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ABSTRACT 

Bridge deck replacement using precast concrete panels minimizes 

replacement time as well as traffic interference. An experimental study 

consisting of a repetitive load test on a 1/3 scale model of a 60-ft I-beam 

composite bridge with precast concrete panels connected with epoxy mortar and 

shear stud connectors is described here. 

Two million load cycles of an equivalent HS20-44 AASHTO design truck were 

applied to the model while deflections, flexural strains and slip 

displacements were continuously instrumented to determine changes in the 

flexural properties of the bridge or deteriorations at the interface 

connections. 

The results were analyzed and revealed no significant changes in the 

flexural properties after the two million cycles were applied. There was also 

no evidence of any epoxy mortar bond failure at the interface even though the 

amount of bond area was minimized. The epoxy mortar bond, although it is not 

considered for design, prolongs the fatigue life of the mechanical shear stud 

connectors. It is concluded that this type of construction yields a very 

fatigue-resistant interface connection. 
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C HAP T E R I 

INTRODUCTION 

Nature of the Problem 

The installation of full-depth precast concrete panels has become a 

popular method for replacement of deteriorated bridge decks. The modular 

precast panels are connected to steel I-beams using epoxy mortar grout and 

standard shear stud connectors to assure the horizontal shear transfer 

required for composite action. Epoxy mortar-grouted key joints are employed 

for the transfer of compressive normal forces between adjacent precast panels. 

Both connections are required to develop full composite action. 

The construction method currently employed typically calls first for the 

removal of the deteriorated deck and existing shear connectors, leaving the 

top flanges of the I-beam stringers clean and bare. The modular precast 

panels are then laid on top of the I-beam floor system with or without the use 

of bearing pads or strips; the gap between the panels and the stringers is 

completely sealed and subsequently grouted with epoxy or polymer mortar. 

Adequate mechanical shear connectors are then welded to the top flange through 

molded openings in the concrete panels. Finally, the openings and the key 

joints between two adjacent panels are also grouted. After the grout has 

cured, the bond at the interface and the shear connectors, along with the 

continuity provided by the grouting of the key jOints, forces the steel 1-

beams and the modular precast concrete panels to act as an integral unit in 

resisting structural loads. 

The composite interaction between the steel I-beams and the precast 

panels is carried by the epoxy mortar bond unless there is a bond failure at 

the interface. In this case, the mechanical shear stud connectors would carry 

the horizontal shear forces for the necessary composite interaction. 

These precast concrete decked bridges are being extensively subjected to 

repetitive highway loadings which may fatigue first the adhesive bond provided 

by the epoxy mortar and then the mechanical shear stud connectors. In the 
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presence of the adhesive bond, the shear connectors carry very little load 

because most of the shear transfer is performed by the epoxy mortar layer at 

the interface. Thus, the fatigue life of the total connection would be the 

sum of the fatigue life of the epoxy mortar bond plus that of the shear 

connectors. Therefore, in effect the adhesive bond tends to extend the 

fatigue life of the mechanical shear connectors. 

The general objective of this investigation was to determine whether or 

not existing AASHTO fatigue design specifications are adequate for the 

composite connection between I-beams and precast concrete panels. The results 

of a test on a 1/3 scale model of a 60-ft long prototype bridge subjected to 

repetitive HS-20 loadings are reported. 

Previous Tests on Precast Concrete Decking 

Laboratory static tests to determine the adequacy of the shear connection 

between precast concrete panels and steel stringers have been conducted. 

First, a 20-ft long simply supported two-stringer model bridge was subjected 

to positive (sagging) bending moment by applying concentrated loads at the 

third points (2). The magnitude of the load was limited so that the elastic 

limit would not be exceeded because of planned subsequent experiments like 

fatigue, negative moment test and ultimate and punch-through tests. This 

positive moment test revealed that the interface epoxy mortar bond and the 

shear stud connectors, along with the grouted key joints, develop nearly 100% 

composite behavior. It also revealed that the relative slip between the 

precast slab and the stringers was negligible, despite the fact that during 

construction of the test specimen the epoxy mortar was deliberately applied 

to only 50% of the top flange area. It was also concluded that stiffness of 

the interface connection was almost entirely provided by the thin layer of 

epoxy mortar. There was no evidence of load being carried by the shear stud 

connectors (~). 

The same specimen was subjected to negative (hogging) bending moments by 

anchoring the ends and applying upward concentrated loads at the midspan (2). 
It was reported that the structure behaved compositely at all times; however, 
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the tensile strengths of the key joints and of the concrete were not 

sufficient to maintain the full integrity of the precast deck. Failure 

occurred in the panels at the key jOints, causing vertical cracks and reducing 

the composite sectional properties in a region of length approximately 18 

times the slab thickness. No damage to the interface connection was observed. 

Previous Research on Fatigue Strength of Shear Stud Connectors 

The fatigue strength of shear connectors embedded in concrete and epoxy 

mortar may be different because of the difference in the elastic modulus of 

the embedment material. However, comparisons made by King, et ale (1), of 

tests on bare stud and push-out tests of concrete embedded studs revealed that 

the fatigue strength of stud connectors is about 2-1/2 times greater when the 

studs are not embedded. This comparison is made in Figure 1. It is concluded 

that the fatigue life of shear stud connectors is inversely dependent on the 

elastic modulus of the grouting material. Therefore, since values for the 

elastic modulus of epoxy mortar range from 500 to 5000 ksi, and values for 

concrete range from 3000 to 6000 ksi, it is expected that the fatigue strength 

of steel stud connectors embedded in epoxy mortar is greater than those 

embedded in concrete. 

The aspect of fatigue strength of shear stud connectors in typical steel

concrete composite construction has been determined experimentally by means of 

beam and push-out tests by several investigators. Only the work that led to 

the current AASHTO Specifications on fatigue design of shear stud connectors 

is reviewed here. 

Tests on seven composite beams with 3/4 in. diameter stud shear 

connectors are reported by Toprac (12). Each specimen consisted of a 36-ft 

long, W24X68 I-beam and a 6-in. thick, 6-ft wide slab. Any possible concrete 

bond to the I-beams was eliminated by oiling the top flange before casting. 

The repetitive loading tests showed that stud failure was progressive in 

nature and that dramatic increases in end slip and midspan deflection occurred 

only when most of the studs on one side had failed. Toprac concluded that the 

overall behavior was not sensitive to individual stud failure. 
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Repetitive loading tests were also performed on twelve beams with 1/2 in. 

diameter shear studs by King, et ale (1). The typical beam specimen consisted 

of a W12X27 I-beam and a 4-in. thick, 4-ft wide concrete slab spanning 15 ft. 

The number and spacing of shear connectors was identical for all beam 

specimens; only the load range was varied. The concrete bond to the top 

flange was not neglected. The results are in general agreement with those 

reported by Toprac. However, valuable observations were also made about the 

concrete bond failure. The first decrease in composite interaction occurred 

as a result of the concrete bond failure, which was observed in the first 

5,000 to 10,000 cycles of loading for all specimens. This failure started at 

the end of the member and progressed toward midspan. Thus, end shear connec

tors are the first to undergo an increase in stress due to the bond failure. 

Fatigue tests on 44 push-out specimens reported by Slutter and Fisher 

(ll) formed the basis of the current AASHTO Bridge Specifications (l) for 

fatigue design of shear stud connectors. Studs of 3/4 and 7/8 in. diameter 

were tested. The principal conclusion was that the stress range applied to 

the shear studs was the most important parameter affecting the fatigue life; 

the minimun stress level as well as the concrete strength were relatively 

unimportant. With stress reversals, the life of the studs was significantly 

longer for a given range of stress. The S-N curve resulting from the push-out 

tests is shown in Figure 2. Figure 3 shows a comparison of S-N curves between 

the push-out tests and the beam tests reported by Toprac and King, et ale It 

is observed that results from push-out tests yield a conservative result. 

Description of Prototype Bridge and 1/3 Scaled Model 

To establish a basis for design of the model, a typical design of a two

lane, 60-ft. nominal span bridge was selected from the Standard Drawings of 

Steel I-Beam Bridges of the Texas Highway Department (11). A typical cross 

section is shown in Figure 4-a. The stringers are old standard 36WF150 rolled 

sections, spaced at 8 ft center to center. One significant feature is that 

welded cover plates 3/4 in. thick, 10 in. wide, and 40 ft long were used top 

and bottom. 
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It was assumed that the existing deck of such a bridge would be replaced 

by a series of full-depth, 8 in.-thick precast panels typically 6 ft-Iong. A 

detail involving standard welded stud shear connectors and epoxy mortar would 

be used (i). The average nominal gap between the top of the stringer and the 

bottom of the precast panel would be 3/4 in. A side view of the prototype 

stringer and replacement panel is shown in Figure 4-b. It was further assumed 

that an isotropic reinforcement system consisting of same size bars, spaced 

equally both ways top and bottom, would be used for the precast slabs. Such 

reinforcement, for cast-in-place decks, is specified by the Ontario Bridge 

Design Code (8), and has been used experimentally by the New York State 

Department of Transportation (~). 

Considering the facilities available, and upon review of the experience 

of models at other installations, a 1/3 scale was selected. Dead load and 

mass density effects were not included, considering that the composite action 

is engaged primarily to resist live loads only. This greatly simplified the 

design and loading scheme of the model. Necessary dimensional analyses were 

performed to scale the structural mechanics parameters in relation to live 

load only (.2). 
A 16 ft typical width of the prototype, including two interior stringers, 

was modeled. It was considered important to physically include cover plates 

in the model in order to simulate a realistic construction situation. A 

schematic layout of the model is shown in Figure 5. The value of the 

sectional property parameters of the prototype, an ideal 1/3 scale model, and 

the calculated values of the actual model design are shown in Table 1. 

Model Stringer and Shear Connectors 

The computed sectional properties of the stringers could ideally be 

obtained by welding plates cut to precise dimensions. However, a number of 

fabricators indicated that it would be difficult to mantain proper alignment. 

A compromise design was reached by using W 12x19 beam sections modified in 

the following manner: Cover plates, 3/16 in. thick, 2-3/4 in. wide and 13 ft-

4 in. long were welded top and bottom, and both sides of top and bottom 

7 
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TABLE 1. Composite Sectional Properties of Prototype, a 1/3 
Ideal Model, and the 1/3 Design Model (2). 

Composite 
Sectional Prototype 1/3 Ideal 1/3 Des1gn 
Parameter Model Model 

, , 

I, in 34370. 424.32 424.06 
1nches4 

Q, in 871.32 32.27 32.55 
inches3 

Sto~' in 2878.08 
inc es3 

106.04 105.92 

Sbot, in 1029.1 38.11 37.87 
inches3 

I/Q, in 39.45 13.15 13.03 
inches 

I 
I 

.' 

I, in 
inches4 

25778.7 318.26 324.78 

Q, in 
° inches3 

713.77 26.43 27.08 

Sto~' in 
inc es3 

2453.7 90.88 91.37 

Sbot, in 
1nches3 

756.32 28.01 28.34 

I/Q, ; n 36.12 12.038 11.99 
inches 

10 



flanges at each end were coped by grinding away a 3/8 in. wide and 34-1/2 in. 

long strip from each edge. The design of the model stringers is shown in 

Figure 6. 

In order to simulate realistic construction, available standard headed 

studs, 1/4 in. diameter, and 2-1/2 in. long were used. The shear studs were 

placed in pairs, with a lateral spacing of 1-3/4 in. and a longitudinal 

spacing of 6 in. center-to-center over the entire length of the model 

stringers. 

Model Precast Concrete Panels and Reinforcing Steel 

The overall dimensions of a typical, full depth, 1/3 scale precast 

concrete model panel is shown in Figure 7-a. Ten such identical panels were 

used in series to form the deck of the model span. The blocked-out holes were 

designed and positioned to fit over the headed studs which had been previously 

welded on the model stringers. Figure 7-b shows the details of the transverse 

joint between adjacent slabs. 

Welded wire fabric, 3. x 3. - D3 x D3, was used as top and bottom 

reinforcement for the precast slab panels. This essentially eliminated all 

problems related to modeling the reinforcement. The mesh was equivalent to 

deformed 0.195 in. diameter bars spaced at 3.0 in. both ways. The steel area 

provided, with respect to the gross cross-sectional area of the slab, is 

0.38%. This is less than the conventional steel requirement regarding 

transverse flexure, and it slightly exceeds the usual longitudinal 

distribution steel requirements of the AASHTO bridge specifications. The 

isotropic reinforcement provided, however, exceeds the requirements of the 

Specifications of the Ontario Highway Department and the practice of the New 

York State Department of Transportation. 

Model Concrete Slab Casting 

To model the concrete to the extent possible, nominal 3/8 in. maximum pea 

gravel, passed once through 1/4 in. sieve, was chosen as the coarse aggregate, 
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and fine masonry sand was selected as the fine aggregate. The gradation of 

the coarse and fine aggregate, respectively, was nearly within the 

geometrically scaled down limits of AASHTO requirements. Because of the 

presence of a higher proportion of fines than in usual concrete, a larger 

amount of water was needed to obtain proper workability, and consequently, a 

relatively large cement factor of 9 bags per cubic yard was needed to obtain 

the necessary strength. 

The panels were cured using wet burlap. Test cylinders of sizes 2 in. x 

4 in. and 4 in. x 8 in. were also cast. All cylinders tested at over 6000 

psi., in compression, at 28 days. 

-Epoxy Mortar 

Texas Highway Department Standard Epoxy Binder B-102 was selected. It 

has customarily been used as a binder in a patching compound to repair 

existing concrete structures. It was not formally classified in accordance to 

the recent ASTM C-881 Specifications. However, it is similar to the ASTM Type 

III, Grade 1, Class C epoxy. 

A compromise was made between using graded silica sand and common 

construction sand. Commercially available sandblasting sands, namely Texblast 

grades No.2, No.3 and No.4, were considered. On the basis of sieve 

analyses, a 50-50 percent blend of Texblast No. 2 and No. 4 was selected. 

This blend meets the requirements of THD Grade No. 1 aggregate which is 

specified for mixing with B-102 epoxy compound (1..1). 
The design of epoxy mortar mix was based on needed workability. Trial 

batches were made with sand to epoxy weight ratios of 2.75 to 3.50 at 

incremen ts of 0.25. 

A sand-to-epoxy weight ratio of 3 to 1 was selected to produce a 

trowellable mix which would be used to cast the pockets around the pairs of 

shear studs. A weight ratio of 2.75 to 1 was selected to produce a flowable 

mix which would be poured into the transverse keyways between adjacent slab 

panels. 
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Objectives of Study 

The general objective of this investigation was to determine whether or 

not existing AASHTO fatigue design specifications are adequate for the 

composite connection between I-beams and precast concrete panels. This 

objective is accomplished by evaluating the overall performance of the 1/3 

scale model bridge when two million load cycles of an equivalent AASHTO 

HS-20(44) truck are applied. 

The performance is evaluated by measuring the following parameters 

throughout the test: 

a) bridge deflections at the quarter points of the bridge, 

b) flexural strains, to estimate the cross-sectional properties of the 

bridge model, and 

c) relative slip displacements between the precast concrete modules and 

the model stringers at different locations. 

Scope of the Study 

This laboratory work is limited to a scale model test. A scale factor of 

1/3 is used. Consequently, the dimension parameters are scaled by 1/3, the 

force quantities by 1/9 and stresses by unity. Dead load effects were not 

modeled; however, only live loads act on the composite sections if no shoring 

is used during construction. 

This study is limited to the amount of obtainable information. Only 16 

channels of information were collected, three for deflections, eight for 

strain gages to measure the flexural strains, and five for displacement 

transducers to measure slip displacements. 

The HS-20 moving truck loads are applied as fixed concentrated loads 

distributed over each model stringer, placed to provide the design shear over 

a portion of the model structure. 

15 





C HAP T E R I I 

ANALYTICAL WORK 

General 

The analytical work discussed in this chapter has a primary objective of 

providing simple theoretical solutions for verification of the experimental 

results to be obtained in the test. Static and dynamic analyses are performed 

to model the scaled bridge behavior assuming Euler beam theory. However, 

instead of following the procedure for determining the wheel load distribution 

on the I-beams outlined in the AASHTO specifications (l), a more rational 

procedure based on orthotropic plate theory is used. 

To simulate HS-20 truck loads, it is considered that only repetitive 

vertical shear forces are likely to deteriorate or fatigue the shear stud and 

the epoxy mortar connection performing the horizontal shear force transfer, 

thus only the maximum live-load plus impact shear is used as criteria to 

determine the equivalent truck loads to be applied to the 1/3 scale model 

bridge. 

This equivalent truck load is designed to be of the form of two fixed 

equal concentrated loads over each of the model stringers harmonically varying 

in time. Then, the Euler beam model that is used in the static and dynamic 

analyses is shown in Figure 8. Table 2 shows the main sectional parameters 

that are involved in the analyses. 

The dynamic response of the structure is easily obtained in closed form 

solution using sine series approximations. Thus, the static results are also 

expressed in series form because dynamic amplification factors are to be 

obtained. Dynamic amplification factors are defined as the ratio of the 

maximum dynamic response to the static response. 

16 
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Figure 8. Euler Beam Model. 

TABLE 2. Bridge Model Sectional Parameters. 

Parameter End Section Middle Section 

Moment of 
Inertia I1 316. I2 = 424. 
(in.4) 

Mass Moment 
of Inertia Im1 = 563. Im2 = 411 • 

(in.4) 

Distributed 
Mass m1 = .00244 m2 = .02355 

(lb-sec/in. 2) 

Shear Area 
As 

(in. 2) 
2.92 2.92 
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Wheel Load Distribution Factor 

The wheel load distribution factor obtained for the 60-ft prototype 

bridge is based on orthotropic plate theory and the work performed by Sanders 

and Elleby (lQ). The maximum wheel load distribution factor is a function of 

the following principal variables: 

a, the relative torsional stiffness parameter, 

e, the relative flexural stiffness parameter, 

W, the actual width of the bridge structure and 

Nw' the number of longitudinal lines of wheel load. 

The flexural parameter e and the torsional parameter a are computed 

using the following formulas: 

and 

where 

L span length 

W bridge width 

a = ...L ':/~' 
2 L Dy 

a = Dxy + Dyx 

2 ../Dx Dy , 

Dxy torsional stiffness in the longitudinal direction per unit width, 

Dyx torsional stiffness in the transverse direction per unit length, 

Dx flexural stiffness in the longitudinal direction per unit width, and 

Dy flexural stiffness in the transverse direction per unit length. 

The calculations for the parameters e and a for the prototype bridge 

are shown in Appendix B. The corresponding computed values are: 

a 0.74 and a = 0.24 
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With the above values, the factor D is obtained from Table 3 to be used 

in computing the wheel load distribution factor LF, by the formula: 

LF 

where, 

S transverse stringer spacing 

D factor obtained from Table 3. 

S 
D 

Therefore, after substituting all the values into Equation 3, a wheel 

load distribution factor of 1.33 is calculated. Notice that it is a different 

factor from the 1.45 suggested by the AASHTO Specification procedure. 

Maximum Loads on Prototype Bridge 

A static analysis is performed on the 60-ft prototype bridge to determine 

the maximum bending moment and vertical shear distributed over an interior 

strin~er produced by an HS-20 AASHTO design truck. The analysis is shown in 

Appendix C. 

The maximum live load plus impact bending moment is 681.2 k-ft and the 

maximum reaction and shear is 51.3 kips. 

Static Analysis of 1/3 Scale Model 

The Rayleigh-Ritz method is used to determine the static deflection and 

moment solutions. First, the deflection of the beam is approximated by a sine 

series function of the form: 

00 

w(x) = L 
n=1 

( n7TX ) 

L 

The total strain energy due to bending is evaluated using the classical 

expression: 
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TABLE 3. Theoretical Values of D in L.F.= SID (lQ). 

VAtU':' OF D FOR DRIDGI: WIDTH, W, AND (N .. ), NO. OF WHEEL LOADS 

2~ FT 33 FT 37 t"]. 39 FT 41 FT -15 FT 49 FT 51 FT 53 FT 57 FT 61 FT 75 FT 
II a ( .. I) (4) (-I) (6) (6) (6) (6) (8) (8) (8 ) (8) " ( 10) 

O.:!; o.no 5.66 5.23 5.16 5.17 5.20 5.27 5.13 5.10 5.08 5.08 5.12 5.04 
0.0-1 5.97 5.78 5.82 5.87 5.88 5.n 5.68 5.68 5.70 5.76 5.65 5.63 
0.16 6.3~ 6.59 6.85 6.23 6.25 6.34 6,49 6.17 6.18 6.2-1 6.32 6.10 
0.36 6.60 7.12 7.55 6.33 6,46 6.73 7.01 6.24 6.34 6.54 6.75 6.16 
0.6'" 6.71 7042 7.97 6.38 6.58 6.95 7.32 6.27 A 6.43 6.71 6.99 6.18 • 
1.00 6.78 7.61 8.25 6 .... 0" 6.64 7.08 7.52 . 6.29" 6.48 6.81 7.14 6.19 " 

0.50 0.00 5.81 5.53 5,44 SA:! S,43 5.47 SAl 5.36 5.33 5.30 5.32 5.25 
N O.O..J 5.89 5.70 5.63 5.63 5.64 5.67 5.57 5.53 5.51 5.50 5.53 5.45 
0 0.16 6.06" 6.07 6.10 6.09~ 6.07 5.97 5.95 5.95 5.95 5.95 5.90 5.86 

0.36 6.17 ~ 6,47 6.62 6.15 " 6.:!4 6.29 6.36 6.03 a 6.16 6.20 6.24 6.03" 
O.6..J 6.28" 6.79 7.08 6.20" 6.36 6.54 6.71 6.08" 6.26· 6.40 6.53 6.06" 
1.00 6.38" 7.05 7.45 6.25 • 6.46 6.72 6.98 6.12 " 6.31 A 6.55 6.75 6.09" 

0.75 0.00 5.13 A 5.52 " 5.86 5.58 a 5.64" 5.73 5.74 5049" 5.54" 5.66· 5.65 5.62 
0.04 5.21· 5.63 .. 5.92 5.63 • 5.71- 5.83 5.86 5.54· 5.60 A 5.73· 5.73 5.69 A 

0.16 SAl" 5.89" 6.09 5.76" 5.86" 6.00 5.99 5.65 " 5.73 A 5.90· 5.96 5.77 " 
0.36 5.62~ 6.18 a 6.33 5.88 " 6.02 " 6.15 6.17 5.76" 5.8JA 6.09" 6.12 5.85 " 
0.64 5.82 • 6.43 6.61 5.99· 6.16 • 6.30 6.39 5.86" 5.99" 6.23 6.29 5.92 " 
1.00 5.98· 6.64 6.88 6.08- 6.27- 6.45 6.59 5.94· 6.09· 6.35 6.45 5.97-

1.00 0.00 4.64" 4.88 " 5.15 a 5.29" 5.29" 5.30· 5.37" 5.20" 5.20· S.2P 5.29" 5.44· 
0.04 .... 73 a 4.98 " 5.26 3 5.35 " 5.36" 5,40" 5,48" 5.25 " 5.26" 5.31 " 5.39 a 5.48" 
0.16 4.93" 5.24 " 5.56" 5..19· 5.54" 5.62- 5.7'" " 5.38 • 5,42" 5.50" 5.61" 5.58 • 
0.36 5. u~ a 5.56 • 5.9:! • 5.66" 5.73 " 5.SS" 6.04" 5.52 • 5.59- 5.73 .. 5.87 " 5.68 " 
U.64 5,41 " 5.87" 6.27 " 5.79" ~.91 a 6.12· 6.21 5.65 " 5.74" 5.93 • 6.11· 5.77 • 
1.00 5.61" 6.14 " 6.54 5.91 " 6.05 " 6.29 6.36 5.76- 5.87 • 6.10- 6.32 • 5.85 -

1.25 n.oo 4.42 " 4.58" 4.79" 4.91 " 5.04· 5.15 " 5.16 - 5.06" ·S.OS- 5.06· S.lOA 5.28 -
O.()..J 4,49" 4.66" 4.88" 5.00" 5.13 " 5.22· 5.24· 5.10" S.lOa 5.12 • 5.17· 5.34 a 

0.16 4.65" 4.S6 u 5.10" 5.24" 5.37" 5.40· 5.44" 5.21" 5.23 - 5.28 • 5.35 " 5.45" 
(U6 4.86" 5.13 " SAP 5.50· 5.54 a 5.63 " 5.70· 5.34· 5.39 a S,48 a 5.57 a 5.55 a 

0.64 5.08 a 5.42" 5.96· 5.64" 5.71 • 5.85 a 5.97 • 5.47 • 5.54- 5.67.~ 5.8P 5.64 a 

1.00 5.29" 5.70" 6.06" 5.76· 5.86· 6.05" 6.20 5.59 D 5.67· 5.85" 6.02· 5.73· 

a Controlled b)' central Joading.: other nlues controlled by eccentric Il)ading.. 



= 
1 

2 

L 
J EI{x) { w{x)" }2 dx 
o 

Since the beam model has three distinct sections with different moments 

of inertia, Equation 5 becomes: 

1 a 
Ub = '2 E [2 11 J { vex) II } 

2 d x + 
o 

L-a 
12 J { w{x)" }2 dx ] 

a 

Differentiating Equation 4 twice, and substituting the results into 

Equation 6, the strain energy due to bending Ub, is found as: 

wn
2 n4 1f2 E In 

where, 

a 2n 1f a 
I = 12 - 2 (12 - 11) {- - sin( ) } 

n L 21fn L 

The total work done by the applied concentrated load is: 

W = 
p 

--w 2 n 
. (n'lrb) n1fc) } sin - + sin{--

L L 

(6) 

(7-a) 

(7-b) 

(8) 

Therefore, the principle of total potential is used to determine the 

unknown coefficients. First, the following expression is utilized: 

(9) 

Substituting Equations 7 and 8 into Equation 9 and then differentiating 

the results with respect to the deflection coefficient wn and setting the 

results equal to zero, wn is determined to be: 

{ sin( n 1f b ) 
L 

+ 
n1fc 

sine -) } 
L (10) 

Equation 10 is now substituted into Equation 4. Thus, the sine series 

solution for the beam deflection is given by: 
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w(x) = 
co 

t 
n=l 

n ~ b n ~ c) } 
{sine .. L ) + sine L 

sin ( n ~ x ) 
L 

(11 ) 

A bending moment expression is easily obtained by employing the classical 

equation for an Euler beam: 

M(X) = - EI w(x)" 

Differentiating Equation 11 twice with respect to the variable x and 

substituting the results into Equation 12, the following sine series 

approximation is obtained for the bending moments: 

M(x) 
co 

= .q E 1- { sine ~ ) + sine ~) } sine ~ ) 
~ n=l n2 L L L 

(12 ) 

(13 ) 

The static analysis is now concluded. The sine series solution for the 

static deflection and moment given by Equations 11 and 13 are later compared 

with the respective dynamic solution to determine dynamic amplification 

factors. 

Dynamic Analysis 

A dynamic analysis was performed on the beam model subjected to a 

harmonic loading as shown in Figure 8. The Rayleigh-Ritz method is employed. 

First it was assumed that the displacement at any location of the beam as a 

function of time is equal to a shape function ~n(x) times the amplitude of 

motion Yn(t) in terms of the generalized coordinates. Thus, the general 

displacement function w(x,t) can be expressed as: 

(14 ) 
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Conventional expressions for the maximum strain energy and the maximum 

kinematic energy are obtained. By equating these two expressions, the natural 

vibration frequencies can be determined. The natural eigenfrequencies are 

gi ven by (§): 
L 

J EI (x) { • (x) " } 2 d x 
o 
L 

J m (x) { '(x) }2 dx 
o 

(15) 

The above expression is valid for any Euler beam model. The specific 

expression for the eigenfrequencies for the bridge model is developed in the 

next section. 

Determination of Model Eigenfrequencies 

In order to determine the natural eigenfrequencies for the model bridge, 

a primary shape function is assigned to be an arbitrary sine wave function 

satisfying the assumed pin-roller support boundary conditions. Therefore, 

4> n (x) is defined as follows: 

nnX 
= sin( ) 

L (16 ) 

By substituting this expression and its second derivative into Equation 

15 and then evaluating the integrals, a simple formula is obtained for the 

natural frequencies of the bridge model. This formula is given by: 

(17-a) 

where, 

a 2n 'l1' a } 
I • 12 - 2 (I2 - I 1 ) f - - sine ) 

n L 2'l1'n L (17-b) 

2n 1T a 
sin( ) } 

21fn L ( 17-c) 
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The terms In and IDn are the average transformed moment of inertia 

and the average distributed mass associated with the mode shape ~n(x). 

Equation 17 does not include rotary inertia nor shear deformation effects. 

However, since the bridge model is composite, the rotary inertia and shear 

deformations may be significant to affect the the eigenfrequencies. Thus, a 

correction factor can be applied to Equation 17 to yield better results. This 

factor is given as follows (§): 

where 

G 

As = 

p 

lme 

CF = 
1 + (n 11" )2 { (P lme ) + 

L mn 

modulus of rigidity, 

effective sectional area acting in shear, 

mass density of steel, and 

!!n
As G 

the average mass moment of inertia of the composite section 

transformed to equivalent steel mass. 

( 18) 

Values for the eigenfrequencies can now be evaluated using Equations 17 

and 18. Table 4 shows the eigenfrequencies for the first three bending modes 

for the bridge model. The first column shows the values obtained by 

evaluating Equation 17 with the parameters of Table 2. The next column was 

evaluated with Equation 18 and multiplying the results to the values of the 

first column. The third column was obtained by modeling the scaled bridge 

using finite elements and solved with the computer program STRUDL (1£). Since 

the concrete panels and the steel stringers were modelled independently, some 

shear deformations and rotary inertia effects are included in the STRUDL 

results. Thus, the values obtained with STRUDL verify Equations 17 and 18. 

It is observed that the values shown in the second and third columns of 

the previous table are very close and the error between them increases 

proportionally to the mode number. However, the loading frequency for the 

experiment is expected to be small compared to the fundamental frequency. 

Therefore, higher frequency vibration modes will not be excited by the 

harmonic loading. Thus, it is concluded that Equation 17 yields a good 
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TABLE 4. Eigenfrequencies for Model Bridge. 

Mode Euler Model 

Number (Eq. 17) 

1 128.4 

2 507.0 

3 1124.3 

Eigenfrequency (rad/sec) 

Corrected Euler Model 

(Eqs. 17 and 18) 

120.9 

408.8 

738.8 

STRUDL Model 

125.4 

462.3 

807.3 

approximation to the natural eigenfrequencies of the bridge model when the 

correction factor for shear deformation and rotary inertia of Equation 18 is 

applied. 

Dynamic Response to Harmonic Loading 

General sine series solutions of the dynamic response of the scaled 

bridge when subjected to harmonic loading are obtained. First, the harmonic 

loading function simulating the equivalent HS-20 truck load cycles is assumed 

to be of the following form: 

p 
p (x, t) = - { 1 + sin (w t) } 

4 (19 ) 

Second, the following undamped, uncoupled flexural equation of motion is 

used (.§): 

(20) 
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where 

Mn = the generalized mass of the beam model associated with the nth mode 

shape function, 

the generalized load associated with the nth mode shape function, 

the eigenfrequency of the nth mode shape and 

the modal response of the nth mode. 

The generalized mass and the generalized load can be found by evaluating 

the integrals of the following two expressions, respectively: 

L 
Mn = '0 'n (x) m(x) dx (21 ) 

and 

L 
p(x, t) dx Pn = 'o'n(X) (22) 

Substituting the mode shape function of Equation 16 into Equation 21 and 

integrating over the length according to Figure 8, the generalized mass of the 

beam model becomes: 

(23) 

In order to evaluate the integral of Equation 22, it is noted that the 

harmonic load of Equation 19 is applied at two different locations, band c, 

measured from the left support. Thus Equation 22 becomes: 

(24) 

Substituting Equation 19 into the previous expressions and evaluating the 

mode shape function at band c, the generalized load gives: 

P n =- t ( 1 + sin fA) t ) {sin ( n ~ b ) + sin ( n ~ c )} 
(25) 
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Now, the second order differential expression of Equation 20 can be 

solved by substituting Equations 23 and 25. Therefore, the general solution 

for the modal response is given by: 

PCnsinliit 

nnb nne 
C = sine -) + sine - ) n L L 

P Cn +-----
4002 

n 

where A and B are constants that are obtained by applying the following 

initial boundary conditions: 

P Cn 
Yn{t=O) = ----

2 wn
2 Mn 

and 

(26-a) 

(26-b) 

(27) 

When the above initial conditions are substituted in to Equation 26, the 

constants A and B are solved to be as follows: 

A = -
4 Mn W n (CAl n 2 - W 2 ) 

(28-a) 

B = 0 (28-b) 

Substituting the constants of Equations 28-a and 28-b into Equation 26, a 

general solution is obtained for the modal response Yn(t): 

where 

4 CAl 2 M n n 

{ 1 + 1 . ~t e· t -s;tn \AI - -S1.n IJJ 
1- 132 1-132 n 

(29) 

s = the ratio of the loading frequency to the natural eigenfrequencies. 

The displacement as a function of x and time can be found by using 

Equation 14. Substituting the modal shape function ~n(x) of Equation 16 and 

the modal response Yn(t) of Equation 29 into Equation 14, an approximation 

function is found for the displacement: 

27 



co 

{ 1. ~ } n'fl'x 
1 + ~sl.n W t - -J::.-2sin w nt sine -) 

1-B 1-8 L 
(30) 

Substituting the expressions for the eigenfrequencies and the generalized 

modal mass, Equation 30 now becomes: 

P L3 C 
W ( x , t) .. ; --!!. { 1 + 1 Bin w t - ~ B in w t } Bin ( .!!..!.:.. ) (31 ) 

2 '0'4 E n==l n4 I 1-B2 1-13 n L 
n 

Equation 31 is now the basic expression from which dynamic moments and 

dynamic amplification factors can be calculated. This is performed in the 

next sec t ion. 

Dynamic Amplification Factors 

The dynamic response solutions obtained in the previous section are 

compared to the static solution. However, the dynamic response solutions need 

to be simplified and expressed in terms of the maximum response amplitudes. 

The transient part of Equation 31 is neglected because it is much smaller 

than the steady state solution. This is also supported by the fact that the 

transient term quickly damps out. Thus, the maximum displacement response is: 
\ 

P L3 co Cn {~} n 11' x ) 
w(x)max ... t sine -r;- (32) 

'0'4 E n==l n4 I 1 - 132 
n 

Subsequently, the maximum moment response is obtained by using the Euler beam 

Equation 12,_ and the maximum moment becomes: 

co 

t 
n=l 

_ 1} n1l'x 
sine -) 

- 132 L 

Then the dynamiC amplification factors are obtained by dividing the maximum 

dynamic response solution to the static solution. These factors are 

obtained for deflection and bending moment as functions of the variable x. 
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The deflection amplification factor is obtained by dividing Equation 32 
by Equation 11. After cancelling terms and simplifying, the dynamic' 

amplification factor for deflection Dw' becomes: 

00 Cn n n x 1 
L1 - sin( -) { -2J 

n= 4 I L 1 - B n n 
00 C 
E n sin( ~) 

n=l n4 I L 
n 

Similarly, the dynamic moment amplification factors are obtained by 

dividing Equation 33 to Equation 13. And after cancelling terms, the dynamic 

moment amplification factor Dm' becomes: 

00 C 
l:~ 

n=l 2 n 
= 

. ( nnX ) { 1 } 
S1n -r;- G;2 

sin ( .!!..!..!.. ) 
L 

It was found the these amplification factors are function of x as 

shown in Figure 9. 
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C HAP T E R I I I 

EXPERIMENTAL WORK 

General 

Descriptions of the test set-up, the loading system, the instrumentation 

and the test procedures are presented in this section. The set-up of the 

model bridge was such that the maximum equivalent HS-20 shear would be applied 

at only one end portion of the model. Thus, the loading was not symmetrical 

about the midspan. The loads were applied with two identical 55-kip actuators 

controlled by a voltage signal generator. 

Strain gages and deflection transducers were used to measure flexural 

strains, vertical deflections and slip displacements. A computerized data 

acquisition system was employed to manipulate and store the acquired data on 

floppy disks. 

Description of Test Set-up 

The model bridge was set up inside the Texas A&M University Structures 

Laboratory. The set-up was designed to achieve the loading conditions shown 

in Figure 10. The centroid of the two equal loads was located at 36 in. from 

the midspan toward the west end of the model bridge. The model was placed on 

top of a support system which was bolted to a reaction floor. Each end of the 

model bridge was resting directly upon a W16x26 steel section; however, the 

supports were transversely braced to avoid unwanted vibrations during the 

dynamic loading. Additionally, a W6x24 reference beam was welded between the 

supports to provide a fixed reference line for measuring deflections. 
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Description of the Loading System 

The loading system consisted of two identical MTS brand 55-kip hydraulic 

actuators, a reaction frame, and a voltage signal generator to control the 

desired sinusoidal loading. Careful adjustments were required to accomplish 

equal and in-phase loadings by the two actuators. Additionally, a spread beam 

was bolted to each of the actuators to distribute the load to two points per 

model stringer. 

The reaction frame consisted of two W14x61 columns, each 14 ft tall and 

spaced 9 ft center-to-center, and a W14x135 cross beam spanning between the 

two columns. The frame was bolted to the reaction floor and placed 

transversely across the model bridge at a station 36 in. from the midspan. 

The actuators were attached to the bottom flange of the frame cross beam. 

Each actuator included a linear variable displacement transducer (LVDT), a 

load cell and a servo-valve which controlled the internal pressure of the 

actuators. 

Instrumentation 

The instrumentation consisted of strain gages, strain-gage type 

displacement transducers and the load cells and LVDT's incorporated in the 

hydraulic actuators. The strain gages were used to measure flexural strains 

at two different cross sections of the north model stringer. The displacement 

transducers were employed to measure the model deflections and the relative 

slip displacements between the modular panels and the steel stringers. 

Eight resistance strain gages were bonded to the steel surface of the 

model stringers to measure flexural strains for determination of dynamic 

section properties at the two sections. The displacement transducers used for 

measuring deflection were installed under the north beam of the model bridge 

for measurements at the quarter points between the supports. Five displace 

ment transducers were used for measuring slip displacement; four were 
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installed on the north model stringer to obtain a slip displacement profile, 

and the other was employed as a back-up point in the south model stringer. 

The load cell and LVDT signals from each actuator were also monitored and 

recorded. Thus, twenty channels of information were monitored throughout the 

experiment. Figure 11 graphically illustrates the first sixteen instrumented 

locations. Slip displacement measurements were performed at locations 1 to 5. 

At locations 6, 7, and 8 the deflections between the bottom flange and the 

reference beam were measured. Locations 9 through 12 and 13 through 16 were 

used to measure flexural strains at cross section 1 and cross section 2, 

respectively. Channels 17 and 18 were employed to monitor the load and stroke 

displacement of the actuator acting on the north beam. Channels 19 and 20 

were employed to monitor the load and stroke of the south actuator. The 

description and location of the instrumentation is summarized in Table 5. 

The data was collected by a computerized system consisting of a PDP 11/23 

Digital Computer in conjuction with an MTS data acquisition system. Figure 12 

shows the computerized data acquisition system. 

Figure 13 shows the overall test set-up, the loading frame, and the 55-

kip actuators. 

Test Procedures 

Two million cycles of equivalent HS-20 truck load were applied to the 

bridge model. To speed up the test and still minimize dynamic effects, the 

load cycles were applied at a frequency of 3.5 hz. Approximately eight days 

were required to complete the test. However, since the deterioration was 

expected to be logarithmic, the procedure of recording data at cycles 1, 10, 

100, 1000, etc., was adopted. 

The general test procedures were the following: 

1. The load cells of the actuators were electronically calibrated. 

2. The excitation load signals were adjusted to avoid out-of-phase 

frequencies between the two actuators. 
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TABLE 5. Description and location of instrumentation. 

Location Type* Purpose Beam x( in. ) y( in. ) 

DT Slip South 217.0 12.5 

2 DT Slip North 217.0 12.5 

3 DT Slip North 161 .0 12.5 

4 DT Slip North 74.5 12.5 

5 DT Slip North 18.0 12.5 

6 DT Def. North 174.5 0.0 

7 DT Def. North 120.5 0.0 

8 DT Def. North 60.5 0.0 

9 SG Strain North 129.5 12.5 

10 SG Strain North 129.5 10.75 

11 SG Strain North 129.5 1 .75 

12 SG Strain North 129.5 0.0 

13 SG Strain North 177.5 12.5 

14 SG Strain North 177.5 10.75 

15 SG Strain North 177.5 1 .75 

16 SG Strain North 177.5 0.0 

17 LC Load North 153.5 

18 LVDT Stroke North 153.5 

19 LC Load South 153.5 

20 LVDT Stroke South 153.5 

* DT Displacement Transducer 

SG Strain Gage 

LC Load Cell 

LVDT = Linear Variable Displacement Transducer 
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Figure 12. Computerized Data Acquisition System. 

Figure 13. Test Set-up. 
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3. Each of the channels of the data acquisition system was set to 

read zero as the initial reading. 

4. The excitation load signal generator was activated, causing each 

of the actuators to apply a sinusoidal dynamic load. 

5. A computer program was executed to count for the number of load 

cycles and to store and process the required data as necessary. When 

the logarithm of the cycle number was an integer, the program 

activated the data acquisition system which continuously recorded the 

voltage readings of all 20 channels for a time lapse of .75 sec at a 

sampling rate of 0.01 sec. Then this data was written on to a floppy 

disk for future processing. 

The system experienced a malfunction and randomly stopped the test. 

Fortunately no significant data was lost. The system was reactivated and 

steps 4 and 5 were repeated as required. 
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C HAP T E R I V 

TEST RESULTS 

General 

A total of two million cycles of equivalent HS-20 truck loads was applied 

throughout the test. During this test, data was collected and recorded during 

826 time windows, each lasting 0.75 sec. The example results presented in 

this section were those recorded from one time window only. Similar results 

were recorded from the other time windows and provided the bases for 

subsequent analyses. The results are presented in four groups: load, 

deflections, flexural strains and slip displacements. 

Cyclic Load 

Channels 17 and 19 recorded the excitation load signals of the actuators 

reacting on the model bridge. Before the test started, careful attention was 

given to the two actuators because the two loads were required to be equal in 

magnitude and to act in-phase. This was accomplished by adjusting the 

excitation signals while observing the difference between the loads of the two 

actuators on an oscilloscope. 

The load was applied at a 3.5 Hz frequency oscillating between 1700 and 

9900 lbs, so a load range of approximately 8200 lbs was applied during each of 

the two million cycles. Figures 14 and 15 show the loads for actuators 1 and 

2 as they were recorded during the time window commencing at the tenth load 

cycle of the experiment. It can be observed that the two actuators were 

acting in phase. 
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Figure 15. Load Signal as Recorded at Actuator 2. 
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Deflections 

The deflections at the inside quarter points of the north stringer of the 

model bridge were recorded using strain gage type displacement transducers on 

channels 6, 7 and 8. Channel 6 recorded the deflection at the quarter point 

in the high shear side; channel 7 at the midspan and channel 8 at the quarter 

point in the low shear side. The deflections as recorded during the time 

window of the tenth cycle of the experiment are illustrated in Figures 16 

through 18. Note that the polarity of the transducer recording the midspan 

deflection was inadvertently reversed. However, it is observed that the 

deflections were also acting in-phase with the load signal. 

Flexural Strains 

Uniaxial strain gages bonded to the north stringer of the bridge model 

were used to investigate the flexural properties of two cross sections. 

Strain gages bonded at locations 9 through 12 were employed to investigate 

cross section 1 and at locations 13 through 16 to investigate cross section 2. 

Due to the nature of the loading, cross section 1 was subjected to higher 

bending moment than cross section 2. 

Figures 19 through 22 show the flexural strains at locations 9 through 

12, respectively, as they were recorded during the tenth load cycle of the 

experiment. It is observed that the strains at locations 9 and 10 are 

oscillating around positive values or in compression, and that the strains of 

location 11 and 12 are oscillating around negative values or in tension. 

Therefore, it is concluded that the effective neutral axis of cross section 

is between location 10 and 11. Notice that the electronic noise effects are 

greater at locations with smaller strain amplitudes. 

Similarly, Figures 23 through 26 show the flexural strains at locations 

13 through 16 as they were recorded. Note that location 13 is the only one 

with positive oscillations. Thus, in contrast to cross section 1, the neutral 

axis of cross section 2 is between locations 13 and 14. 
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Slip Displacement 

Slip displacement transducers between the concrete slab and the, top 

flange of the steel beams were mounted at the interface at five diff~rent 

locations in the model bridge. These measurements are inversely proportional 

to the stiffness of the epoxy mortar interface connections. Thus, if there is 

any deterioration of this connection, . the amplitude of the slip displacement 

should increase. These measurements are the only ones which could directly 

-detect or provide information about deterioration at the interface and the 

pocket connections. 

Figures 27 through 31 show the slip displacement measurements recorded at 

locations 1 through 5 during the tenth cycle of the experiment for a time span 

of 0.3 seconds. Since the slip displacements were very small, their magnitude 

was of the same order as the electronic noise of the acquisition system. 

Consequently, these measurements were severely affected by the electronic 

noise, and the best steady state representation of these data is obtained by 

fitting a least square sine wave curve of the form: 

g(t) A + B sin wt + C cos wt 

where, At Band C are constants to be determined through the least square 

method, and ~ is the loading frequency of 3.5 Hz. Figures 27 through 31 also 

show the results of the corresponding fitted sine wave. Generally, a good 

fi t was obtained for the data collected at locations 1· and 2 because the 

amplitude of the slip displacements were greater at these locations than at 

the other three. 

-Summary 

The results shown in this section are those of the 16 channels of 

instrumentation and the two load excitation signals corresponding to the two 
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actuators collected during the time window commencing at the tenth cycle of 

the experiment. Similar data was collected for the other 825 time windows 

that were monitored. 

To evaluate the deterioration produced by the repetitive loads, the 

amplitude of the dynamic response signals were obtained for every monitored 

cycle. Then, to observe if there were changes in the overall stiffness of the 

bridge model, the amplitude of the deflection response was graphed against the 

log of the cycle number. Similarly, to study the changes in the cross 

sectional properties, the dynamic strain amplitude response of the four gages 

were combined to generate average moment of inertia, section modulus and 

neutral axis location for the corresponding cross section. Then these 

sectional parameters were graphed against the log cycle number. Similarly, 

increases in the dynamic slip displacement response would indicate losses of 

stiffness at the interface connections. 
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C HAP T E R V 

ANALYSIS OF TEST RESULTS 

--General 

The data acquired during the repetitive loading test were reduced and 

analyzed to find if there were deteriorations of the overall stiffness, 

sectional properties or the panel-stringer connections. The reduction of the 

test data consisted of obtaining the average amplitude of the excitation 

(load) signal and the response signa.ls (strains, deflections and slip 

displacements) for every time window that was continuously monitored. Then 

the average deflection responses were graphed against the log of the cycle 

number to investigate changes in the overall stiffness of the bridge model. 

To investigate changes in the cross-sectional properties of the instrumented 

sections, the corresponding strain amplitude responses were used to compute 

moment of inertia, section modulus, and neutral axis location. Then these 

sectional parameters were graphed against the log cycle number. The slip 

displacement amplitude responses were also obtained and graphed against the 

log cycle number to make inferences about changes in the stiffness of the 

panel-stringer connections. 

After completing the data reduction, a statistical test was performed to 

establish confidence on the inferences about changes in the properties of the 

bridge model. The statistical test was accomp1ishe~ hy performing a linear 

regression between the amplitude of the parameters involved and the log cycle 

number. This regression fits the amplitude response with a straight line when 

it is correlated with the log cycle number. The resulting linear regression 

function yields a constant or an initial value and a slope component which 

predicts the rate of change of the properties of the parameters involved per 

change in the log cycle number of applied equivalent HS-20 truck loads. 

Therefore, the inferences are made on the slope of the regression line. 

Statistical evidence is sough~ that the slope of the regression line is other 

than zero. 
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Least Square Sine Wave Approximation 

The total amplitude response of load, deflection, strain and slip 

displacement signals were obtained by performing a least square sine wave 

approximation for every time window that was recorded. Since the load or 

excitation signal is a sine wave function, it is assumed that the response 

signals are also sine wave functions with predominant oscillation frequencies 

of 3.5 Hz, the same as the excitation frequency. That is, the gathered data 

was approximated to a steady state response neglecting amplitudes of motion 

produced by vibrations at higher frequencies. Then the load, deflection, 

strain and slip displacement data are approximated to a function of the form: 

where 

g(~) = A + B sin w t + C cos w t 

A,B,C = unknown regression coefficients, 

~ = excitation frequency of 3.5 Hz. 

(37) 

The actual error between the approximation function and the measured data 

points can be defined as follows: 

where 

E = {A + B sin w ti + C cos w ti 

n = number of measured data points and 

f(t i ) = value of gathered data at time tie 

The parameters that can be varied to minimize the error are the 

regression coefficients. Then three equations are obtained by setting: 

3E" 
3A = 0 

3E 
.3B = 0 ; and 3E ac = 0 

Inserting the expression for the error i, into the above equation, and 

collecting terms, the equations, expressed in matrix form, become: 

54 

(38) 



n I: sin iii ti I: cos lil ti I: f( t i ) (40) 
I: sin w ti I: sin2 (Ai ti I: sinw ti cos W ti 

I: cos (Ai ti I: sin w ti cos iii ti I: cos2 w ti C cosw ti 

Then the regression coefficients A,B and C are obtained by solving the 

above system of equations. The amplitude of the sine wave function, a, and 

the phase angle, to' are simply obtained by the following expressions: 

(.!. ) 
C 

(41-a) 

(41-b) 

Now, writing Equation 37 in the form of the loading function given in 

Equation 19, it is obtained that the approximation function can also be 

written as follows: 

where 

A 

a = 
to = 
w 

g(t) = A + ~ sin { w ( t- t )} 2 0 

static component of the approximation function, 

total wave amplitude of the approximation function, 

phase angle and 

loading frequency of 3.5 Hz. 
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Amplitude of Load Signal 

The least square sine wave approximation method was employed to determine 

the total load amplitude of the excitation signal applied to the bridge model 

for every recorded load cycle. The load amplitude or the range was obtained 

for everyone of the 876 cycles recorded, and was utilized to unitize the 

total amplitude of deflection and slip displacements by dividing these 

response amplitudes by the load or excitation signal amplitudes. 

Unitized Deflection Amplitude 

The total deflection amplitudes measured at the inside quarter points of 

the north stringer of the bridge model were determined using the least square 

sine approximation method. The approximation was performed employing sets of 

74 continuous deflection readings, or a time span of .73 sec. The system of 

equations given py expression 40 was set up and the regression constants A, B 

and C were solved. Then the average total amplitude of deflections was 

calculated using Equation 41-a. 

This procedure was repeated for every recorded load cycle. Then the 

calculated deflection amplitudes were unitized by dividing them by the load 

amplitude also obtained by the least square sine wave approximation. 

The unitized deflections of the inside quarter points of the north 

stringer of the bridge model were graphed against the log of the cycle number. 

Figures 32 through 34 show the unitized deflection amplitude at the high shear 

side, midspan and low shear side, respectively, graphed against the log of the 

cycle number. It is observed that there are slight increases in the 

deflection amplitudes; however, those increases are small compared to the 

total deflection amplitude. 

Cross-Sectional Properties 

The cross-sectional properties were investigated for two different cross 

sections of the north beam of the model bridge. Cross section 1 is located at 
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Figure 32. Unitized Deflection Amplitude, High Shear Side. 
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Figure 33. Unitized Deflection Amplitude, Midspan. 
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Figure 34. Unitized Deflection Amplitude, Low Shear Side. 
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10 ft 9.5 in. from the east roller support, and cross section 2 is located at 

14 ft 9-1/2 in. from the same support. Four strain gages were used for each 

cross section. From the data gathered by the strain gages, the sectional 

properties were obtained using the following approach: 

1. The total strain amplitude recorded at locations 9- through 12 and 

13 through 16 associated with cross section 1 and 2, respectively, 

are determined using the least square approximation method. 

2. A straight line least square fit is performed on the total strain 

amplitude obtained in the first step versus the vertical position 

of the respective gage, as illustrated in Figure 35. The strain 

amplitude profile is approximated as a straight line of the form: 

, £ (y) 

where 

£ + </>y 
o 

£ strain at extreme bottom fibers, 
o 

</> rate of change between the strain profile and the y-axis or 

curvature of cross section. 

3. The neutral axis location is obtained by setting Equation 43 to 

zero and solving for the variable y. This yields: 

y 
£ 

o ---

4. The moment of inertia I is obtained by solving the following formula: 

where 

I = llP Mf y 
E £ 

o 

4P load amplitude during a load cycle, 

Mf = moment factor for the corresponding cross section, 

y neutral axis location of the corresponding cross section 

during the kt~ load cycle, 

E modulus of elasticity, taken as .29,000 ksi, and 
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£ strain at the extreme bottom fibers resulted from the 
o 

straight line fit. 

By performing the previously described procedure, the sectional 

properties are investigated from the measured strains. 

Cross Section 1 

The results of the bending properties of cross section 1 are presented 

here. First, the least square aproximation was performed on the strain 

gathered at locations 9, 10, 11 and 12. Then, the total average strain 

amplitudes were used to calculate the corresponding properties. Figure 36 

shows the location of the neutral axis during the load cycles that were 

monitored. It is observed that no significant drop of the neutral axis 

occurred throughout -the experiment. The average distance from the bottom 

fibers to the neutr~l axis is about 1~25 in. 

Figure 37 shows the moment of inertia graphed against the log cycle 

number. By visual inspection, no significant;increas~ or decrease is 

detected. The average moment of inertia at this location is about 450 in4. 

Similarly, Figure 38 illustrates the section modulus graphed versus the 

log cycle number. The same conclusions can be drawn: there were no significant 

changes. The average section modulus of cross section 1 .is about 44 in3• 

Cross Section 2 

The results of the investigation for the properties of cross section 2 

are presented here. Section 2 is located at 14 ft 9.5 in. from the east 

roller support of the north stringer. The least square sine wave 

approximation was performed to obtain the total strain amplitude'recorded at 

locations 13 through 16 for each monitored load cycle. Then the amplitudes 

were used to compute the sectional properties fo~~owing the steps previously 

described. 
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Figure 39 shows the location of the neutral axis calculated for section 

2. It is observed that there is no significant change in the neutral axis 

location; however, the average location is 10.8 in. from the extreme bottom 

fibers, higher than that of cross section 1. 

Figure 40 shows the moment of inertia calculated using Equation 45 for 

every recorded load cycle. The average value is about 500 in4 and it is 

higher than that obtained by cross section 1. However, there is also no 

significant loss of inertia in the section. 

Figure 41 shows the section modulus of cross section 2 graphed against 

the log cycle number. From a visual inspection, there is no evidence of 

losses in section modulus. 

Slip Displacements 

The total slip displacement amplitudes recorded at location 1 through 5 

were also obtained using the least square sine wave approximation method. The 

same procedure used for analyzing the deflection amplitude was employed in 

this section. The slip displacement amplitude was obtained and then divided 

by the load excitation amplitude. Figure 42 through 46 shows the unitized 

slip displacement amplitude for locations 1 through 5. The following 

observations can be made from these figures: 

1. The unitized slip displacement amplitude was very scattered for all 

locations. This was probably caused by the electronic noise which 

significantly affected small amplitude readings. 

2. Locations 1 and 2 experienced the highest slip displacement amplitude 

because these locations are in the high shear side. 

3. The slip displacement amplitude was negligible at the other three 

locations. 

4. Since the slip displacement amplitude was small at all times and did 

not increase with load cycles, it can be concluded that there was no 

damage induced at the interface connection by the repetitive loading. 
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Figure 40. Moment of Inertia, Cross Section 2. 
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----------------------------------------------

Hypothesis Testing of Model Bridge Properties 

A statistical test was performed on the processed data to search for 

statistical evidence of any deterioration during the two million loads cycles 

applied to the model bridge. This was performed for deflections, for the 

section properties of cross sections 1 and 2 and for the slip displacements of 

the high shear side. However, in order to draw conclusions, the following 

statistical assumptions must be made first: 

- the statistical model relation between the parameters involved and the 

log of the cycle number is linear, 

- the errors are statistically independent, 

- constant variance, and 

- the parameters are assumed normally distributed with means laying on a 

straight line. 

After stating the above assumptions, the following procedure was used to 

search for statistical evidence of deterioration: 

1. The deflections, neutral axis, section modulus, moment of inertia and 

slip displacement were assumed to map linearly in a logarithmic space 

of the cycle number, N. Then the following regression equation was 

employed: 

A A 

f(N) = ao + a
1 

!og(N) (46) 

where 

ao the intercept when N = 1 and 
A 

81 the slope of the linear regression equation, or the rate 

of change of the parameters per unit change of log(N). 

2. After obtaining the linear regression coefficients, inferences about 

changes in the parameter are made by testing the null hypothesis: 
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consequently,the alternate hypothesis: 

Ha: lf31 I > 0 

The null hypothesis, when it is true, means that there is no 

statistical evidence that there were changes in the corresponding 

parameter involved. Alternately, Ha means that there is sufficient 

evidence of changes in the parameter. 

3. The statistical test is made using'Student t-distribution and, thus, 

using the formulas: 

,. 
S 131 t = x (47-a) 

a 

S = 1:(log N)2 n (1:10g N)2 x (47-b) 

,. ,. 
- 13 - 13 log N

i
)2 

0 1 a = 2 n -
(47-c) 

The value calculated for t enables one to determine if the null 

hypothesis can be accepted or rejected using basic probability 

theory. 

4. An arbitrary criteria is established in order to reject or accept the 

null hypothesis. This criteria is based upon probability theory and 

the null hypothesis is rejected if: 

p [ I 131 I > 0 ] >. 95 

Thus, if the probability that the magnitude of the slope of the 

linear regression line is other than zero is greater than 0.95, then 

the null hypothesis testing would be rejected and one would accept 

the result that there were changes in the parameter. 
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Statistical Test on Deflection Amplitude 

The statistical test described in the previous section is performed to 

the unitized deflection amplitudes calculated for the inside quarter points of 

the north stringer of the bridge model. The results of the linear regression 

coefficients and the statistical test are shown in Table 6. It is observed 

that there is statistical evidence that the unitized deflection amplitude 

increased during the two million load cycles and, therefore, that there were 

changes in the overall stiffness of the bridge model. However, the magnitude 

of the changes needs to be determined to establish the significance of the 

loss of stiffness. This is done by comparing the initial and final amplitude 

after the two million load cycles were applied. The initial values are taken 

to be those at N=10,OOO cycles because most of the supporting data is between 

this number and 2X106 cycles. Table 7 shows the initial and final values of 

the deflection amplitude and the percent change. It is concluded that the 

percent change is very small, thus, negligible. 

Statistical Test on Section Properties 

The statistical test procedure was repeated to investigate changes in the 

sectional properties of cross sections 1 and 2 of the north stringer of the 

model bridge. Therefore, the hypothesis test was performed on the neutral 

axis location, section modulus and the moment of inertia. The results of the 

regression analysis and the statistical test are shown in Table 8. It is 

observed that there is statistical evidence that the moment of inertia at 

cross section decreased as a function of the number of cycles. Note that 

cross section is located at the vicinity of tensile concrete cracks around 

the midspan. In contrast, there is no statistical evidence that cross section 

2 suffered any inertia loss. However, the total loss of inertia of section 1, 

over the two million cycles, amounts to only 2.2 % of the initial inertia. 

Therefore, it is concluded that there were no significant losses in the moment 

of inertia of the bridge model. 
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6, 

7, 

8, 

TABLE 6. Linear Regression and Statistical Test Results 
for Deflection Amplitudes. 

'" ,. 
Location 130 13 1 t p[113 1 1>0] 

Cin./kip) Cin./kip) 

High Shear 0.0126 0.00020 5.26 1 .00 
Side 

Midspan 0.0156 0.00028 11 .47 1 .00 

Low Shear 0.0113 0.00039 10.15 1 .00 
Side 

TABLE 7. Percent Change in Deflection Amplitude 

Location o· 1 of Percent 
Cin./kip) Cin./kip) Change 

6, High Shear 0.0134 0.0139 3.7 
Side 

7, Midspan 0.0167 0.0174 4. 1 

8, Low Shear 0.0129 0.0138 7.3 
Side 
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TABLE 8. Linear Regression and Statistical Test Results for 

Sectional Parameters of Cross Sections 1 and 2. 

A ~ 

p[ l S1 I Section Parameter S.O S.1 t > OJ 

y (in. ) 10.25 -0.0078 -0.85 0.61 

S (in3 ) 44.10 -1.239 -1 .92 0.94 

I (in4) 451.99 -1.589 -2.40 0.98 

2 Y (in. ) 10.94 -0.031 -3.35 1.00 

2 S (in3 ) 46.36 +0.065 +0.95 0.66 

2 I (in4) 506.99 -0.709 -0.90 0.63 

Statistical Test on Slip Displacement 

The statistical test was performed for the slip displacement amplitude 

recorded at the inside of the high shear region corresponding to Locations 1 

and 2. No conclusive slip displacement data were obtained at the other three 

locations. The results of the linear regression and the statistical test are 

shown in Table 9. It is concluded that there is no statistical evidence of 

changes in the interface connection modulus. 

Summary of Analysis 

A summary of the analysis of test results is presented in this section. 

Two million cycles of scaled equivalent HS-20 truck loads were applied to the 

model bridge. By analyzing the response amplitude of deflections, strains and 
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slip displacements, from the start through the two million cycles, it was 

deduced that there were no significant changes in the properties of the model 

bridge. 

The deflections recorded at the quarter points experienced some 

increase; however, it was not larger than 7.3 percent. From the strain 

amplitudes, flexural properties were obtained at two different cross sections. 

Only cross section 1 was proved to have lost some inertia during the 

experiment, but the total loss was less than 2.2 % of the initial moment of 

inertia, thus negligible. The other instrumented section did not experience 

any change. 

Similarly, from the slip displacement amplitudes, it was concluded 

that there was no significant damage at the interface connections. 

TABLE 9. Linear Regression and Statistical Test for Slip Displacements. 

Location 

2 

So 
Cin./kip) 

8.8x10-5 

6.4x10-5 

S 1 

Cin./kip) 

8.6x10-6 

3. 8x10_6 

80 

t 

1.94 

1 .26 

0.92 

0.94 



C HAP T E R V I 

DISCUSSION OF TEST RESULTS AND CONCLUSIONS 

General 

Two million cycles of scaled, equivalent AASHTO HS-20 truck loads were 

applied to the 1/3 model bridge. The test set-up was arranged to produce more 

deterioration due to shear forces than due to bending moments. Thus, 

deteriorations of the interface connections, consisting of epoxy mortar bond 

and steel stud connectors, were by design more likely to occur. Since the 

rigidity of the interface connections is primarily provided by the epoxy 

mortar bond, there was concern that normal traffic loading would tend to 

fatigue the epoxy mortar bond and thus produce losses of moment of inertia. 

By monitoring changes in deflections, slip displacements and section 

properties, the overall performance of the 1/3 scale model bridge was 

evaluated. 

Discussion of Test Results 

From the amplitude of deflections, slip displacements and section 

properties, there was no strong evidence of significant deterioration or 

damage in the scaled model bridge structure. However, statistical evidence 

was pursued by means of linear regressions and hypothesis testing analyses. 

The statistical analyses showed that only the deflections consistently 

increased. This apparently means that some losses in the overall inertia 

occurred during the test. However, no changes were deduced from the obtained 

slip displacements and calculated flexural properties. Thus, it is possible 

that the electronic calibration of the strain gage type displacement 

transducers measuring deflections drifted during the time period it took to 

complete the experiment, producing an apparent change in the deflection 

amplitude of the model. 
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The slip displacements were not very conclusive because of the 

electronic noise, but it is noted that all slip displacements were very small 

because of the rigidity provided by the epoxy mortar bond at the interface. 

If the bond had failed, drastic changes in the slip displacements would have 

occurred because the horizontal shear forces would have directly acted on the 

steel stud connectors, which have a much lower rigidity. Since no drastic 

slippages were observed, it is concluded that the interface connection 

consisting of the epoxy mortar and steel stud connectors performs well under 

repetitive loading. 

Conclusions 

After the two million cycles of equivalent HS-20 AASHTO truck loads were 

applied to the 1/3 scale model bridge with full-depth precast concrete panels, 

the following significant conclusions may be extrapolated to a prototype 

bridge: 

1. The epoxy mortar and steel stud connections perform satisfactorily to 

hold together precast concrete panels and steel I-beam stringers. 

2. Losses of rigidity of the interface connections do not occur under 

normal traffic conditions. There were no drastic slippages or 

changes on the slip displacements at the interface between the 

precast panels and steel I-beams of the model bridge. 

3. Repetitive highway loadings do not significantly affect the overall 

stiffness of the bridge structure. The amplitude of deflections of 

the model bridge did not significantly increase during the two 

million load cycles. 

4. Since the connections are holding together, no losses of the 

composite flexural properties of the bridge structure are expected. 

As a major conclusion, it can be stated that the interface connections 

using epoxy mortar and shear stud connectors for holding the precast concrete 

panels are fatigue-resistant. The bond area is so large that the level of 

shear stresses at the interface is small so that fatigue is not a problem. 
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Recommendations 

It is recommended that existing AASHTO Bridge Specifications for the 

fatigue design of shear stud connectors be used for the design of the stud 

connectors employed in the pocket connections with epoxy mortar grout. Even 

though the existing fatigue design considerations were established only for 

concrete embedment, the specifications prove to be conservative because the 

interface epoxy mortar bond prolongs the fatigue life of the shear connectors 

and the elastic modulus of the epoxy mortar is typically lower than that of 

concrete. 
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A P PEN D I X A 

NOTATION 

a distance from one stringer support to point at which moment of 

inertia changes 

a total amplitude of sinusoidal response signal 

A regression coefficient 

As effective cross sectional area acting in shear 

b distance from one stringer support to the concentrated load P 

B regression coefficient 

c distance from one stringer support to the concentrated load P 

C regression coefficient 

CF shear deformation and rotary inertia correction factors for 

eigenfrequencies 

D distribution factor for use in LF = siD 
Dm dynamic amplification factor for moments 

Dw dynamic amplification factor for deflections 

Dx flexural stiffness in the longitudinal direction per unit width 

Dxy torsional stiffness in the longitudinal direction per unit width 

Dy flexural stiffness in the transverse direction per unit length 

Dyx torsional stiffness in the transverse direction per unit length 

E modulus of elasticity 

G modulus of rigidity 

I moment of inertia 

In average transformed moment of inertia 

Ime average mass moment of inertia 

I1 transformed moment of inertia of end sections 

12 transformed moment of inertia of the middle section 

L span length 

LF lateral wheel load distribution factor 

mn average distributed mass per unit width 
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m1 distributed mass per unit width at end sections 

m2 distributed mass per unit width at middle section 

M bending moment 

Mn generalized modal mass 

Mf moment factor for a given cross section 

N cycle number 

P concentrated load 

Pn generalized modal load 

S lateral stringer spacing 

t time variable 

t value for use in the "t" distribution 

to phase angle 

Ub strain energy due to bending 

w deflection variable 

wn deflection fourier coefficient 

W width of bridge 

W total work done by externally applied loads 

x horizontal coordinate 

y vertical coordinate 

Yn generalized modal coordinates 

y neutral axis location 

a torsional parameter 

S ratio of loading frequency to natural frequency 

p 

(J 

regression coefficient, intercept 

regression coefficient, slope 

deflection 

load range 

strain 

strain at extreme bottom fibers 

flexural parameter 

total potential energy 

mass density 

standard deviation 
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w 
n 

w 

curvature 

mode shape function 

fundamental frequency 

natural frequency associated with the nth mode shape 

loading frequency, 3.5 Hz 
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A P PEN D I X B 

FLEXURAL AND TORSIONAL PARAMETERS 

Given the 60-ft prototype bridge shown in Figure 4, the flexural and 

torsional parameters e and a are computed according to Sanders and Elleby 

(lQ). The flexural parameter is calculated by the use of Equation 1: 

The flexural stiffness in the longitudinal direction are given by the 

transformed section properties of the bridge. Thus, the average effective 

moment of inertia given in Equation 7-b is employed along with the property 

values shown in Table 1. Therefore, 

a 2n 1T a 1 
12 - 2 (12 - 11) {L - 2 1£ n sine L ) 

= 35700 in.4 - 2(3570-25780) in.4 { 1/6 - sin(n/3)/2 

I 35128 in4 per stringer 

Now, the flexural stiffness is distributed over the width of the bridge. 

Thus, Dx becomes: 

D 
x 

29000 ksi x 35,128 in.4 

8 ft x ( 12 in./ft) 

The flexural stiffness in the transverse direction is simply given by: 

176761.9 k ° 2 -In /0 In. 

When plugging in the values of the flexural stiffnesses into 
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Equation 1, the following flexural parameter is obtained: 

8 0.74 

The torsional parameter is calculated using the torsional sectional 

properties of the bridge. First, the J is obtained for the longitudinal 

direction (no beams): 

1 

J = - L: a b 3 

3 

where, 

a the longest slab dimension 

b the shortest slab dimension 

Then, Dxy becomes: 

Dxy = (1883. ksi)x(8 in.)3x (60 ft x 12 in./ft) 

The torsional stiffnes in the transverse direction will be Dxy plus the 

contributions from the torsional stiffness of the I-beams. Then, 

J {(35.84in.)x(.625in.)3 + 2(11.972in.)x(.940in.)3 } I 3 

J 9.55 in41 beam 

Then; 

Dyx Dxy + 4 (G J I w ) 

where W is the width of the bridge. 
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Dyx 321,384. + 4x(11700 ksi)x9.55 in4 / (32x12 in.) 

Dyx 322,638. k-in2/in 

Now, using the values obtained for the flexural and torsional stiffnesses 

in Equation 2, the torsional parameter is computed as: 

a = 0.24 
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A P PEN D I X C 

MAXIMUM HS20-44 LOADS 

The maximum moment and shear produced by a HS20-44 design truck load plus 

impact on the 60-ft prototype bridge are computed according to the AASHTO 

Bridge Specifications.(l) Table C-1 shows the maximum shears and moments for 

two wheel lines for an HS20-44 truck loading. From this table the following 

values are obtained: 

M 806.5 k-ft per 2 lines 

V 60.8 k per 2 lines 

Thus, applying the lateral load distribution factor calculated in Chapter II, 

to one line of wheel loads, it is obtained: 

806.5 
1.33 (--- k-ft) 536.3 k-ft 

2 

60.8 
1.33 (--kip) 40.43 kip 

2 

And now, multiplying the above results by the impact factor of 1=0.27, and 

adding the the results to the live load shear and moment, the maximum design 

shear and moment for the prototype bridge are: 

(1 + 0.27)( 536.3 k-ft) 681.2 k-ft 

(1 + 0.27)( 40.43 kip) 51.35 kip 
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TABLE C-l. Maximum Moments and Shears for HS20-44 Loading (1). 

Spans in feet; momenta in thousands of foot-pound"f shean and reactions 
in thousands of pounds. 

These value. are subject to specification reduction for loadine of multiple 
lanes. 

Impact not included. 

End Shear End dlear 
and end and end 

Span Moment reaction (a' Span Moment reaction fa) 

1 8.C 32.O(b) "2 485.3fb) 56.O(b) 

2 16.0 32.O(b) 44 520.9(b) 66.7(b) 

3 24.0 32.O(b) 46 656.6(b) 67.3(b) 

.. 32.0 32.O(b) 4R .692.1(b) 58.O(b) 

6 40.0 32.O(b) 60 627.9(b) 58.5(b) 

(: 48.0 32.O(b) 52 663.6(b) 69.1(b) 
7 56.0 32.O(b! 54 699.3(b) 59.6(b, 
8 64.0 32.0(b, 66 735.1(b) 60.O(b) 
9 72.0 32.O(b~ 68 770.tI(b) 60.4(b) 

10 80.0 32.0(b) 60 1400;.~,(b) 60.8(b) 

11 88.0 32.O(b' 62 KU.4(b) 61.2(b) 
12 96.0 32.O(b) 64 87IU(b) 61.5(b) 
13 104.0 32.O(b) 66 914.O(b) 61.9(b) 
14 112.0 32.O(b) 68 949.7fb) 62.I(b) 
t6 120.0 3.u(b, 70 985.6fb) 62..a(b) 

16 128.0 36.O(b) 76 l,075.1(b) 63.1(b) 
J7 136.0 37.7(b) 80 1,164.9(b) 63.6(b) 
18 144.0 39.1(b) 8b l,254.7(b) 64.1(b) 
19 152.0 40.4(b) 90 l,344.4(b) 64.5(b) 
20 160.0 41.6(b) 96 1,434.t(b) 64.9(b) 
21 168.0 42.7(b) tOO l,624.0(b) 66.3(b) 
22 l76.C 43.S(b) 110 1,703.6(b) 66.9(b) 
23 184.C 44.6(b) 120 l,883.3(b) 66.f(b) 
24 192.7 46.3(b\ 130 2,063.l(b) 67.6 
25 207.4 46.1(b) 140 2,242.8(b) 70.8 
26 222.2 46.8(b) 160 2,475.1 74.0 
27 237.0 47.4(b) 160 2,768.0 77.2 
28 262.0 48.0(b) 170 3,077.1 80.4 
29 267.0 48.8(b) 180 3,402.1 83.6 
30 282.1 49.6(b) 190 3,743.1 86.8 

31 297.3 50.3(b) 200 4,100.0 90.0 
32 312.5 61.O(b) 220 4,862.0 96.4 
33 327.8 61.6(b) 240 5,68t1.0 102.8 
34 343.5 62.2(b) 260 6,578.0 109.2 
35 361.2 52.8(b) 280 7,532.0 115.6 

36 378.9 53.3(b) 300 1',550.0 122.0 
37 396.6 53.8(b) 
38 414.3 64.3(b) 
39 432.1 54.S(b) 
40 449.8 55.2(b) 

(a' Concentrated load I. eonaidered placed at the IUpport. Load. uHd are thoH .Upulated tor .hear. 
(b) Maximum .. Iue determined bJ Stalldard Truck LOMtIIll. Otherwile the Standard wile Loadllll 

,o"erna. 
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