 

were made to reduce stress concentrations at the intersection of the 

legs and the base of the channels, to reduce the channel dead load, and 

to aid in casting. These changes were incorporated into the design 

presented in Interim Report 69-1 and can be seen by comparing the 

channel sections of the test specimens (Figure 2.1) and those of the 

redesigned bridge decks (Figure 3.2). 
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3.4 CONSTRUCTION COST ESTIMATION 

In order to complete a cost analysis of the proposed composite box 

bridge deck system, an evaluation of the on-site construction cost was 

required. To accomplish this in a realistic manner, two general 

contracting companies with considerable experience in bridge construction 

were consulted. Since detailed plans were not available for an estimate 

to be made directly by the contractors, they were asked to furnish 

unit costs and methods of estimation for the proposed system. As would 

be expected, each of the companies consulted used methods of estimating 

that were slightly different and resulted in cost estimates with some 

variation. On the other hand, many of the unit prices and labor esti~ 

mates were very consistent even though each company ,~s effort was inde­

pendent and without the knowledqe of the other's work. 

Each of the companies considered the following items in the cost 

estimations: 

1. Erection cost which included both labor and equipment. 

2. Forming costs for both the slab overhangs and the curb and 

parapet. This item contained forming material as well as 

labor rates for the forming. The forms also include a 

working space outside the slab overhangs. 

3. Concrete, including the labor of casting as well as the 

material cost. 

4. Overhead, equipment, insurance and supervision. 

In addition, reinforcing steel was considered in the estimates; 

however, the Bridge Division of the Missouri Highway Commission furnish­

ed unit prices for this item which included material and placement labor. 
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The contractors were also consulted regarding the completeness of the 

estimate. Each indicated that this procedure would provide as complete 

an estimate as would be possible without detailed design drawings and 

knowledge of the locations of the structures. 

A complete listing of the two estimation methods was presented 

in Interim Report 69-1. In general the material and labor costs were 

the same for both methods. The three principal differences between 

the two estimation methods were in the erection of the precast pre­

stressed channels, forming of the slab overhang, and overhead. The 

differences resulting from the two methods of estimating partly account 

for the variation in superstructure prices presented. However, this 

variation is not large enough to discredit either estimation method but 

should be expected since both contractors did not make the estimate but 

simply furnished unit prices and methods. 

3.5 SUMMARY OF SUPERSTRUCTURE COSTS 

To complete the economic evaluation of the proposed composite box 

bridge system, the channel costs and construction costs were combined 

for the three redesigned bridge superstructures. These combined costs 

were compared with the cost of the original superstructures in order 

to make the evaluation. 

These combined costs were subsequently broken down into total cost 

and percentages of the total cost according to the following divisions: 

1. Overall costs including comparison with cost of the original 

structure. 

2. Percent for channel sections. 

3. Percent for on-site construction materials. 
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4. Percent for construction labor. 

5. Percent for equipment, overhead and insurance. 

Since four estimates for each channel section and two estimation 

methods were available, several total cost figures are possible. For 

comparison purposes high, low, and average values were considered. These 

total costs and percentages are presented in Table 3.3. 

A comparison between the cost of the bridge superstructures, as 

originally designed and constructed by the state and as redesigned using 

the proposed structural system, can be made by considering the cost per 

square foot prices listed in Table 3.3. Using the average estimated 

values, it can be seen that for the shorter span bridges, A-2141 and 

A-2039, the cost of the original superstructures exceeds the estimated 

cost of the proposed system by 10.2% and 12.7%, respectively. These 

values would indicate that, even with the conservative nature of the 

estimate, the proposed system does not appear to be significantly more 

economical than present types of construction. However, the estimated 

cost of the proposed system for bridge A-2416 is about 21.4% less than 

the actual cost of the voided slab original superstructure. It appears 

that for medium span ranges the proposed system has an economic advan­

tage. 

Several additional observations can be made from the values pre~ 

sented in Table 3.3. An examination of the variation between high and 

low values shows that the difference increases with span length. For 

the two shorter span structures the variation was approximately 6.5% 

of the average total cost, while this value increased to 16.0% for the 

longer span bridge. The cost of the channels makes up a large portion 



Sri dge Cost of Su~erstructure Saving Chann. Cost Mat 11 s 

Proposed System State (% of (% of 
Total $/sQ.ft. $/SQ. ft. total) total) 

A-2141 High $19,882.40 6.83 7.38 + .55 41.8 70.6 

Average 19,284.23 6.63 7.38 + .75 42.1 71.5 

Low 18,760.58 6.45 7.38 + .93 42.5 72.5 

A-2039 High 24,820.91 7.44 8.22 + .78 41. 5 71.6 

Average 23,956.68 7.18 8.22 +1.04 41.8 72.8 

Low 23,156.60 6.94 8.22 +1.28 42.2 74.0 

A-24l6 High 58,756.60 8.36 10.33 +1.97* 51. 2 74.0 

Average 54.376.58 7.74 10.33 +2.59* 52.1 76.6 

Low 50,088.78 7.13 10.33 +3.20* 52.8 79.2 

* For bridge A-24l6, the cost of the superstructure was increased by $.38/sq.ft. 
Actual savings would be 

High $1.97 - .38 = + $1.59/sq.ft. 

Average $2.59 - .38 = + $2.21jsq.ft. 

~-- - .. _- ---- ---
Low ______ _ $l.~O - .38 = + $2 .8gL~ ft-,_~ _ _ _ _ 
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of the total cost and accounts for a large part of the variation. The 

variation in channel costs was seen in Table 3.1 to increase with span 

length because of handling and casting problems. Due to the increased 

roadway width six channels were used for the longer span structure 

rather than five members as was used for the shorter span bridges. The 

combined effect of an increased number of members with increased channel 

cost variation for the longer span bridge largely accounts for the in­

crease in total cost variation. 

In addition, it can be seen from Table 3.3 that the channel cost 

accounts for about 45% of the total superstructure cost. The estimates 

for these members were made without the benefit of production experience 

and would be expected to reduce as this experience is gained. Because 

of the nature of the system, a reduction in the square foot cost for 

the channels results in a decrease in the square foot cost for the 

superstructure of about 87% of the reduction. consequently, a re­

duction in channel cost would correspondingly effect the total cost 

of the structure. 

Also the distribution of costs, as expressed by the percentages 

of the total superstructure cost, should be considered. For most 

bridge construction a minimum of 30% to 40% of the total cost of the 

structure is on-site labor cost, as compared to 10% to 15% for the 

proposed system. As a result, variations in the labor market and 

variations between local labor wage scales should have a light effect 

upon the cost of the structure. 
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In addition to the H15 loading, all three superstructures were 

designed for an HS20 loading. This resulted in an increase of cost 

averaging 1.73%. The cost results from the HS20 loading are given in 

Table 3.4 along with the H15 results for comparison. 

Table 3.4 

COST PER SQUARE FOOT FOR H15 LOADING AND HS20 LOADING 

Bri dge Bridge Bridge 
A-2141 A-2039 A-2416 

~ 15-44 HS20-44 H 15-44 HS20-44 H15-44 HS20-44 

High $6.83 7.00 7.44 7.54 8.36 8.49 
Average 6.63 6.76 7.18 7.30 7.74 7.87 
Low 6.45 6.56 6.94 7.05 7.13 7.23 

An item which cannot be considered from the information presented 

in this chapter and in Interim Report 69-1 is the reduced construction 

time which is possible with the proposed bridge system. An evaluation 

of the effect of construction time involves many factors which are 

known only after the bridge site has been selected and the construction 

is considered along with the total highway project. However, there 

are many times when the construction of a bridge, or bridges, is 

critical to the completion of a project, whereby the construction time 

becomes an economic consideration. 



4. 1 INTRODUCTION 

CHAPTER IV 

DESIGN CONSIDERATION 

The bridge system proposed in this study can be designed without 

any special considerations different from those normally considered in a 

bridge designed of precast prestressed concrete. However, there are 

features of the proposed system which warrant discussion. The items 

for which discussions are presented can be categorized as follows: 

1) Recommended cross-section dimensions and variations, 2) Recommended 

design considerations. The more important features of the design of 

the proposed system are presented in order that the designer can use 

the system with confidence. 

4.2 RECOMMENDED STANDARD CROSS-SECTION DIMENSIONS AND CHANNEL PLACEMENT 

In order to receive the greatest economic benefit from the proposed 

system, limitations on cross-sectional variations and member spacings 

are gi ven. 

1.) Cross-Sectional Variation: It is recommended that a cross­

section based on the dimensions given in Figure 4.1 be used for all 

channel sections with span lengths from 30 to 80 feet. The only change 

in the dimensions of the cross-section used to resist various bending 

moments is that of depth. As noted in Figure 4.1 the recommended 

variation in depth is limited to 4 inch steps with possible channel 

hei ghts of 20", 24", 28", 32" and 36". In additi on, with fi xed dimen­

sions of the base and a constant slope on the inside of the channel legs, 
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a single set of forms can be used to cast several depth members, which 

increases the economy of the system. 

2.) Void Forms: It is recommended that a single standard corru­

gated metal arch void form be used. The arch forms should be attached 

to the channel legs at the supports and with an adequate corrugation 

thickness combination to support workmen during construction. (An 

adequate combination found from the experimental work was corrugations 

of 3 1/2" pitch, 7/8" height and 26 gage thickness). 

3.) Variation in Bridge Deck Width: Since the structural perform­

ance of the proposed system is dependent upon the channel legs being 

restrained in the transverse direction, it is recommended that the 

channels be placed side by side with the variation in width of the 

bridge deck to be taken up by overhangs at the exterior channels. This 

arrangement is shown in Figure 3.2. In addition, it is recommended 

that the overhang be limited to a minimum of six inches and a maximum 

of three feet. When the overhang exceeds three feet, an additional chan­

nel can be added to reduce the overhang to within the recommended limits. 

4.3 RECOMMENDED DESIGN CONSIDERATIONS 

The purpose of this study was not to develop new and different 

design procedures, but rather to check the proposed system with respect 

to existing procedures and practices. As a result, the proposed system 

can be designed according to existing AASHO specifications. However, 

for the convenience of the designer the following items and additional 

recommendations are presented. 

1.) Channel Design: Standard prestressed-pretensioned design 

procedures can be used for design of the channels. The channel design 

should be based on a simple support for the dead load of the channels 
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and the cast-in-place top slab, with a continuous support for all live 

load received by the structure. 

2) Design of Connection at Interior Bents: Consideration of 

the problem of positive moments at the interior supports due to 

creep and shrinkage of the precast prestressed member was not within 

the scope of the experimental phases of the study presented here. 

However, the problem does exist and should be considered in the 

design of the proposed system. Methods for the design of continuity 

reinforcing for both positive and negative moments at the interior 

supports have been studied by other researchers. Methods were 

developed for continuous I-beam bridges (5) and then extended to 

other bridge members(6). It is recommended that this procedure be 

applied to the design of the continuity connection at the interior 

supports of the proposed system. 

3) Horizontal Shear Connector Design: The shear connector design 

and configuration presented in the study were based on casting the 

channels in the inverted position. The performance of these connectors 

was adequate; however, it was shown to be most economical to cast the 

channels in the upright position, and as a result standard composite 

design procedures and connectors can be used for horizontal shear. 

4) Design of Top Slab Transverse Reinforcing: The design of the 

top slab reinforcing presented in the interim reports considered a 

transverse strip of the slab as a haunched beam. For the single units 

the haunched beam was considered to be simply supported and for the 

multi-unit bridge deck the beam was considered to be continuous over 
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the supporting channel legs. This procedure would appear to be very 

precise; however, after comparison of design moments it was concluded 

that the results found by the standard AASHO design procedure differ 

from those found by the haunched beam method only slightly. As a re­

sult, it is recommended that the standard AASHO procedure be used to 

obtain moments for design of the top slab of the proposed system . It 

should also be pointed out that the actual depth of the section being 

considered should be used for design. In addition, due to the variation 

in depth, the transverse reinforcing can be straight and still provide 

the necessary reinforcing in both the positive and negative moment 

regions. 

5) Reinforcing at Diaphrams: Transverse reinforcing at each 

diaphram and at supports should be used according to present convention. 

Due to the method of forming diaphrams (terminating the void for the 

width of the diaphram), it is recommended that the reinforcing in the 

diaphrams either pass through the interior channel legs or be anchored 

to the legs in a manner similar to that used for precast-prestressed 

I-beam bridge construction. 

5) Long Time Deflections: Since the long time deflections of 

any concrete beam, non-prestressed or prestressed, are unpredictable, 

it is recommended that the design of the channel members be such that 

the deflections under sustained loads are zero or upward. Theoretically 

a concrete member with zero deflection (the zero displacement is based 

upon the initial horizontal member prior to the transfer of the pre­

stressing force) will have a zero curvature and, as a result, only 

axial shortening due to creep. 
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As initially stated, tne proposed bridge system can be designed in 

accordance witn the existing AASHO specifications witn satisfactory 

results. The considerations and recommendations presented in this 

chapter are intended to be an assistance to the designer rather tnan 

additional conditions necessary for adequate structural performance of 

the bridge. 



5.1 CONCLUSIONS 

CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

Based on the results of the study as presented in the interim pro­

ject reports and summarized in this final project report, certain con­

clusions can be drawn. The conclusions made here are very general in 

nature. For more detailed information and conclusions the reader is 

referred to the interim project reports (1, 2, 3, 4). 

1. The structural performance of the proposed system was 

predictable by conventional prestressed and reinforced 

concrete theories for both the working range and at ultimate. 

2. The system was more economical than the comparison structures, 

irrespective of the type of construction and span length 

of those considered. The percent decreases in super­

structure cost based on an average estimated value ranged 

from 21.4% for the 43'-70'-70'-43' voided slab bridqe to 

10.2% for the 34'-34'-34' precast slab bridqe. In 

addition the cost is essentially unaffected by a change 

from H15-44 to HS20-44. The average change in super­

structure cost between the two loading conditions was 

approximately 1.7%. This comparison did not consider 

other types of precast prestressed construction, primarily 

since they are not in use in Missouri. However, based 

on the cost differential between the proposed system and 

those considered for comparison, this system should at a 



minimum, be competitive with conventional precast 

prestressed I-beam and box-girder bridge construction. 

3. There are limitations of economical span lengths for 

the proposed bridge system. These limitations are 

determined primarily from deflections of the channels 

when subjected to the dead load of the cast-in-p1ace 

top slab, and from limitations fixed from transportation 

restrictions. The most feasible span range appears to 

be from 30 feet to 80 feet for the recommended section 

depths. 

4. Even though the experimental studies were conducted with 

all normal weight concrete, there were no results which 

would indicate that light weight concrete could not be 

used for either the channel or the cast-in-p1ace top slab. 

The time-displacement results (1) indicated a minimum 

change in displacement due to curing of the top slab, which 

in turn indicates a minimum effect of shrinkage. Provided 

low shrinkage, low creep concrete is used, either or both 

components of the proposed system could be constructed 

from light weight concrete. 

5.2 RECOMMENDATIONS 
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The following recommendations are made based on the results of the 

study being summarized in this report. 

1. It is recommended that two trial structures be 

constructed using the proposed system. The first should 

be in the 30· -40· span range with the second being 



in the 70· -80· span range. Studies of the actual 

construction cost for these structures should be made 

to substantiate the economy indicated by the cost 

estimates of the economic evaluation phase of this 

project. In addition, a limited short and long time 

deflection study of the trial structures should be 

conducted. 

2. Since the deflections due to sustained loads are critical 

to the design of the proposed system, it is recommended 

that a limited study be conducted to examine methods of 

controlling deflections through temporary supports. It 

is probable that the member size and cost can be reduced 

for systems which are designed with a limited number of 

temporary supports during placement and curing of the 

cast-in-p1ace top slab. 

3. Due to the span length limitation resulting from trans­

portation restrictions and the increased span length 

requirements for overpass structures, it is recommended 

that a study be conducted to determine the feasibility 

of splicing the channel members in the positive moment 

region. This splicing capability would allow precast 

channels to be used without the transportation or handling 

limitations which exist at this time. 
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