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ABSTRACT

The cantilever construction of the first segmental precast
prestressed concrete box girder bridge in the United States has been
recently completed on the John F. Kennedy Memorial Causeway, Corpus
Christi, Texas. The segments were precast, tramsported to the site,
and erected by the balanced cantilever method of post—tensioned construc-

tion, using epoxy resin as a jointing material.

In order to check the applicability and accuracy of the design
criteria, analytical methods, comstruction techniques, and the shear

performance of the epoxy joints, an accurate one-sixth scale model of the

three-span-—continuous bridge was built at the Civil Engineering Structures

Research Laboratory of The University of Texas Balcones Research Center.

This study documents the construction and load testing of the
bridge. Experimental results are compared with analytical values for the
various stages of construction, service loadings, ultimate proof loadings,

and final failure tests. During the cantilever construction and under

service level loadings after completion, experimental results generally
agreed with the computerized theoretical analyses. Because of the general
absence of warping, a beam theory analysis reasonably predicted behavior
of the bridge during the cantilever construction and under uniform service
level loading. However, the folded plate theory analysis was required to
predict distribution for nonuniform loadings and transverse moment distri-
bution for wheel loadings. Ultimate load fheories correctly indicated the
load capacity of the structure, when all loading and structural configura-

tions were considered.

The model bridge carried the ultimate proof loads [1.35 dead load +

2725 (Iive load + impact load)] specified by Bureau of Public Roads'

criteria for all critical conditioms. During tests to failure, the epoxy
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joints performed very well and there was no evidence of epoxy separation
at the joints. The theoretical calculation for the failure load agreed
very well with the experimental results and indicated the necessity for
change in the conventional procedure for computing ultimate design load
for this type of bridge. Since the structural configuration changes
from a simple cantilever to a continuous beam during construction of the
bridge, the ultimate design load for the completed bridge should be

specified as follows:

U = Ul + U2

U. = 1.15 DL =- to be computed for a balanced cantilever

U, = 0.20 DL + 2.25 (LL + IL) 4 SL ——- to be computed for the

completed continuous structure

where

DL = dead load

LL = live load

IL = impact load

SL = resultant reactions due to prestressing of positive tendons

and seating forces at outer supports.
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NOTATION
average area of cross sections of specimens [Chapter 3];
area of bolt [Chapter 6]
area of prestressing cable

area of web reinforcement placed perpendicular to the axis
of the member

depth of equivalent rectangular stress block

average width of specimen [Chapter 3]; width of compression
face of flexural member [Chapter 8]

minimum width of a flanged member

Q

="gItimate conpressive force

distance from extreme compression fiber to neutral axis
average depth of specimen [Chapter 3]; distance from
extreme compression fiber to centroid of prestressing
force [Chapter 8]

distance from plastic center to centroid of compressive

force
distance from plastic center to centroid of negative tendon

distance from plastic center to centroid of each positive
tendon

dead load
modulus of elasticity of conecrete

modulus of elasticity of steel

thickness of error in joint at bottom
accumulated error in height at the distance QE

distance from centroid of prestressing cable to C.G.

XX



e» e, = distance from centroid of each prestressing cable to C.G.
fé = compressive strength of concrete
s = ratio of splitting tensile strength to the square root of
P compressive strength
FS = ultimate load of steel
fé = ultimate strength of steel
fy = yield strength of reinforcement )
fc = permissible compressive concrete stress on bearing area
P under anchor plate of post-tensioning steel
F = internal force
FI’FIl,
F F = internal force due to prestressing cable
12’713
Op = fahrenheit degree
fSP = gplitting tensile strength of concrete
f e = compressive stress of concrete due to prestressing only at
P : bottom fiber
£, = stress due to dead load at the extreme fiber of a section
¢ at which tensile stress is caused by applied load
f c = compressive stress in concrete, after all prestress losses
P have occurred, at the centroid of the cross section
resisting the applied load
h = depth of segment
hp = height of pier
I = moment of inertia [Chapter 6]; impact factor [Chapter 7]
IL = impact load
jd = distance between ultimate compressive force (C) and ultimate
tensile force (T)
L = span length
lE = distance from the joint with the erection errors

xxi



' = length of bolt in compression side

c

lr = length of bolt in temsion side

QP = length of prestressing cable

LL = live load

LF = load factor

M = moment due to externally applied load

Mp = moment due to prestressing force

Mcr = net flexural cracking moment

Ms = moment due to end reaction caused by prestressing of
positive tendons and seating forces at outer supports

s1 = secondary moment due to prestressing of negative tendons

MS ) = _secondar y-moment- -due-to =prestr essin g-pos: itive-tendons-in
main span

M;§‘~—ﬁ*ﬁ—»=‘seeendary~mQment:due:tn:prestressing:of:pnsitive:tendons
in side span

Mu ="ultimate external moment

MDL = moment due to dead load

M(LL+IL) = moment due to (live + impact) load

Mx = longitudinal slab moment per unit width

My = transverse slab moment per unit width

MOl’MOZ = plastic moment

ME = external moment

MI = internal moment

MWl = moments due to weight of segment (1.0 DL)

ME2 = moments due to resultant force of prestressing in main span
and jacking force at outer supports (=Ms)

ME3 = moments due to 0.35 DL

xxii
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MIl
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moment due to live load

ultimate internal moment

moments due to negative tendons

moments due to positive tendons in side span
moments due to positive tendons in main span

applied load [Chapters 3, 6, 7]; prestressing force

[Chapters 6, 8]

ultimate applied load indicated by the testing machine

prestressing force at a certain point
prestressing force applied at the end

prestressing force of each tendon

~relative humidity

standard deviation

force on the bolt

resultant reactions due to prestressing of positive
tendons and seating forces at outer supports

longitudinal spacing of web reinforcement

ultimate tensile - force

= tenslle force of each prestressing cable

ultimate design load
shear force due to externally applied load
equivalent vertical load of prestressing force

shear carried by concrete

shear at diagonal cracking due to all loads, when such

cracking is the result of combined shear and moment

xxiii




Vcw = shear force at diagonal cracking due to all loads, when
such cracking is the result of excessive principal tensile
stress in the web

Vd = shear due to dead load

Vu = shear due to specified ultimate load

\% = unit weight of concrete

W = weight of truck

Wb = section modulus at bottom

WT = section modulus at top

X = load factor of (LL + IL)

Y = reaction at support at complete collapse of the structure

o = angle change of tendon

¢ = diameter [Chapter 2]; capacity reduction faction [Chapter 8]

Tu = ultimate shear strength

Gu = ultimate flexural strength

o, = stress of prestressing cable

E; = ultimate steel strain

Ec = concrete strain

€s1°€s2?

s3 = strain of each prestressing cable (positive tendon)

EP = strain at level of prestressing cable (negative tendon)

€ = steel strain

tsp =—steel strain due to prestressing

€.p, = steel strain due to external load

61 = deflection due to flexure of segment at cantilever end

xxiv




deflection due to elongation of bolts at cantilever end
deflection due to bending of pier at cantilever end

elongation of bolts

angle change due to elongation of bolts

angle change of pier at the top due to bending of piér
Poisson's ratio [Chapter 4]; friction coefficient [Chapter 6]

wobble coefficient
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CHAPTER 1

INTRODUCTION

1.1 General

Construction of longer span bridges is increasing in the United
States to satisfy requirements of function, economics, safety, and
aesthetics. Impetus was recently given by a special AASHO Traffic
Committee which called for elimination of piers normally placed adjacent
to the outside shoulders of underpassing highways. This can be accom-

« *
plished only with longer span overpass structures.lO

Tﬁé”fﬁll potential of prestressed concrete has not been developed

by present U. S. bridge construction practices, such as wide use of pre-

tensioned I-girder and composite slab systems. These systems have potential
clear span limits in the 100 ft. to 120 ft. range. However, substantially
longer span prestressed concrete bridges have been built in several

countries by utilizing a precasting and cantilevering technique.26 These

are generally termed segmental precast prestressed concrete box girder

bridges and are usually built in cantilever.

Precast segments (Fig. 1.1(a)) are cast and transported to the
construction site. The precast segments are erected as balanced canti-
levers from the pier segment which is usually rigidly connected to the
pier either temporarily or permanently, as shown in Fig, 1.1(b). 1In
some applications, temporary props are used to provide the cantilever

moment capacity. Epoxy resin, mortar or concrete can be used as the

ment of this technique, concrete was used as a jointing material. How~

ever, the French used the epoxy resin successfully as a jointing

*
Superscript numbers refer to references in the Bibliography.
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(@) TYPICAL CROSS SECTION OF BOX GIRDER

(b) CANTILEVER ERECTION OF PRECAST SEGMENTS

PRESTRESSING CABLE
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|-~ | . <. SEGMENT AND RESIST
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Fig. 1.1. Typical balanced cantilever construction



material in 1964.24 Because of the rapid setting of the epoxy resin,
this type of jointing can shorten the construction period appreciably.
The negative tendons must provide for moment capacity for the full
cantilever moment. The ends of the last cantilevered sections are
located at either the center of the span or at the end supports, as
shown in Fig. 1.1(c). The positive tendons in the end span are pre-
stressed and the end segments are seated on their supports prior to or
during stressing of prestressing cables in the main span positive
moment region. At the center of the span, the gap between the two
cantilever arms extending from the two piers is closed with cast-in-
place concrete and then prestressing cables to resist live load in

the positive moment region are inserted and stressed.

The use of these precasting and cantilevering techniques in a

—————————————————————— prestressed concrete box girder bridge has the following advantages:s * 20—

(1) Maintenance of navigational clearance during construction.

(2) High quality control of segments and control of deflection.

(3) Flexible choice of the segment length depending on the
capacity of transportation and lifting equipment.

(4) Simultaneous start of casting segments and construction

of the piers.
(5) - Less erection time periodat the site.

(6) Efficient use of forms.

Beside the above advantages, long spans will minimize obstruc-—
tions and will be more aesthetic in urban expressways. This type of
bridge will save on maintenance costs by utilizing concrete in corrosive

environments.

Because this type of bridge had never been built in the United

States, a cooperative research project with the Texas Highway Depart-
ment and the Federal Highway Administration to investigate the various
problems associated with formulation of design procedures for long span
"precast prestressed concrete bridges of segmental construction was

started at The University of Texas Center for Highway Research in 1968.9



The Texas Highway Department finalized and implemented a pre-
liminary design developed as part of the project by The University of
Texas researchers with an experimental structure which is part of the
John F. Kennedy Memorial Causeway, Park Road 22, Corpus Christi, Texas.
The requirement to maintain navigational clearance during comnstruction
and the highly corrosive environment on the Texas coast led to the
choice of the precast prestressed concrete box girder bridge built in

cantilever.

In order to study the applicability and accuracy of the design
criteria, analytical methods, construction techniques, and shear per-
formance of the epoxy resin joint, an accurate one-sixth scale model
of the three span continuous bridge was built and tested at the Civil
Engineering Stfuctures Research Laboratory of The University of Texas'

Balcones Research Center. This report mainly deals with construction

and testing of the model.

1.2 Related Research in This Program

The followings are the related research which has been com—

pleted.

(1) State of the Art.”’ 1In the first year of the research

program, many references from various countries were collected and a
comprehensive literature survey was done by Lacey and Komura under the
direction of Dr. Breen. The object of the literature survey was to
investigate the technical problems in design and construction reported
in available literatures and to study the applicability of the method

with American standards of safety and economics.

(2) Design and Optimization.16 Criteria were developed for

—design procedures and preliminary designs of several example structures

were made by Lacey. The Texas Highway Department adopted this prelimi-

nary design for the United States' first segmentally constructed precast
prestressed concrete box girder bridge, although a number of changes

were made by Texas Highway Department designers, as the final plans and



details were developed. The bridge was largely designed by the
Ultimate Strength Design method assuming beam theory as applicable.
Stresses during construction and under service loads were also checked
using Working Stress Design procedures and the beam method. Service
load behavior of the completed structure was also checked by folded
plate theory to determine the effect of warping. Optimal cross sections
were also studied by unconstrained nonlinear programming, although the

optimal cross section was not used in the final design.

(3) Theoretical Segmental Analysis.10 Because the response

of a box girder is sometimes much more complex than that assumed in
the design procedure and no computer program to accurately analyze the
structure during the cantilevering stages was available, a computer

program utilizing the Finite Segment Method was developed by Brown. This pro-

gram (SIMPLA2) can treat external load and longitudinal prestressing forces

and determine effects in both the longitudinal and transverse directionms.

(4) Experimental Study of Epoxy Resin.15 Use of epoxy resins

with concrete is very popular in the United States, as coating or
patching material, etc. Although a guide4 has been specified for the

general use of epoxy resin with concrete, there was no specification

for the specific use in jointing the segmental precast prestressed

concrete box girder bridge. After a literature study26 two epoxy

resins which were available in 1969 were tested by the author for
various conditions during and after construction of the bridge, such

as the flexural and shear strength of the epoxy joint, and the pot life
of the epoxy resin. Development of a Texas Highway Department tentative
specification followed this study. Prior to the model bridge construc-—
tion, six different epoxy resins were furnished and one of the epoxy

resins which was closest to meeting the specification was selected from

these test results.

(5) Field Study. This study consisted of instrumentation of
the prototype bridge. Strain gages were mounted on the reinforcement
in various segments and readings from these gages were taken at the time of

cantilever erection. Structural behavior under actual service loads was



observed for various loading conditions upon completion of the prototype

construction.

1.3 Objective and Scope of the Model Study

Tests of model structures are very powerful tools to check the

adaptability or accuracy of design procedures and to verify analytical

procedures.

In utilizing precast segments to build the bridge, continuity

of the structure at the joints is a very important problem. Several
concrete box girder bridge models were previously tested in various

laboratories.2”» 14» 11, 30

All of the model bridges, except for a two-
span (72 ft. long) four-cell reinforced concrete box girder model

. , 29 ,
tested in California, were precast prestressed microconcrete box seg-

model11 (81 ft. long) maintained the continuity of reinforcement across
14

———————all-the—joints.—The-1/12th-Mancunian Highway microconcrete model

16
ft. 10 in. long) and 1/16th scale three cell box beam tested by Swann30

proved the adequate strength of the mortar joint in failure tests.

Some other tests have been reported which focused on the

investigation of the structural continuity of epoxy joints in the con-

tinuous slab [(1/4.64th scale, 50 ft. long) in Francel4]. An investi-
gation of the shear capacity of the precast segment joined with epoxy
resin has been reported in Japan.l4

However, to the author's knowledge, no other precast pre~
stressed concrete segmental bridge model joined with epoxy resin has
accurately simulated the construction procedure and been loaded to

failure. Since this three span precast prestressed concrete segmental

twin box girder bridge, joined with epoxy resin, is a one-sixth scale

23

"direct" model,l’ it can simulate the behavior of the prototype both

in the elastic and inelastic range. The objective and scope

of this model study was to investigate the following:




(1) Strain distribution due to prestressing during cantilever

construction.

(2) Behavior of the bridge under service level loading for the
various loading conditionmns.

(3) Comparison of analytical results of the beam theory and
folded plate theory computer programs with the above
experimental results.

(4)—Behavior-of the-bridge under-theultimate proof loading

(1.35 DL + 2.25(LL + IL)) for the various loading condi-

tions.

(5) Determination of the flexural failure mechanism and the
effect of the epoxy resin on the shear capacity of the
bridge as well as the punching shear capacity of the top
slab.

proposed for this bridge.

y—Improvement of the design details in construction to

minimize field problems prior to the prototype bridge

construction.

(8) Demonstration to the prospective contractors to assist

in - the visualization of the construction technique.

1.4 Summary of the Following Chapters

Details of procedure used for reduction of scale in dimensions
and materials are given in Chapter 2 and the test results of materials
used for the model are discussed in Chapter 3. Details of the segments,
casting procedures and preparation of segments for the model bridge are
illustrated in Chapter 4.

Prior to discussing the actual construction and the loading

tests, the instrumentation used in the model bridge tests and the

[

procedures-for-data-reduction-are-briefly-explained-in-Chapter-5-
Chaptef 6 illustrates all construction procedures for the model bridge

and discusses the behavior of the bridge during construction. After




completion of construction, a wide variety of service level loadings were
first applied to the bridge and then various design ultimate loads speci-
fied by the 1969 Bureau of Public Roads criteria were applied to prove

the safety of the structure. These tests are discussed in Chapter 7.

Finally, the bridge was loaded to failure and the behavior
during loading is documented for the ultimate strength of the bridge
and comparisons of the theoretical and experimental values are dis-

cussed in Chapter 8.

Chapter 9 gives the conclusions determined from the model study

and recommendations for future design criteria and construction.




CHAPTER 2
SCALE FACTORS FOR THE BRIDGE MODEL

2,1 Factors Affecting Scale Selection

Selection of the scale factor for the model bridge was primarily
governed by availability of materials and loading facilities. Consid-
eration of dependability of results, costs, and construction times were

additional important ‘factors.

The 1/6-scale factor was dictated by availabilities of model
13

materials (mainly prestressing cabhle). All prestressing strands-and

reinforcing bars could be reduced very closely to required scale (max.
9% deviation). Although deformed bars for these small sizes are not
available, bonding of the wire was not a critical problem in this study.
After tentative selection of the 1/6-scale factor, testing facility and

loading equipment availability were not found to be controlling factors.

2.2 Dimensions of Prototype and Model Bridge

2.2.1 Longitudinal Dimensions

Since a 200 ft. main span was needed in the prototype bridge,

100 ft. side spans were taken for balance (Fig. 2.1).

2.2.2 Transverse Dimensions

Details of the transverse cross section are shown in Fig. 2.2.
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A B C D
A Yy 8 2%
SPAN AB BC cD
PROTOTYPE 100' 200' 100"
MODEL 16.67' 33.33' 16.67'

Fig. 2.1. Longitudinal dimensions of bridge
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2.3 Choice of Materials

2.3.1 Concrete

At The University of Texas, a 1/5.5 scaled microconcrete18
(reduced aggregate which has a similar gradation to ordinary aggregate
gradation) was frequently used for a number of model studies. Micro-
concrete is designed to have the same properties (in Ec and fé) as the
prototype concrete. It was decided to use this concrete after some
trial mixes to get minimum fé = 6000 psi. Details of the scaled micro-

concrete are described in Sec. 3.1.

2.3.2 Prestressing Steel

Four groups of strands were used for the prototype and the scale

scaled down using breaking force values, so prestressing wire has to' be
used in some cases in order to have the same total breaking force. There-
fore, the grades of steel for the prototype and the model were not the

same in some cases. Fig. 2.3 shows the position of each tendon.

TABLE 2.1

CHOICE OF STRANDS AND WIRE FOR THE MODEL BRIDGE

Prototype Model

Ultimate Required
Strength Ultimate
(kip) Strength (kip)

Strength of
Selected
Material (kip)

No. of 1/2" ¢
270K Strands

Selected Wires
or Strands

20 825 22.9 3/8 in. Strands 23.0
I3 537 14,9 7 mm Wire 14.7
8 329 9.1 1/4 in. Strands 9.0
6 248 69— 6ga.Wire 70




9ITA pue spuexls Jupssollse

M.v.

(39v7d
NI 1SVO

Joqiyg D

o ad jo syr®IBQ ‘€°Z *314
- G3INOISIA ATIVNIOINO SV *
JHIMYO 9 | SONVYLS 9 0 3MIM YO 9 SONVHIS 8 | e
MY 9 SONVYLS 9 20 © 3UIM°YO 9 SONVYLS 9 | oig
UMY 9 SONVYLS 9 2o 34IM VO 9 SANVYLS 9 68
MO 9 SANVYHLS 9 I3 UM VO 9 SANVYLS 9 88
| UM WN L SANVYLS €I .8
SANVYLS NI ¥ SANVYLS 8 mq 3AIM WN L SONVHLS €| og
SONVHLS NI ¥4 SONVYLS 8 S JHIM W L SONVHLS €} <8
SANVYHLS NI ¥ SANVYLS 8 14 SONVYHLS Ni 84 SONVYLS 02 | +8
SANVYHLS ‘NI ¥ SANVYLS 8 £V SANVYLS ‘NI 84 SONVYLS 02 | €8
SANVYLS NI SANVY1S 8 eV FHIM NN L SANVYLS €I 24
SANVYHLS NI b4 SANVYLS 8 1 UM AN 2 SANVYLS €¢I g
7300 3dALOLONd J300W |, 3dALOLONd
| . .
( NVdS NIV N NVdS 301S
1




13

2.3.3 Reinforcing Bars

Three different reinforcing bar sizes were used in each segment
and another bar size was used for the longitudinal cast-in-place joint,
These bars were specified as Grade 60 in the prototype. The reduction
to 1/6-scale for these bars is described in Table 2.2. Reinforcing bars
used for the model were C-1018 wire., Wires for the model were not
deformed, but bond strength of wire to microconcrete has been shown to be
adequate in other tests.l Another problem with the wire for the model is
the stress-strain characteristics, because yield strength varies between
different size wires of the same quality. In order to obtain a distinct
yield plateau in the wires to match the reinforcing bars of the prototype,
wires for the cage were annealed by a commercial firm in a controlled
temperature oven. Then the reinforcing cages were assembled. Details of

the reinforcement are shown in Fig, 2.4.

TABLE 2.2

CHOICE OF REINFORCING BARS FOR THE MODEL BRIDGE

Prototype Model
Area Required Area . Area of Chosen
Bar (sq. in.) (sq. in.) Chosen Wire Wire (sq. in.)
#8 0.79 0.0220 8 ga. Wire 0.0206
#6 0.44 0.0122 1/8 in. Wire 0.0122
#5 0.31 0.0086 12 ga. Wire 0.0087
a4 0.20 0.0056 14 ga. Wire 0.0050

Details of individual bars and some modifications (such as spirals

and anchorages) are shown in Sec. 4.1.
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CHAPTER 3

MATERIAL -PROPERTIES

3.1 Concrete

3.1.1 Concrete Mix Design

After several trial mixes, the following mix (Table 3.1) was used
to cast a segment because mix design for 6000 psi concrete was not pre-
viously available. Consistency of microconcrete was judged by visual

inspection. The workability of microconcrete mixes was good even though

the»mixeS?appeaIEdﬁscmewhatndryxandthargngmmconcretemmlxwdesiganfMTablewwmw~mwwwmw

3.1 is enough volume to cast a segment.

TABLE 3.1

CONCRETE MIX DESIGN
(2.4 cu. ft.)

Design Strength 6000 psi
W/C (1b/1b) ‘ 51.6 %

Water 41.5 1bs,
Cement (Type III Portland Cement) 80.5 1bs.
ICM 154 (Aggregate) 61.2 1bs.
Ottawa Sand 70.9 1bs.,
Blast Sand No. 1 65.4 1bs.
Blast Sand No. 2 18.9 1bs.
Colorado River Red Sand 18.9 1bs.
Airsene L (Retarder) 94.8 cc

15
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3.1.2 Strength of Concrete

One or two cylinders (3 X 6 in. or 2 x 4 in.) were cast with

each segment. Several cylinders were tested at the time of construc-

tion and the remainder were tested at the time of loading test. Com~
pressive strength of the closure segment was tested one week after casting
but prior to positive tendon operation. Test results are summarized in
Table 3.2 and Table 3.3.

TABLE 3.2

COMPRESSIVE STRENGTH OF CONCRETE

Standard Deviation

Type of No. of Cylinders = Average Compressive (g) of Compressive

Cylinder Tested Strength (psi) Strength (psi)
3 x 6 in. 49 - 7090 323
2-x 4 —in 24 7430 810

TABLE 3.3

SPLITTING TENSILE STRENGTH OF CONCRETE

Standard Deviation

Type of No. of Cylinders Average Tensile G

. s) of Tensile
Cylinder Tested Strength (psi) Strength (psi)
3 %X 6 in. 35- 597 31
2 X 4 in. 20 633 71

-A universal hydraulic testing machine (max. 120 kip) was used

for compression and splitting temsile tests of cylinders. Scaled load-

1,2
ing heads and caps were necessary to minimize scatter of test results. ® 3
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For the compression test, cylinders were capped on both ends with sulphur

capping compound in an approximately scaled capping device and tested by

using scaled adjustable spherical load heads on the top of cylinders.

For the splitting tensile test, loading bars and wooden strips were scaled
down for each size of cylinders. Also the 1oading rate was reduced in
appropriate scale because the loading rate would affect the strength of

concrete,

There was no cylinder which had lower compressive strength than
6000 psi. The strengths of the 2 X 4 in. cylinders were slightly
greater but showed higher variations than the 3 X 6 in. cylinders. The
values obtained with the 3 X 6 in. cylinders are more reliable than
those of the 2 X 4 in. cylinders because standard deviation for the

3 X 6 in. cylinders is much less than that for the 2 X 4 in. cylinders.

o Thereture;the;value;fbriféibfilOyugpsi—andgsplitting»tensile~strength
of 597 psi are used in later calculations. FSP for the 3 x 6 in.
cylinders is 597/,/ 7090 = 7.09.

3.1.3 Modulus of Elasticity

Four - 0.4 in. paper strain gages were mounted vertically in series

at the middle of the cylinders. The cylinders were preloaded to about
1/10 of the estimated failure load 2 or 3 times prior to taking any
strain reading. The strain readings of all 4 gages were averaged and
stress~strain curves were drawn to find Ec‘ Ec was determined by the
slope of the chord up to about O.Sfé (the secant modulus of elasticity).12
Eight cylinders (3 X 6 in.) including one of closure were tested and the
results are shown in Table 3.4. Although the value obtained with the

3 X 6 in. cylinder is used for later calculation, Ec of the 2 X 4 in.

cylinders was also checked by the same procedure.

The ACI2 formula gives Ec = wl'5 X 33\/fé. Since the unit

weight of microconcrete is 133 lb/cu.ft..l’18 Ec = 133ELE@XAAL1550 =
4,39 x 106 psi for fé = 7550 psi.
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TABLE 3.4

MODULUS OF ELASTICITY OF CONCRETE

No. of Standard Deviation

Type of Average E - Average f'
Cylinders A (s) of E c

Cylinder Tested (psi) (psi) c (psi)

3 X 6 in. 8 4.56><106 0.37 x 106 7550

2 X 4 in. 2 4,46 x 10° 0.24 x 10° 7190

3.1.4 Poisson's Ratio

Six - 0.4 in. paper strain gages were mounted vertically and

horizontally in series at the middle of test cylinders. About 1/10 of
the failure load was preloaded 2 or 3 times prior to taking any reading.
Three vertical strain readings and three horizontal strain readings
were averaged and Poisson's ratio was calculated. Three - 3 x 6 in.
cylinders were tested to find Poilsson's ratio. The average Poisson's

ratio was 0.184 and standard deviation was 0.016.

3.2 Steel

3.2.1 Prestressing Strands and Wire

3.2.1.1 Ultimate Strength

Six to seven specimens of each size were tested and the results are
as follows (Table 3.5).

3.2.1.2 Modulus of Elasticity

Two strain gages (EA-06-125BT-120) were mounted on the opposite

two faces of the wire and ES was calculated from stress-strain curves.

In an attempt to measure the modulus of strands, epoxy resin coatings
were applied to get a smooth surface for strain gages. Two strain gages

were then mounted using the same procedure as that for the wire.
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But since strain was not measured successfully, ES values for strands

were taken from a reference.20 These values are shown in Table 3.6.

TABLE 3.5

ULTIMATE STRENGTH OF PRESTRESSING STRANDS AND WIRE

No. of Average F' Area Average f' and
Type of Cable Specimens (kip) s (8q. in.) (s) (k;i)
6 ga. Wire 6 8.22 0.029 280 (13)
1/4 in. Strands 6 9.15 0.0356 257 (8)
7 mm Wire 6 15.3 0.0594 258 (8)
3/8 in. Strands 7 22.0 0.085 259 (4)
TABLE 3.6

MODULUS OF ELASTICITY OF WIRE AND STRANDS

Type of Cable No. of Specimens Average Es and (8) (psi)
6 ga. Wire 4 30.9 x 106 (0,11 x 106)
1/4 in. Strands — 27.0 X 106 (—)
7 mn Wire s 30.5 x 10°  (0.17 x 10%)
3/8 in. Strands —— 27.0 x 106 (———)

3.2.2 Reinforcing Wire

Samples of all reinforcing wire sizes used in the segments were
tested without breaking the cross-connected wires at the intersection as

shown in Fig. 3.1. Some difference in fy and f; was noticed between
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sizes of wires and the smaller wire showed more variation than the
larger wires. These results are shown in Table 3.7. All reinforcing
wires of precast segments were above Grade 60. Twelve ga. wire which

was used longitudinally at the midstrip closure had £ = 45.1 ksi
J

(s = 3.1) and £! = 53.6 ksi (s = 1.8).

TABLE 3.7

TEST RESULTS OF REINFORCING WIRE OF PRECAST SEGMENTS

. ]
Type of Wire No. of Specimens Ave{?ge fy and Ave€?ge fg and
(8) (ksi) (s) (ksi)
8 ga. Wire 6 70.6 (3.4) ‘ 75.1 (4.2)
1/8 in. Wire 6 79.0 (4.3) 80.4 (3.0)

14 ga. Wire 15 ' 72.2 (12.1) 74.6 (11.4)
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3.2.3 Strength of Bolts at Main Piers

Texas Highway Department plans specify that twelve-3 in. diameter
threaded rods were to be used for moment connections at the main piers
during construction. For the model bridge, twelve-1/2 in. diameter high
strength bolts were used at the main piers to hold segments temporarily
during construction. Test results of those bolts are shown in Table

3.8. Experimental f; was in the range (60 - 100 ksi) specified by ASTM.

TABLE 3.8

TENSILE STRENGTH OF BOLTS AT MAIN PIERS

t
Type of Bolt No. of Specimens Average £  and  Average fs and

(s)(ksi) (s)(ksi)

1/2 in., diameter 3 75.1 (0.85) 78.8 (0.9)

3.3 Epoxy Resin as a Jointing Material

3.3.1 .General

The advantage of the epoxy resin as a jointing material as com-

pared to concrete or mortar joints is its quick hardening. It may be
possible to construct the precast segments with dry joints but it will be
better to seal the joint against corrosion. Therefore a good epoxy resin
is required to assure durability. Also it will be better to have a resin
which is certainly as good as concrete in flexure and shear. At the

region where maximum shear and maximum moment occcur simultaneously,

there is a possibility of direct shear failure as flexural cracks extend
if segments are constructed with dry joints. The epoxy resin joints
will increase the capacity of cracking moment at joints or shift the
cracks to some other positions under overloéding, if a good epoxy resin

is used in stead of dry joint.
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The use of epoxy resin to join precast segments is not well
developed in the United States. It was felt necessary to study
properties under various conditions in order to develop guideline specifi-
cations and provide a basis for selecting a suitable epoxy resin for
jointing. Flexural and shear strength of hardened joined concrete speci-
mens, pot life, tensile strength, ease of mixing and application, develop-
ment of bond strength and color were tested for two epoxy resins which
were available.15 The specification of the Texas Highway Department (see

Appendix B) was based on this study.

In the practical use of epoxy resin, the conditions which must be
considered include: (1) some bond releasing agent has to be used on the
surface of the old concrete segment prior to casting a new segment
against it; (2) oil may be put on the end form at the time of casting; or

—(3) the precast segments may be wet at the time of construction. These -

conditions were considered in selecting the best epoxy resin for the model

bridge construction.

Because of limited time and the large number of epoxy resins sub-
mitted for evaluation, the number of tests run was minimized. The effect

of o0il and moisture conditions was evaluated by flexure tests only since

the effect of these variables on both flexural and shear strength had

been shown to be essentially the same in the prior series. Also, monolithic
concrete specimens were tested in order to compare their strength with
joined specimens. Epoxy resins were mainly evaluated by comparing the
flexural and shear strength of hardened joined concrete specimens, evalua-

ting the pot life, and observing the ease of mixing and application.

3.3.2 Test Procedure and Test Results

T 3.3.2.1 TFlexure Tests

(a) Test procedure. Dimensions of the flexure test specimen are

shown in Fig. 3.2. Segment (A) was cast first. The steel plate facing
Segment (B) was removed one day after casting and a liquid bond breaking

compound TBC (Thompson Bond Breaking Compound) was put on the surface, and
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Segment (B) was cast against Segment (A). Although TBC does not contain
any silicon or paraffin which might reduce the strength of the joint,26

it was felt necessary to check the performance of TBC prior to the cast-
ing of the model segments. Desired compressive strength of concrete was'
6500 - 7000 psi, which is equivalent to the compressive strength of the
model and prototype concrete. One day after casting Segment (B), Segments

(A) and (B) were separated easily without any damage.

P
3" 3“
D
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(A) | SJONT — (B) g o
2"_A 6" . n " 1] W
¥ DR — e
IB“
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Fig. 3.2. Bending test specimen

After curing for one to two weeks, the joining surfaces were
cleaned with a wire brush, washed with water or steam cleaned and wiped

with acetone.

Epoxy resin was put on both matching faces and the specimen was

“prestressed using a bolt inserted in a concentric duct to produce 70 psi
uniform compressive stress.

The joined specimens were cured at room temperature (85 * 5°F) for

ten days prior to loading tests. The bolt which was used for stressing
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was removed before applying the load and the load was applied until

failure occurred. Figure 3.2 shows the loading setup.

(b) Test Results. For most of the epoxy resins three speci-

mens were tested. These three specimens were usually tested under
different conditions since variations in flexural strength were usually

very small. These conditions were:

(1) Dry, No 0il. TBC was put on the form before casting
Segment (A) in Fig. 3.2, 1TBC was also applied to the surface of the

concrete of Segment (A) which was facing Segment (B) after removal of
the plate. Segment (B) was then cast. Those specimens were dry at the

time of jointing.

(2) Dry, 0il. O0il was put on the form surfaces before casting

——Segment-—(A)-.——TBC-was—then-applied-to—the-concrete-surface-of-Segment
(A) which was facing Segment (B) after removal of the plate. Segment

(B)—was—then—cast.—These—specimens—were—then—steam—cleaned—one—to—three

days before jointing.

(3) Saturated, No 0il. TBC was put on the form before casting

Segment (A) in Fig. 3.2, TBC was then applied to the concrete surface

of Segment (A) which was facing Segment (B) after removal of plate.

Segment (B) was then cast. Those specimens were put into a water bath

for 24 hours and were removed one to two hours prior to jointing.

For the loading conditions and specimen dimensions used, the

flexual strength was calculated by the equation:

o, = Pul/bd2
where
Gu =-ultimate flexural strength (psi)
Pu = ultimate applied load indicated by the testing machine (lbs.)
% = span length (in.)
b = average width of specimen (in.)
d = average depth of specimen (in.)
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Earlier flexure test results for Epoxy (A) and (B) are summarized in

Table 3.9. The Texas Highway Department specified the minimum flexural

strength of joined specimens as 90 percent of the monolithic specimen.

TABLE 3.9

FLEXURE TEST RESULTS OF EPOXIES (A) AND (B)

Condition of Average Flexural Percentage of Strength

Epoxy Resin Specimen Strength and of Monolithic Specimen
P (s) (psi) (percent)
N .

Dry, soap 614 (44) 96.6

A) Saturated, soap 403 (22) 63.4
Monolithic 636 (18) ————
Dry, soap 737 (60) 107

(B) Saturated, soap 80 (&) 11.6
Monolithic 689 (44  memme-

*
Soap was used for bond breaking in place of TBC.

Test results for Epoxies (C) - (G) are summarized in Table 3.10.
For the specimens which were dry at the time of jointing and where there
was no form oil on the jointing surface, the ultimate flexural strength
of all epoxy resin performed as well as the monolithic specimen. How-
ever, if there was any form oil on the jointing surface, the strength of
Epoxies (C), (D), and (G) dropped significantly. Epoxies (C) and (D)

were joined three days after steam cleaning and Epoxies (E), (F), and

(G) were joined one day after steam cleaning. Additional specimens were

tested using Epoxy (E) to invéstigate the effect of time after steam

cleaning. Although specimens were joined using Epoxy (E) three days

after steam cleaning, flexural strength was 759 psi and it was concluded




TABLE 3.10

FLEXURE TEST RESULTS

26

Percentage of

Flexural
Epoxy Conditions of Strength of
Resin Specimen Sﬁ?i:ﬁfh Type of Failure Monolithic
P Specimen (%)
Dry, No 0il 766 Concrete Adjacent 105
to Joint
() Dry, 0il 625 Concrete Adjacent 86
to Joint
Saturated, No 0il 133 Epoxy Separation 18
Dry, No 0il 800 Concrete Adjacent 110
to-Joint
R0©)) Dry, 0il 500 Concrete Adjacent 69
to Joint
Saturated, No 0il 50 Epoxy Separation 7
Dry, No. 0il 733 Concrete Adjacent 100
to Joint
(E) Dry, 0il 742 Concrete 102
Concrete Adjacent
Saturated, No 0il 467 to Joint 64
Dry, No 0il 750 Concrete 103
() Dry, 0il 758 Concrete 104
Saturated, No 0il 175 Epoxy Separation 24
Dry, No 0il 725 Concrete 99
(G) Dry, Oil 221 Epoxy Separation 30
Saturated, No 01l 183 Epoxy Separation 25
Compressive Strength of Cylinder: 6760 psi (s = 842)
Splitting Tensile Strength: 538 psi (s = 73)
Flexural Strength of Monolithic Specimen: 729 psi (s = 43)
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that there will be no difference when joining one day or three days

after cleaning with form oil exposed specimens.

For saturated specimens, joints were extremely weak, except with
Epoxy (E) which showed about a 1/3 strength reduction under this extremely
severe exposure condition. It was also concluded that TBC does not reduce

the strength at the joint.

Because the flexural strength of concrete (flexural strength of
the monolithic specimen) in Tables 3.9 and 3.10 was different, the values
of the flexural strength of joined specimens cannot be compared directly.
But the percentage of the strength of the monolithic specimen indicates
the performance of each epoxy resin. It was concluded that only Epoxy (E) will
perform as well as Epoxy (A) for flexure with the various surface conditions

studied

3.3.2.2 Shear Tests

(a) Test Procedure. Dimensions of the shear test specimen are

shown in Fig. 3.3. Segments (A) were cast first. Steel plates facing
Segment (B) were then removed one day after casting and TBC (details are

in Sec. 3.3.2.1 (a)) was put on those surfaces, and Segment (B) was cast

against Segment (A). Other details of joining were same as in Sec.

3.3.2.1 (a). Fig. 3.3 shows the loading setup for the shear tests.
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Fig. 3.3. Shear test specimen
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(b) Test Results. For each epbky resin, three specimens were

tested for the same basic condition. All specimens were tested with no

form oil application, and specimens were dry at the time of jointing.,

Test results are summarized in Table 3.11.

For the loading conditions and specimen dimensions used, the

average shear strength was calculated by the equation:

—
Il

V/bd = 0.45 P /bd = 0.45 P /A
u u

where
= ultimate shear strength (psi)
= ghear force (1bs.)

= ultimate applied load indicated by the testing machine (1bs.)

ot odo g A
i

= average width of specimen (in.)

average-depth-ofspecimen—(in)

[= 9
!

>
]

average area of cross section of specimen (sq. in.)

All of the epoxy resins except Epoxy (G) have enough shear
strength for a jointing material, especially Epoxies (C) and (D) which
nearly developed the equal strength of the monolithic specimens.

Shear test results of Epoxies (A) and (B), which had been tested
previously, are summarized in Table 3.12. The Texas Highway Department
specified the minimum shear strength of joined specimens as 70% of the
monolithic specimen. Therefore Epoxies (C), (D), (E) and (F) passed the

specification.

3.3.2.3 Pot Life of Epoxy Resins

Two different tests for pot life of epoxy resins are specified

in ASTM.D 1338-565 as

(1) Consistency Test
(2) Bond Strength Test.

Since the pot life of an epoxy resin is geverely affected more by consistency

or viscosity of the epoxy resin than bond strength,15 pot life was measured



TABLE 3.11

SHEAR TEST RESULTS
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Percentage of

Epox Shear Average Shear Strength of
Rp <y Strength Type of Failure Strength and ELA
esin (psi) (g) (psi) Monolithic
P P Specimen (%)
806 Concrete Adjacent
to Joint
(9] 744 Concrete Adjacent 755 103
to Joint (31)
——— Error in Jointing
744 Epoxy Separation
(D) 6380 Concrete Adjacent 127 97
to Joint (33) ‘
756 Concrete Adjacent
to Joint
542 Epoxy Separation
(E) 504 Concrete Adjaéent 571 76
to Joint (69)
666 Concrete Adjacent
to Joint
530 Concrete Adjacent
to Joint
() 504 Epoxy Separation 608 81
(125)
781 Concrete
340 Epoxy Separation
(G) 378 Epoxy Separation 328 44
265 Epoxy Separation

Compressive Strength of Cylinder:

Splitting Tensile Strength:

6760 psi (s
538 psi (s

Shear Strength of Monolithic Specimen: 753 psi (s

842)
73)
103)
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TABLE 3.12

SHEAR TEST RESULTS OF EPOXIES (A) AND (B)

Average Shear Percentage of
gz:zz Coﬁgt;iﬁiﬁff Strength and Strength of
P (s) (psi) Monolithic
Specimen (%)
*
Dry, Soap 501 (30) 69.9
a) Wet, Soap 240 (35) 33.5
Monolithic 717 ( 9) —_———
Dry, Soap 456 (43) 59.7
¢:)) Wet, Soap 92 (12) 12.0
Monolithic 764 (42) ———

*
Soap was used for bond breaking in place of TBC.

by consistency tests specified by ASTM D 1338-56. Epoxy resin was put

into a beaker, and consistency of it was checked by rotating a glass rod
at certain intervals until regular rotation became impossible. Viscosity

was judged by visual inspection.

Test results of pot life (at 75 * 3°F) by consistency are shown
in Table 3.13.

None of the epoxy resins except Epoxy (A) passed the 90 minute
pot life Texas Highway Department specification, although temperature
7777777777777777777777777777 conditions-of-the -test -were-slightly-different. - -In- a segmentally-.con=

structed model bridge, epoxy resin is usually put on the joining surface

within 30 minutes of mixing, and stressing operations are usually completed

within one hour after mixing. Since most of the epoxy resins have a longer
pot life when the epoxy resin is spread in thin layers (because of less
heat concentration), all epoxy resins except Epoxy (D) can be used without

any problem.
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TABLE 3.13

POT LIFE BY CONSISTENCY TEST

Epoxy Pot Life (min.)

(4) 90

(B) 60

©) 70

(D) 20

(E) 50

(¥) 60

) 70
Texas Highway Dept. Specification 90 min. at 68 F

3.3.2.4 Ease of Mixing and Application

All-epoxy resins—except Epoxy (D)were easy to mix-because—the

viscosity of the resins and hardeners were almost the same.

After mixing the resin and hardener, there was no problem in
applying the mixture to the surface of the concrete. All epoxy resins
submitted had reasonable viscosity except Epoxy (E). However the
manufacturer of Epoxy (E) changed the viscosity as required to meet

reasonable limits.

e 30303...Selection of Epoxy Resin and Further Test

The prototype bridge was going to be constructed on the Texas

g0@8t-and -the segments transported. by barge to the site. . It was felt
that the effect of moisture might be quite important. Therefore Epoxy

(E) was selected as the best overall material for use in construction
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Development of bond strength of Epoxy (E) was

tested by direct tension tests using bolts (1-3/4 in. diameter) as

shown in Fig. 3.4.
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Fig. 3.4.

Development of bond strength of epoxy resins

Development..of .strength may. change. depending..on. joining.material.. ...

Development of the strength of Epoxy (E) was very slow compared to Epoxy

(A) which was used in previous tests and was not available for use in the

prototype or model selection.

One of the desired benefits in using epoxy

resin as a joining material for segmentally constructed precast prestressed
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concrete bridges is its quick development of strength. This helps speed

up construction time. Although there was no problem using Epoxy (E) for

the model bridge construction, it is necessary to accelerate the
development of strength when used in prototype bridge construction, to

prevent slip at joints.

In Japan, most of the epoxy resins in use are capable of attain-
ing the same strength whether wet or dry specimens are used.26 As
segmental construction is becoming more widespread in the United States,
it is necessary to improve the quality of epoxy resins for strength under

all conditions.




CHAPTER 4

SEGMENT DETAILS

4.1 Reinforcing Cage for Precast Segments

4.1.1 Reinforcement

As mentioned in Sec. 2.3.3, one of the basic problems in using
wires is that the yield strength varies somewhat inversely with the size
because the wire is cold drawn. In order to get a uniform yield strength
for each wire, it would be ideal to anneal each size of wire separately

nd—tie—the—individual-wire—inte—the—proper—shape. This would have taken

excessive time to complete 84 segments. Therefore, the five differ-

ent wire mats which were required for each segment were lightly spot-
welded and were then annealed simultaneously by a commercial firm. These
sets of wire mats were then cut as required and bent in proper length and
shape as shown in Fig. 4.1. The two top mats were tied first, with spacers

provided at eight points. The two bottom slab mats were then tied using

the same procedure. Then, all mats of a segment were assembled as shown
in Fig. 4.2, by using a jig. Details of each mat are shown in Fig. 4.3.
Development length of web reinforcement (Fig. 4.3) spliced into the top
slab was longer than that specified by the prototype plan, because plain
bars were used in the model instead of deformed bars. The ACI Code2
specifies that the minimum amount of lap for plain bars shall be twice
. that specified for deformed bars. The 84 cages required for the model
were assembled using these procedures and stored. Since all mats were

welded to close position tolerances, assembly of the mats into cages

proceeded very smoothly.

Modification of the cages was required at the shear key and

anchorage points. Those details are shown in Fig. 4.4, Whenever a

34
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wire was cut, replacement bars were spliced in, or wires were rotated

or rerouted as necessary. No bars called for on the plans were ever

omitted.

The reinforcement of the pier segments was modified according
to the plans. Figure 4.5 shows the details as reduced for the model
bridge.

4.1.2 Anchorages

Since it was impossible to exactly scale the commercial tendons
and anchorages used in the prototype, prestressing cables for the model
were simply scaled by reducing the prestressing force and using an
equivalent single cable. Therefore, normal strand chucks were selected

as the basic anchorage device for the single cables. At the time of

anchorage selection for the model, the prototype plans allowed the choice

of bearing or wedge types of anchorage. For the model, the bearing type

was chosen. The dimensions of the anchorage bearing plates were sized
to satisfy the current A012 and AASHO6 specification in a preparatory
study.13 The dimensions for the model are shown in Table 4.1. The

commercial anchorage chuck was welded to the bearing plate as shown in

Fig. 4.6, When double tendons were used at the first segments adjacent
to the main piers, the area of the bearing plate was doubled and both

commercial anchorages were welded to the same plate.

: TABLE 4.1
DIMENSION OF BEARING PLATE FOR THE MODEL BRIDGE

Cable Bearing Plate Bearing Stress Allowable
fffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff UnXeadpeXod ) gp=Qe 8 F L (pgd)mmmmmn sy g
s cp
3/8 in. Strands 1-1/2 x 1/4 x 3 4280 4390
7 mm Wire 1-1/2 x 1/4 x 2 4200 : 4410
1/4 in. Strands 1-1/2 x 1/4 x 1-1/2 3370 4390

6 ga. Wire 1-1/2 x 1/4 x 1-1/2 2700 - 4390
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Fig. 4.6. Details of anchorage and spiral reinforcement

During preliminary tests, a tendency for splitting along the
tendon was observed, which was restricted by use of a spiral. Even

though the bearing plates for the model were correctly sized to be on the

safe side and the curvature of tendon in the model was not as high as

the one used in the preliminary tests, the use of the spiral was adopted

as a guide line for better containment. Details of the spiral are-
shown in Fig. 4.6. Each duct and its spiral were always completely

contained in the shear and transversed reinforcement cages.
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4.1.3 Tendon Duct

Polyethelene. tubes were._used. to.form the. ducts.in the segments

containing the duct anchorages, because of the large amount of curva-
ture of the tendon duct in these sections. Steel tubes were used as
duct formers in the other straight portions as shown in Fig. 4.7.
Pipes for grouting holes were welded to steel pipe near the anchorage

as shown in Fig. 4.7.

STEEL TUBE POLYETHELENE TUBE

NEGATIVE TENDON GROUTING HOLE

ANCHORAGE

POLYETHELENE TUBE

POSITIVE TENDON /‘\,\
STEEL TUBE

N GROUITING HOLE

\

-

ANCHORA%E / h
-

“Fig. 4.7. Typical arrangement of tendon duct near anchorage

Two different sizes of ducts were used for each material, 7/16 in.

diameter (I.D.) was used for 7 mm wire, 1/4 in. strands and 6 ga. wire

and 9/16 in. diameter (I.D.) was used for the 3/8 in. strands.
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Figures 4.8 and 4.9 show the profile of the tendon ducts in the

main and side spans and Fig. 4.10 shows the detailed profiles of tendon

ducts specified by the plans in the curved portions.

4,2 TForms

The accuracy of vertical and horizontal alignment of the segments
is a very important factor to be considered at the time of Casting. Also,
it is very important to match the faces of precast segments exactly at
the time of construction. Therefore, continuous soffit forms were used
for the base form and segments were cast against the segment to which
they were going to be joined at the time of construction. Two continuous
soffit forms (half the length of the total span of the bridge) made of
plywood (1/2 in. thick) were secured to the testing floor, as shown in
Pig, 4,11, These soffits were built straight (longitudinally) and level

within 1/16 in. accuracy.

Three materials (steel, plywood, and plexiglas) were considered
for segment forms during the planning stage. Steel was abandoned at the
beginning because of the high cost of construction. After several trial

castings using plexiglas and plywood, stiffened plexiglas forms (1/4 in.

thick) and plywood forms (1/2 in. thick) were used in combination, as
shown in Fig. 4.12, Lacquer was coated on the surface of the plywood to
simplify stripping and protect the surface for repeated use. Plywood

is the cheapest material to use. However, it was realized that use of
plexiglas was desirable for either the interior or exterior side forms
in order to observe the flow of concrete in the webs so as to minimize
honeycombing in congested areas around the anchorages. The bulkheads
were made of plywood faced with plexiglas. These forms were set at the

end of the segment and secured rigidly to the side forms with bolts.

Figure 4.13 is a general view of the combined forms. All forms were

stripped one day after casting. Bulkhead and outer sideforms were

~stripped first and then the inner top form [Form (3) in Fig. 4.12] was -

stripped by folding the joint at the center. Then the interior side
forms were stripped. These forms were moved ahead as each segment was

cast against the previous segment. Most segments were not separated
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Fig. 4.10. Details of tendon profile specified by the plans



47

Fig. 4.11. General view of soffit forms

;TESTING FLOOR

[ :

2 ,

SOFFIT FORM g rorM () - PLEXIGLAS
FORM @ - PLYWOOD
FORM @ - PLYWOOD

Fig. 4.12, Details of forms for segment
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Fig. 4.13. General view of assembled forms

until all segments on the soffit were cast, in order to keep overall

tolerances. A few segments were initially separated to check the

_tions because of the difficulty of protecting the gages during cage pre-

aFFenf- of -the-bond-br
e ect—-o0k DO 1298

[Ee 2454 F§34

4.3 Strain Instrumentation in Cages

Since the main purpose of this study was to document the behavior
of critical sections during various stages of construction as well as
during the loading tests, strain gages were primarily placed in the first

segments next to main piers and at the center of the main span.

Altrhough it was possible to put strain gages directly on the wires

of-the-cage; it was-decided to put-strain gages-on-separate 0:l in: ¢ =

10 in. lengths of wire and to connect these to the cages at certain posi-

paration and handling. This was done in order to save time and pre-

vent damage to the gages during handling and casting. Strain gages were
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positioned longitudinally underneath the top mat in the upper slab and

on top of the bottom mat in the lower slab. Strain gages could not be

successfully placed transversely on the cage to get the transverse
behavior of the segments due to the difficulty of casting concrete in
correct thickness. Paper gages were put transversely on the concrete

surface of the segments at required positions before the loading tests.

Four types of gage installation patterns were used with the
segments. The position of strain gages for each pattern and the instru-
mentation pattern used in each particular segment location is shown in

Fig. 4.14.

4.4 Casting Procedure

Usually 4 segments were cast per day, with 2 segments cast on

each continuous soffit form. The order of casting for a continuous

soffit form is shown in Fig. 4.15.

For the first segment, the two bulkheads were set at carefully
determined distances, Subsequently the forms were moved ahead, and

each segment was cast against the previously cast segment.

The preparation for casting segments after the first segments
was as follows:

(1) Remove all forms.

(2) Clean the surface of previous segment and grind off the
excess tendon duct. Also seal the anchorage holes of previous segment
with styrofoam.

(3) Clean all parts of forms and put on coating of lacquer.

(4) Put bond breaking compound TBC (details in Sec. 3.3.2.1

(a)) on the outer face of the hardened segment one day before the next

casting.

(5) Set reinforcing cage on the soffit form adjacent to the

previouéysegménts.
(6) Set chucks and polyethelene duct in curved portion, and
set steel duct in straight portionmn.
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Fig. 4.15. Sequence of casting segments

(7) Set bulkhead into position and adjust all tendons in the
proper holes of the bulkhead. Tie the bulkhead to the bottom form.

(8) Put caulking compound along the joints of forms and set
both inner and outer side forms into position. Set interior form for
the top slab in position. All side forms have to be bolted to the
bulkhead and soffit forms.

—(9)—Put-polyethelene tube formers, used to-hang-dead-TIoad-blIocks, —

in the top and bottom slab, and place polyethelene tube formers in the

bottom of webs for separation and temporary prestressing operation.

(10) 1Install bracing for interior side forms.

Web concrete was placed through the top of the web and filled

from bottom to top and consolidated to eliminate any honeycomb effect.

A vibrator was used carefully for this consolidation while the web was
observed through the interior plexiglass form. Although many ways of
vibrating the web concrete were tried, it was concluded that the most
effective way was to vibrate directly on the cage of the top slab over
the web. Before casting the web portion, blocks were set between the
webs and the bottom slab to prevent the flow of concrete from the web
portion to the bottom slab. The bottom slab was cast after completing
the casting of the webs and then the blocks between the webs. and bottom

slab were removed. The top slab was cast last. After casting the

entire portion, the top slab was coated with a membrane coating compound

to prevent shrinkage cracks.

After completing all casting of 21 segments on a soffit form,
each segment was separated by using four 4-ton rams. Figure 4.16

shows the position of rams. Although it would be possible to develop
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4 TON RAM

Fig. 4.16. Position of rams for separation of segment

the forces required to separate the segments by hand, rams were used.

Equalization of ram forces minimized damage at the shear keys on the

bs—and—the—guide—keys-of-the top-and—bottom—slabsi+—In-most-casesy

the force actually applied on each ram was less than 0.4 kips.

4.5 Curing of Segments

Because the sequence used in casting and construction was the

same, all segments except the pier segments were erected five to six

months—after-casting. —Pier segments were-erected-four-months-after
casting. The segments were air cured in the laboratory and surface
preparation was done at the same place. Segments were kept in the

room (at 75 * 30F) until they were steam cleaned.

4.6 Surface Preparation of Segments

Surface preparation of the joint faces is necessary to insure
a good joint between segments. The order of surface preparation was

as follows:

(1) The segments were checked to make sure that the tendomns

ducts did not extend beyond the joining surface of the segments.

(2) “Excess concrete and sealing material were taken out using
a hand grinder (No. 4 in Fig. 4.17).

(3) Grinding of the joint faces was accomplished using a small
grinder connected to an electric drill (No. 3 in Fig. 4.17).
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rrf

g4y Y 7 Toots used—for surface preparation

(4) The holes for the seating attachment at anchorage were
enlarged by drilling using No. 5 shown in Fig. 4.17, if the jack seat-
ing attachment could not set on chuck body smoothly.

(5) Chucks were cleaned using a wire brush connected to an

electric drill (No. 2 in Fig. 4.17).

(6) Segments were steam cleaned and rust was removed from
chucks and steel ducts., Steam cleaning was used because it was found
that form oil had been used on the bulkhead before casting for some
of the first half of the segments. As shown in Sec. 3.3.2.1 (b), the

effect of oil was eliminated by steam cleaning.

4.7 Compensation Dead Load for Model Bridge

””””””””””””””””””””””””””” “To satisfy similitude requirements, it is necessary that the
density of a 1/6th scale model material be six times that of the

_prototype,. in order to_get the same dead load stress conditions. as.the

prototype bridge.
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Compensating dead loads have been added in various ways for

model structures. 11 In this case, five times the weight of the model

segment was added to the segments using concrete blocks as shown in
Fig. 4.18.

All dead load biocks were distributed to represent the weight
of each portion and to give reasonable transverse as well as longitu-
dinal distribution. Two 140 1b. blocks were used for the top slab
cantilever portions, 310 1b. blocks for the interior top slab and two

355 1b. blocks for the webs and bottom slab as shown in Fig. 4.18.

¥ __\W/////}// (3

- |  i—_— A iV v 4

7, 7" %

585 Ibs /355 l

/// // oo

Fig. 4.18. Compensating dead loads for the model bridge

Four points were used to support the 310 and 355 1b. dead loads
and two points were used for the 140 1b. blocks, since the additional

—Joady"

dead weight could not be placed uniformly. The maximum weight on any

loading point was less than 90 1bs., which closely simulate the uniform

Because of the heavier weight of the thicker slabs in the segments

adjacent to the main piers, it was theoretically necessary to hang 70 lbs.
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more weight on them. However this minor effect was ignored and the

same compensating dead weights were hung uniformly on all segments.

4,8 Actual Properties of the Model Bridge

All experimental material properties and measured section pro-
perties of the model bridge are summarized in Table 4.2. Those values

were used for the theoretical calculations.
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CHAPTER 5

INSTRUMENTATION AND DATA REDUCTION

5.1 General

Strain gages, dial gages, surveyor's level, load cells and
pressure gages comprised the instrumentation used for the model study.
Load cells and pressure gages were usually used to monitor forces for
prestressing and loading. Details of these instruments are described

in the following sections.

5.2 Load Cells and Pressure Gages

Prestressing forces during construction and loads for the
completed structure were applied by hydraulic rams connected to pumps
by hoses. In addition to the calibrated hydraulic pressure gages,
strain indicators connected to load cells indicated the amounts of
forces applied. Primary control of forces was by the load cell indi-

cations. Pressure sages were used to approximately check the applied

force because it was difficult to get accurate calibration of the

pressure gages at the low range of loading.

5.3 Strain Gage Instrumentation and Data Reduction

Two types of strain gages were used for the model bridge: Foil
strain gages were used on the steel wires and paper gages were used on
the surface of the concrete. Foil strain gages were mainly placed

longitudinally in the cage (see Sec. 4.3) and paper gages transversely

on the surface of the concrete.

Foil strain gages (1/4 in. long) were put on 0,1 in. ¢ X 10 in.

1oﬁg steel wire as shown in Fig. 5.1 (a). These strain gages were

57
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Fig. 5.1. Strain gage instrumentation

waterproofed and rarely failed even if they were kept in a segment more
than one year. Paper gages (8/10 in. long) were put on the smooth
surface of the concrete prior to loading tests (Fig. 5.1 (b)). Two
short wires were connected to the strain gages in the segment. Then
three conductor wires were connected to two conductor wires as shown

in Fig. 5.1 (c). Because of the use of three conductor wires the affect
of temperature change in wire was eliminated. These three conductor

— wires were connected to the VIDAR system

The VIDAR is a high grade digital volt meter which is able to
read and range between 10 milivolt full scale (1 microvolt resolution)
and 1000 volt full»scale (100 milivolt resolution), and is connected

to a high speed reed scanner. Output from the system can be either
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teletype, punch paper tape or magnetic tape. Figure 5.2 shows the

VIDAR system and teletype.

These outputs were put into permanent file in the computation
center and were reduced by the data reduction program SPEED.8 This
was originally developed in the National Bureau of Standard and modified
for the CDC system by the University. SPEED is composed of three seg-

ments for completion of data reduction. Those are described as follows:

PLOT 1: Coded data are converted to numbers with proper
decimal point. This number has already taken into
account variations in bridge voltage, temperature

variations and multiplier (such as Ec to change from

strain. to.stress). supplied by input.

Data are plotted by a line printer for each channel

vs, one channel,

\

PLOT 2: Vector manipulation of data from PLOT 1 is done.

Data are plotted by line printer for any six channels

vs. one independent channel.

\
PLOT 3: Data are plotted with CALCOMP plotter (i.e. film or

paper). It can plot any 10 channels against one

independent channel.

5.4 Surveyor's Level and Dial Gages

A surveyor's level and dial gages were used to measure the deflec-
tion during construction and loading test. Accuracy of level reading was

0.01 in., and deflection errors of dial gage should be less than 0.0005 in.
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VIDAR system and teletype
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CHAPTER 6

CONSTRUCTION DETAILS

‘6.1 Construction Procedure

6.1.1 General

The following is an outline of the steps followed in the model
bridge erection and closure:
(1) Pier segments were temporarily fixed to the piers using

bolts tightened to a predetermined torque.

(2) The precast segments were sequentially erected-using the

cantilever construction scheme with epoxy joints.

(3)- _Vertical and horizontal alignment was adjusted after com-

pletion of the erection of precast segments 1 through 9.
itive

moment tendons in the side spans were prestressed.

(5).. The half segments (M10) in the main span were erected. The

longitudinal reinforcement extending across the midspan gap from each of

the half segments was joined and the concrete closure segment was cast.
(6) The positive tendons in the main span were inserted and
prestressed after 7 days of curing of the closure segment. The bolts
used for the temporary fixing of the segments to the main piers were
released during the positive tendon stressing operation.
(7) The bridge was lowered to final position on neoprene pads

on the piers.

(8) The correct reactions were jacked into the outer piers.

6.1.2 Construction of Piers

Because the pier height of the prototype bridge was 90 ft. and

complete pier similitude was not a requirement of the study, the full
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height of the pier was not scaled in the model. The reduced pier
height for the model bridge was set at 55 in. to allow adequate space

below the model for insertion of compensating dead load blocks. How-

ever the general cross section of the prototype piers (see Appendix A)
was used at 1/6th~scale. Figure 6.1 shows the reinforcing bars for an
inner pier model. The piers were carefully set in correct position
prior to casting of concrete. In order to prevent overturning of the
piers under unbalanced loading, I-beams were welded to the pier base
and tied down to the testing floor using 1 in. diameter bolts as shown
in Fig. 6.2. |

Fig., 6.1. Reinforcement of the main pier

The completed pier with the bolts for temporary comnection of
pier segments and the neoprene pads for final bearing i1s shown in Fig.

6.3. The bolts and neoprene pads were scaled down to 1/6th actual

size. The diameter of the bolts in the model was 1/2 in. and the size of

the neoprene pad was 4-1/6 X 7 X 1/4 in. Dimensions of the bearing plates

used to restrain or support the pier segments at the top and bottom faces

for each 6-bolt group were 4 X 6 x 1/2 in.
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Fig. 6.2. Connection of pier to the testing floor
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Fig. 6.3. Detail of support at main pier
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6.1.3 Erection of Pier Segments

It is very important to set the horizontal and vertical alignment

of the pier segments as correctly as possible in order to minimize adjust-
ments of the two separate cantilever sectionms prior to the closure opera-
tion. Adjustment of the vertical alignment was made prior to setting the
pier segment by turning the nuts under the steel plates as shown in Fig.
6.3. For erection of the first half of the box girder bridge, the
horizontal'alignment of the pier segments was judged by eye and was later
considered inaccurate. In erection of the second half, the horizontal
"alignment of each pier segment was carefully adjusted using a positive
reference line formed by a piano wire stretched between each pier segment.
The mechanism for anchoring each pier segment consisted of 12-1/2 din.
diameter bolts and 1/2 in. thick steel bearing plates. The pipes which

formed vertical ducts in the pier segments to pass over the 1/2 in.

diameter bolts had a 1 in. inner diameter, so that there was adequate
play to allow adjustment of the horizontal alignment. After initial
alignment of the pier segments, the anchor bolts were tensioned to

approximately 1 kip each using a torque wrench. The gap between the
segment and the neoprene pad on the main pier was set to 1/4 in. for

the first half of the bridge. However, a gap of 3/4 in. had to be used

for the second half to minimize later vertical adjustment in order to
match the first half of the bridge. Figure 6.4 shows the general view

of the pier segment on the pier.

6.1.4 Erection of Segments during the Cantilever Stages

6.1.4.1 General

Possible erection methods for precast concrete cantilever con-—

. f o 2
struction over water may be classified as follows:

(1) Segments floated in on barges with barge-mounted crane

erection.

(2) Segments floated im on barges but erectionusing—tifting
equipment supported on the previously erected cantilever segments.
(3) Transportation of segments on the structure itself with a

large launching gantry used to place segments.
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Fig. 6.4. General view of the pier segment-on the main-pier

The cost of erection equipment for method (3) was considered
too expensive and not necessary for the prototype bridge. Erection
methods (1) and (2) were both considered practical for this prototype.

Since in the initial planning contractors would have an option for

either method, both were simulated in the model bridge erection.

During the majority of the model bridge erection, ségments were lifted
by various overhead cranes, as shown in Fig. 6.5. These cranes were
not supported on previously erected segments. The units were connected
temporarily by mechanical devices (Fig. 6.6) to ensure correct seating
and were then prestressed. This mechanical device was intended to pre-
vent any movement at the joint until stressing started and could not
affect the prestressing force applied by the cables. However, in a

number of cases, lifting equipment simulating light cranes supported

on the previously erected cantilever structure was used (Fig. 6.7).

The weight of a crane was about 370 1lbs. (13.3 kips in the prototype).
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Fig. 6.5.

Tyﬁical independent. crane used
erection of segments '

for
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Fig. 6.7.

Typical structure supported crane
used in some cases
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6.1.4.2 Details of Segment Erection

Two _segments were usually erected per day.  However, it was not

difficult to erect four segments per day with proper preparation and
adequate labor availability. All erection work was done in the after-—
noon to minimize the effect of temperature change on instrumentation.
Temperature and humidity during the time of erection varied between

75 - 90°F and 50 - 70% RH respectively.

Details of the erection procedure were as follows:

(1) Lead wires of any implanted strain gages in the unit to be
erected were connected to the VIDAR system.

(2) Two wide flanges (4 X 4 X 50 in.) were connected to the
bolts used to support the dead load blocks which pierced the top slab

of each segment, as shown in Fig. 6.5.

(3) Preweighed epoxy resin and hardener sufficient for joining
two segments was mixed.

(4) Prestressing wire or strands were inéerted in the straight
portion of the tendon ducts (Stage 1 in Fig. 6.8).

(5) Segment (A) was lifted, the height adjusted and leveled
by turn buckles as shown in Fig. 6.9 (Stage 2 in Fig. 6.8).

(6) segment (A) was separated after this adjustment. The
joining surfaces were cleaned with acetone and the epoxy resin was
spread on both joining surfaces as shown in Fig. 6.10.

(7) Segment (A) was clamped temporarily near the lower flange
as shown in Fig. 6.6 and also at the top of the segments (Stage 3 in
Fig. 6.8). The force applied on the mechanical clamping devices was
approximately 1 kip each and was checked with a torque wrench. Lead
wires connected to the prestressing cable were pulled South until the

end of the prestressing wire at the far end reached the end of the

straight portion. Lead wires were not necessary for the strands as they

could be pushed through by hand.

(8)—Same—as—(5)—for—Segment—(B)-

(9) Same as (6) for Segment (B).

(10) Segment (B) was joined temporarily. The lead wire was
pulled North until the prestressing cable was extended just enough for
seating (Stage 4 in Fig. 6.8).
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Fig. 6.8. 1Insertion of prestressing cable
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Fig. 6.9.

Adjustment of level

Fig. 6.10.

Application of thg_epoxy_resin_on_the—joining—s rface
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(11) The prestressing equipment was set on one end (Fig. 6.11).
Details of the prestressing system are shown in Fig. 6.12, Prestressing

force was applied using 30 ton hydtaulic rams. —The amount of force

applied was controlled by a load cell. 1In addition, the prestressing
force applied was checked approximately with a pump pressure gage.
Elongation of the prestressing tendonwas measured using a steel tape.
(12) A prestressing force of 0. 8f' was applied in order to
overcome the friction loss and then was dropped to 0. 65f' for seating.
The addition of 0. 05f' to the specified 0. 60f' was to compensate for
seating loss, as found in the preliminary tests. Although the pre-
stressing operations must be performed at both ends in the pPrototype,
prestressing force was applied only from one end for the model because
of the shorter work involved. However, prestressing operations were

done alternatively at each end. Friction loss tests were performed at

9 _9
ol g

various stages, as

Fig. 6.11. General view of prestressing system

for negative tendons

(13) Excess prestressing wire or strands protruding from anchors

were cut with an electrie grinder after seating of the jaws into the chuck
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e STRESSING SYSTEM (B)
172" STEEL PLATE ;30 TRAM  STRESSING SYSTEM (a)
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PRESTRESSING PROCEDURES:

(1) INSERT PRESTRESSING CABLE.

(2) PUT JAW INTO CHUCK BODY.

(3) SET SEATING ATTACHMENT, LOAD CELL AND 30 TON RAM.

(4) INSERT TEMPORARY CHUCK AT THE END OF RAM AND HOLD IN POSITION,

(5) EXTEND STRESSING SYSTEM (A) UNTIL 0.8 f; IS REACHED IN
PRESTRESSING CABLE.

(6) DROP THE PRESTRESSING FORCE FROM 0.8f, TO 0.65f..

(7) SET SMALL RAMS AT STRESSING SYSTEM (B) AND APPLY 2 TO 3 KIPS
OF LOAD TO PUSH THE JAWS INTO CHUCK BODY IN ORDER TO SEAT THE
PRESTRESSING CABLE. RELEASE SYSTEM (B).

(8) RELEASE SYSTEM (A), AND REMOVE SEATING ATTACHMENT, LOAD CELL
AND 30 TON RAM.

prestressing system
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bodies. Anchorage holes were filled with epoxy mortar ((Epoxy Resin):

(Sand + Aggregate) = l:l). These surfaces were ground smooth on the

next day.

6.1.5 Correction of Horizontal and Vertical Alignment

Correction of horizontal and vertical alignment was performed
after the 9th segment out from each pier was erected because the
balanced cantilever sections were still symmetrical and easy to adjust.

The following are the correction procedure steps used:

(a) Horizontal Alignment. There are two possible errors in

horizontal alignment which may occur in precast segmental cantilever

construction (twin boxes construction) as shown in Fig. 6.13. Points

ay—bs—e—and-din-Pig:—6-13-arethe center points of the pier Segments

CASE1_

—P [q] -

H- - -

PARALLEL QCLOSURE
CENTER OF PIER

SEGMENT ab / cd

o i o

CENTER OF _CASE 2

PIER SEGMENT

c

- Is -

ab ¥ cd

Fig. 6.13. Errors of horizontal alignment
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In case (1), lines ab and cd are parallel, but the cantilever

sections co and do extending from piers c and d are not in correct

horizontal alignment.

In case (2), piers are not carefully cast and the distance

between ac and bd are not equal so that ab and cd are not parallel.

Since the anchor bolts in the piers were carefully set in the
correct position prior to casting, there was no error of the case (2)

type in the model bridge construction.

During the construction of the second half, a piano wire was
stretched between the points c and d (in Fig. 6.13) in order to pro-

vide a base line for the two sections. This provided much finer

alignment. There was about 3/4 in. of correction required-at-the

closure of the two cantilever sections during erection of the first
half of the bridge, but less than 1/4 in. for the second half of the
bridge.

Each cantilever section was adjusted after erection of nine

segments so that the center line of each cantilever tip would meet on

the base line. 1In crder to adjust the cantilever sections with equip~
ment which could be practically scaled up for the prototype construc-
tion, a small channel was connected at the web of the 8th and 9th
segments and was pulled by a ratchet hoist whose base was connected

to the end pier, as shown in Fig. 6.14. The maximum capacity of the

ratchet hoist in the model was 4 kips.

(b) Vertical Alignment. There are three possible errors in

vertical alignment at the closure of the two cantilever sections.

They are:

(1) Error due to incorrect adjustment of the nuts underneath

and supporting the pier segments.

(2) Error due to variation in height of the soffit at the time
of casting.

(3) Error in joint widths at the time of cantilever erection.
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. Fig. 6.14. Adjustment of horizontal alignment

It had been predicted in the design16 that a small tensile
stress would occur on the bottom fiber at a distance of 30 in. from
the pier center (at the joint between 1lst and 2nd cantilevered segments),
when the cantilever arm length is 50 in. and 70 in. In the erection of

the first half of the bridge there were definitely joining errors
because the temporary prestressing system at the bottom of the segment
was not used to carry these tensile forces during erection of the first
several segments. Design procedures should ensure that there is no
tension at the bottom of any joints during the cantilever erection.
There were also other probable minor errors due to faulty joining work
in the first half of the box girder bridge before crew experience was
obtained. There were also some probable errors due to variation in the
height of soffit in the first and second half of the model bridge.

~~~~~~~~~~~ ———Therefore; substantial vertical adjustment had to be done at the end of

the cantilever erection:

Jointing errors in the early stages of cantilever erection
accumulate and are magnified at the end of the cantilever, as shown in
Fig. 6.15.
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E2 = % gy

where,

h = Depth of segment
Je= Distance from the joint with the erection error

E1 = Thickness of erfor in joint at bottom

E2= Accumulated error in height at the distance ),

Fig. 6.15. Accumulation of joining error

Although the second half of the bridge was constructed with
little error, adjustment of vertical alignment was necessary to mini-

mize the deviation of the top slab at the midstrip closure with the

~————previously constructed portion of the bridge.

For example, in order to correct the vertical alignment the

nuts at D were released slightly and about 600 1lbs. of unbalanced

weight was put on the top of the M9 segment. The nuts at B in Fig.

6.16 were then backed down in small increments. If the nuts at B (13
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threads per inch) were turned down one turn, then the end of the S9
segment was dropped 1-1/4 in. ((1/13) x (196/12)).

196"
184" Ji2 -
| kD 600 LBS.
oot |
S9 i M9
BS [T 1] A

Fig. 6.16. Correction of the vertical alignment

In the erection of the first half of the bridge, the two canti-
lever sections were adjusted to the correct vertical alignment prior to
the closure operation, but were not lowered to the neoprene pads until
after the positive tendons had been stressed. However, for the second

half of the bridge, the two cantilever sections were separately lowered

to their final position on shims on the neoprene pads prior to the
closure operation. It was easier to lower the balanced sections onto
the neoprene pads prior to the closure operation and it simplified
the positive tendon operation. All lowering was done by unbalancing

the overhangs and backing the plate support nuts down in small increments.

6.1.6 Casting of the Closure Segment

After adjusting the vertical and horizontal alignments, the

half-segments-with-diaphrams—were-erected over the end piers and the

positive tendons in the side span were prestressed (details are in Sec.

6.1.7). Half segments (8.5 in. long) were erected for each cantilever

in the main span, and the overlapping reinforcement extending from each
half segment was joined by tie wires. In addition, the tendon ducts

extending from each midspan half segment were connected by polyethelene
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tubes at the closure and sealed by epoxy resin as shown in Fig. 6.17.

The positive tendons for the main span were inserted immediately after

the above operation was completed.

Figure 6.18 shows the simulation of the closure prior to the
construction of the half segments. Since there was no space to work
inside the segments, interior side and top slab forms were set in
place prior to joining the reinforcement at the closure and the top
slab forms were supported using the holes made for dead load blocks.
Plexiglas windows were provided in the bottom of the exterior side
forms, in order to observe any tendency for honeycombing around the
tendon ducts. Also temporary bracing channels were rigidly attached
to the top and bottom slabs of the half segments, as shown in Fig. 6.18.

These channels were intended to provide temporary flexural stiffness

across-the closure equivalent to half of the flexural stiffness of the

finished concrete box section at the closure until the concrete had

cured,

In order to cast concrete.in bottom slab at the closure, the
concrete was placed through the gap between the top slabs and vibrated

from outside the bottom form. The form for the top slab was then set

in place prior to casting the web and top slab. Concrete in the
closure was cured for a week until the positive tendon stressing opera-

tion was performed.

6.1.7 Prestressing of the Positive Tendons

In order to minimize the effects of the secondary moments due to
prestressing which occur in indeterminate structures, the prestressing

operation for the positive moment tendons in the side spans was completed

prioxr fc,thewelosurewoperationw»mThewGBWandmeﬁwtendons“asmshown*in”Fig.

2.3 were also intended to prevent tensile cracking in-the top slab -due

to prestressing of the Cl and C2 tendons. The order of the prestressing

operation was tendons C4, C3, C2 and Cl as designated in Fig. 2.3. All
tendons were prestressed from the anchorages in the top slab as shown in
Fig. 6.19. Details of the prestressing equipment were the same as

reported in Sec. 6.1.4,2,
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Fig. 6.17. Connection of tendon duct at the closure

Fig. 6.18. Simulation of the closure
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Fig. 6.19. Setup for prestressing of positive tendons

The procedure for the positive tendon operations in the main

span was specified in the Texas Highway Department plans as follows:

6y
(2)
(3)

Set jacks at end supports.
Stress Fendons Al, A2, A3 and A4, in that order.
Lower restraining nuts at units PS and transfer load to

bearing pads.

(4)

(5)
(6)

Adjust jacks at outer supports for a reaction of 15 kips
(0.417 xips for the model) for each segment at each support.
Stress tendon A5, then A6.

Increase jacking reactions at outer supports to 92 kips
(2.56 kips for the model) at each segment, at each support.
Set bearing pads and shim to maintain this reaction.

This procedure was used as a guide for the model bridge con-

struction. For the model box girder bridge construction, the procedure

indicated in the Texas Highway Department plan except Step (3) and the

amount of reaction in Step (4) was followed. Step (3) was done after
——~—————etEessing—tendons—tﬁ_and A6, The reaction of 15 kips (0.417 kips for
the model) was very small and was already produced by stressing Al, A2,
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A3 and A4 tendons. Therefore, the reaction was increased by 0.28 kips

(10.1 kips for the prototype) according to the preliminary design

. 106
recommendation.

The reaction at the ends was measured using load cells, while
the deflections at the ends and at the center of the main span were
measured with dial gages;' Detailed results are given in Sec. 6.2.3
and 6.2.5. Details of the prestressing system were the same as in

Sec. 6.1.4.2. Prestressing was performed from each end alternately.

In view of the experience gained in this erection sequence,
recommended procedures for the prototype bridge construction were as

follows:

(1) Lower the S9-M9 completed sections to their final posi-

tion—over—the-main-pier—at—the—symmetrical-cantilever—stage; — —

(2) Attach the end segments and prestress positive tendons in
the side spans.

(3) Erect the midspan half segments and insert the positive
tendons in the main span, prior to casting the closure
segment.

(4) Cast the closure segment.

(5) Set jacks at outer supports and stress tendon Al.

(6) Release restraining nuts at the main piers and temporary
stiffness at the closure.

(7) - (9) Stress tendon, A2 - A4

(10) Increase jacking reaction by 10 kips

(11) - (12) Stress tendon, A5 - A6 v

(13) Adjust elevation of the end segments to optimum amount of

reaction (see Sec. 7.3.3.2)

6.1.8 Grouting’of Tendons

There were two options for grouting the tendons of the model

bridge.
(1) After prestressing each tendon.

(2) After prestressing all tendons.
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Procedure (1) was required in the prototype structure to minimize

corrosion hazards. However, it was considered more time-consuming and

.| more prone to the hazard of possible leakage of grout into the adjacent
tendon ducts if there was any honeycombing in the concrete or if suffi-
cient epoxy resin was not spread between the tendon ducts at the joints.
Therefore, procedure (2) was used in the model bridge. Grouting was
done separately for five groups of tendons as shown in Fig. 6.20. The

grout pump and hoses were washed with clean water after grouting each

group of tendons.

¢ BRIDGE
TENDON B (SOUTH) . TENDON B (NORTH)

y 4 A ¥ 4 4 M

pa / N\ N / N\

+ 4 Ny

/ >, \ *‘\\
g N JC‘" S N\ '

TENDON C (SOUTH) TENDON A TENDON C (NORTH)

ORDER OF GROUTING: I)  TENDON B (NORTH)

2) TENDON B (SOUTH)
3) TENDON C (NORTH)

4)  TENDON C (SOUTH)
5) TENDON A

Fig. 6.20. Order of grouting for each tendon group

&

Tendons in each group were located close to each other, as
——————shewn—din-Fig:—6+21+—When the B9 tendon was grouted, grout came out
from the outlets of both the B9 and B7 tendons simultaneously. This

happened because the distance between the B7 and B9 tendons was very

small and epoxy resin was apparently not spread fully between the
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TENDON B TENDON A

A3 -0 odrA4 N

Al A2

AT THE JOINT BETWEEN MAIN PIER
R _AT _THE JOINT BETWEEN MS ANDMIO

ANDFIRST SEGMENTS

SEGMENTS

Fig. 6.21. Examples of tendon arrangement

tendons at some joint. However, it was not critical since grouting

of the B7 tendon was completed immediately after grouting B9 tendon.
It could have had very disadvantageous consequences in the prototype
with sequenced grouting, Grout also came out from a joint which had

damage on the concrete face near the tendon.

Grouting mix and grouting procedures were done according to

Reference 27. The grouting mix used was:

Type IIT portland cement: 94 1bs.
Water: 42 1bs.
Admixture (INTRAPLAST C, "SIKA): 171b%

In the first half of the bridge, all tendon ducts were flushed

with clean water under pressure immediately before grouting. For the
second half, all tendons were blown out with air pressure immediately

prior to grouting and not flushed.
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The following is the grouting procedure used:
(1) Grouting injection pipes were screwed into the inlets of

tendons as shown in Fig. 6.22.

(2) Grout was pumped through the ducts and permitted to flow
from the outlet until no visible slag of water or air was

ejécted.

(3) The valves of the injection Pipes were closed while main-

taining pressure and the outlets were closed.

(4) The injection pipes were removed from the-inlets of the

tendons and the inlets were closed.

Fig. 6.22. Connection of injection pipes and
inlets of tendons

The B series tendons were grouted completely in both the first

~“and Second half of the bridge. It was initially felt that the A~and

C series tendons were only grouted with about 70% effectiveness because

of some signs that grout might have leaked at some joints due to honey-

combing of concrete around the joints. However, by cutting segments at
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6.2 Behavior of the Bridge during Construction

6.2.1Rotational Stiffness_-at.the-Main Pier.

Unbalanced loading tests were performed at some stages of con-

struction in order to find the rotational stiffness at the main pier

and to check the performance of the temporary anchor bolts. These

results are shown in Fig. 6.23,

7 TH. SEGMENT
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f\ DEFLECTION-EXCEPT - -FLEXURE

ol OF SEGMENTS
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THEORY:
[1] TOTAL DEFLECTION
[2] DEFLECTION EXCEPT_FLEXURE
OF SEGMENTS

Fig. 6.23. Deflection at unbalanced loading




After each unbalanced loading test was completed, a balancing

segment was joined at the other end. Although the bolts behaved

elastically at the test of the /th segment, there was resldual derlec-

tion at the test of the 9th segment. When the structure was brought to

a balanced configuration after the unbalanced loading experiment at the

9th segment, the bolts under the pier were carefully examined and it

was found that the bolts on the compression side had deformed and

showed evidence of yielding. Although the calculated direct compres—

sive stress was under the actual yield strength, yielding was apparently

caused by the large gap between the pier segments and the pier, with

consequent local bending and accentuated by the stress concentration in

the threads.

Experimental and theoretical values for unbalanced loading are

larger than the theoretical values. There are several factors affecting

the deflection under unbalanced loading. These may be classified as

follows:
(1) Flexure of segments.
(2) Elongation of the pier bolts for temporary connection.
(3) Bending of pier.
(4) Moment connection of pier to the test floor.
(5) Slippage of bolts with respect to piler concrete.

Although the moment connection of the pier was designed to connect to the

floor rigidly, there is a slight possibility that bolts were not tight

enough or welding of the I~beam to the pler was not strong enough. All

cases except (4) and (5) were considered in the calculation of the theo-

retical deflection at the 7th segment, as follows:

Deflection-due-to-flexureof segments—(Fig:—6+24—(1));

8, = PR3/3EI = 1.56 x 140%/(3x 4.56 x 103 x 6060) = 0.052 in.

1A

Deflection due to elongation of bolts (Fig. 6.24 (2));
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Aj = 5,2 /AE_ = (19.0 x 1.5)/(6 x 0.142 x 29 x 10%)
= 1.15 x 107° in.

A, =I822t/AEs = (17.4 x 19.0)/(6 x 0.142 x 29 x 10%)
= 13.4 x 107? in.

8, = (1.15 + 13.4) x 10-%/12 = 1.21 x 10~ radian.

§, = 1.21 = 10™® x 125 = 0.151 in.

Deflection due to bending of pier (Fig. 6.24 (3));

3

wn

1 103 % 70)
3 iy c [ - A S LU \l[

= 0.382 x 10”° radian.

§, = 0.382 x 103 x 130 = 0.050 in.
Therefore,
8§, + &8, = 0.151 + 0.050 = 0.201 in.

2 3

61 + 62 + 63 = 0.253 in.

While it is not possible to quantify the exact length of bolt
required before full development of bond and prevention of any slip with

reference to the concrete, it should be noted that if this length is as

~——e——muech-as-20-percent-of -the-development-length-specified—for-an-equivalent———

deformed bar under the 1971 ACI Code,3 the calculated deflection would

increase by almost 20 percent and be in much better agreement with the

observed values.
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Deflection at the 9th segment was calculated in the same manner

as follows:

O
[

0.110 in. 62 = 0.259 in. 63 = 0.084 in.

62 + 63 = 0.343 in.

+ + = 0, in.
61 62 63 0.453 in

~ Although there are many ways to connect the pier segment to the
pier temporarily or permanently, it is not recommended that the exact
same system used in the model bridge be used in future bridges, because
of the high compressive force applied to the bolts. If the same general

type of moment connection is to be used, it should provide for temporary

block-supports to carry the compression and bolts to provide tensile

force, as shown in Fig. 6.25.

—

|_—~———— TEMPORARY SUPPORT
H l BLOCKS
|

E I“L———— NEOPRENE PAD

lkh BOLTS

Fig. 6.25. Suggested improvement for temporary support
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6.2.2 Prestressing Force

.10 e
In Brown's incremental analysis, he recommended that an initial

O.Bfé overstress be applied and then be reduced to a final level of O.6f;
in order to get O.6f; in the straight portion of the prestressing cables.
In the analysis of the bridge (using SIMPLA2 as explained in Sec. 6.2.3),
friction coefficient (u) and wobble coefficient (A) were assumed as 0.25/

radian and 0.000017/in., respectively.

Friction loss tests were performed during stressing of three
different cables (B6, Al, and A4 in the second half of construction).
Prestressing force was applied at one end and the resulting force at
the far end was measured using a load cell at that point. Prestressing
force was applied up to the specified O.Bf; and the elongation of the

prestressing cables was also measured.

The generally accepted equationzo to find prestressing force at

any position after friction and wobble loss is given as follows:

-(ua + AL
(u p)-

P,.=P, e
ij io
Where,
Pij = prestressing force at a certain point (kip).
Pio = prestressing force applied at the end (kip).
U = friction coefficient (per radiam).
o = angle change of tendon (radian).
A = wobble coefficient (per in.).
£ = length of cables from the end to the point considered (in.).

o

Theoretical total elongation may be calculated by the following equation:

Azp = Z(Pij/Es Ap) dlp.



92

Where,
Pij = prestressing force at the certain point (kip).
'Es = modulus of elasticity of prestressing cable (ksi).
Ap = area of prestressing cable (in.z).
lp = length of prestressing cable (in.).

Experimental results were compared with the theoretical values
as shown in Tables 6.1 and 6.2. Profiles of tendon input in the theo-

retical calculations were taken from the plans.

TABLE 6.1

FRICTION-LOSS TEST RESULTS

Force at the Other End (k)

Force (0.8£') (Experiment/Theory)
s

Tendon
Applied (kip) Experiment Theory at the Other End
B6 11.9 8.94 9.26 0.966
Al 7.28 5.30 5.58 0.950
A4 7.28 5.26 5.59 0.942

The results in Table 6.1 indicate that the experimental force at
the far end was less than the theoretical values by 5 to 6 percent.
Five to 6 percent difference at the far end means that there will be

about three percent difference in the prestressing force between the

————————————————————————————————————— theoretical and experimental valuesin the straight portion, So a pre=
stressing force of 0.6f; was assumed in the straight portion in the

theoretical calculations.

In Table 6.2 are listed some measured elongations during various

stages of construction, including the friction loss tests. Experimental
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results are compared with the theoretical calculations. The ratio of
(experiment/theory) for elongation of strands Al and A4 showed the same -
trend as the results for forces shown in Table 6.1. However, the
experimental elongation of the wires for the B tendons was much higher
than the theoretical calculations. In spite of the fact that the force
measurements agreed, the area of the prestressing cables or the value

of ES are the only factors which would affect elongations and not forces,
and thus affect the results of Table 6.2. Therefore, it was judged that
there might have been some error in the experimental method used to
measure Es’ since the area of the wires was verified by3measuring the
diameter of several wires., If Es is assumed as 27 x 107 ksi for the
wires, the results of wire elongation agree well with the theoretical

calculations shown in Set (2) of Table 6.2.

When prestressing force was lowered‘fﬁfOTﬁSf;,,some”change,'

was observed in the experimental elongation of wire, and no change in

the resulting force at the far end.

6.2.3 Deflections

It was difficult to measure vertical deflection during construc-

—tiom correctly because the deflection was so small im comparison to the
' span. Casting and construction of the model segments requires six times
the accuracy of the prototype if it is necessary to maintain the same
relative tolerance as the prototype. This was not completely feasible
so that deflections were measured only to see the general trend of
cantilever section behavior. Theoretical deflections were calculated
by the computer program SIMPLAZlo which provides an analysis at each

stage of erection using the finite segment technique.

Since it is confusing to put the theoretical and experimental

results in the same figures, separate results are shown in Figs. 6.26
and 6.27, respectively, for all stages of erection. Relative deflec-
tions for one typical case are compared in Fig. 6.28. There are many
factors which affect the vertical deflections as mentioned in Sec.

6.1.5 (b). Therefore, it is very hard to indicate the cause of errors
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Fig. 6.27.

M1,S1 | M2,52 | M3,S3 | M4,54 | M5,S5 | M6,56 | M7,S7 | M8,S8 | M9,59
0.0
€
g % 0.05-
-~ 3
£ ]
= 0 !
-
Q
u g .
o 2-0053- ~.
W —.
O o —~.
o ‘\~.\\\.
-0.10- Te—,
\@
Fig. 6.26. Deflection predicted by SIMPLA2 for cantilever erection
M1,S1 [ M2,52 [M3,S3 | M4,54{ M5,55 | M6,56 | M7,S7-| M8,S8 | M9,S9
@/’@
0.20 7 —@®
. // /_-
//
5 . - —
/ - @ //—_- T~
—~ S Y/ .
g | @ / ’
Z o0 / ~ . /
z g e
- a§_ Z— \\__--_-—/
O 2
w
2 ||
w 0 : : | | f | : ¢ :

Typical measured deflection during cantilever erection
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ASSUMES THE CENTER OF 6TH SEGMENT IS ZERO
WHEN 6TH SEGMENTS ARE ERECTED.

® @ ® @)+ SEGMENT ERECTED

EXPERIMENT

DOWNWARD
-—i

O.IO'P .\g SIMPLA 2

DEFLECTION {IN)

Fig. 6.28. Deflection relative to the center of 6th segment

in deflection and to find the component of deflection due to dead load
and to the prestressing. Figures 6.26 and 6.27 indicate that the trend
of the theoretical and experimental results agreed fairly well.
Although the experimental deflection at construction of the 7th‘segment
was.still upward at the tip of the last unit, it dropped at the tip of
the 8th and 9th segments, as did the theoretical results.

Experimental deflection measurements had to be taken for both

cantilever ends and averaged at each symmetrical point because it was
necessary to eliminate the effect of the unbalanced weight of the

segments or the bending of bolts at the pier occurring under the extreme
unbalanced loading. Readings of each symmetrical point were averaged and
those values were plotted in Fig. 6.27. It can be observed from Fig. 6.27
that there were some soffit errors or jointing errors which showed up in

the initial stages of cantilever erection.

During the positive tendon operations in the main sban, the
experimental and theoretical deflections agreed well, as shown in Fig.
6.29. The procedure used to calculate deflections using program
BMCOLSO22 is explained in Sec. 6.2.5.
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0I5
—E— EXPERIMENT

23 ——— BMCOL 50
-
W —~— SIMPLA 2

E - \
~ ool / \
5 ) ' ;’/ \
(&) .
L -2 \
™ // \
w \
o 0058 Y \
o \
| 4 \
z 4
D .
T Q \ { ! ] ] i 1
Al A2 A3 A4 A5 A6 RAISE-26/100"

AT BOTH END SUPPORTS

Fig. 6.29. Deflection at the center in main span during
positive tendon operations

By—superimposing results—from Figs+6-26—and 6295 relative

displacement at the center in the main span was almost zero when pre-

stressing of all positive tendons were completed. However, the center
of the main span was subsequently lowered 0.08 in. (0.48 in. in the
prototype) from that point by the later upward jacking at the outer
supports.

When a half segment (S10) in the side span was erected, the
joint between the S9 and S10 segment lowered about 0.06 in., although
SIMPLAZ predicted it as 0.2 in. This difference was caused by the

reduced weiéht of the model segment (about 35 percent of the ideal
weight). Some of the compensating dead load blocks were not able to
be hung because this segment was located above the outer pier. During
prestressing of positive tendons (C3, C2, and Cl) in the side span,
there was no change in elevation at the end segment (S10), although
SIMPLA2 predicted 0.1 in. downward displacement.
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6.2.4 Strains

The sequence of construction referenced as stages in presenta-
tion of strain readings is listed in Table 6.3. Results of strain

readings are shown in Figs. 6.30 to 6.38.

Longitudinal strains as plotted in these figures in most cases
were the average for the duplicate readings at identical positions in

the similar segments.

In the top slab of the M1 and S1 segments, the experimental
strains varied across the cross section until the erection of the 5th
segment and did not agree with either of the sets of theoretical calcu-
lations until the erection of thé 6th segment, as shown in Fig. 6.30.
Experimental strains were uniform across the cross section with the

erection—of-the—6th—and—subsequent—segmentsi—Although—the—longitudinal

strains at the top of the M1 and S1 segments varied across the cross
sections in early erection stages, it is not a serious problem. All
strains are in compression across the cross section and are well below
the strains which would accompany the maximum allowable compressive
stress. The increase of strain in the top slab over the web was

probably influenced by the concentrated tendon forces and subsequent

increases were less than the other portions of the top slab during the

erection of the second through fifth segments, as shown in Fig. 6.30.

For strains in the M1 and S1 segments, SIMPLA2 gave reasonable
predictions of the longitudinal strain distribution at the erection of
the first segment, but then showed poor agreement with the experimental
results until the erection of the 7th segments. Since beam theory cannot
predict any variations in longitudinal strain distribution at a trans-

verse section, the deviation with the experimental values for the first

two stages were somewhat expected. There were some deviations between the
two theoretical methods of calculation at the erection of the 3rd, 4th,
5th, and 6th segments. Calculation by beam theory was closer to the
experimental values in these stages. Deviation of the experimental and

beam theory results in the initial stages affects the accumulated values
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Amount of Force

Amount of Force

Stage ;:g‘:izz Presctaxijel%es ing P Oe.r8 fC;ab (.'li:aipa)t I’Oe'r:6 fC;ab (l;ipa)t
1 M1, S1 Bl, B2 11.9 8.94
2 M2, 52 B3 18.3 13.8
3 M3, S3 B4 18.3 13.8

4 M4, S4 B5 11.9 8.94
5 M5, S5 B6 11.9 8.94
6 M6, S6 B7 11.9 8.94
7 M7, S7 B8 5.52 4,13

-8- —-M845--88 B9 5+52 4513
9 M9, S9 B10O 5.52 4,13

10 510 C4 5.52 4,13

11— C3 5.52 4.13

12 = Cc2 5.52 4,13

13 - Cc1 5.52 4,13

14 M10 B11l 5+52 413

Closure segment was cast and supported at ends
(3 span continuous beam).

15  ————— Al 7.28 5.46

16 W ————— A2 7.28 5.46

17 e A3 7.28 5.46

18 - A4 7.28 5.46

19 e A5 7.28 5.46

20— A6 7.28 5.46

21 Raise 0.26 in. at outer supports.
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Fig. 6.31, Strains in M1 and S1 segments during erection of

half segments
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Fig. 6.32., Strains in M1 segments during closure operation
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Fig. 6.35. Strains in the M6 and S6 segments at erection of
the 6th segment
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Fig. 6.36. Strains in the M9 segment during closure operations
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Fig. 6.37. Strains in the top slab around the center of the main span
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Fig. 6.38. Strains in the bottom slab around the center of the main span
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of strain in the top slab of M1l and S1, as shown in Fig. 6.33, even

though the subsequent longitudinal strain increments agreed during

cantilever erection, as shown in Figs. 6.30 and 6.31.

Because Figs. 6.30 through 6.34 indicated so much deviation in
the longitudinal strains across the cross section for the Ml and S1
segments during erection of the first groups of segments, the longitu-

dinal strains in the 6th segments during its érection are shown in Fig.

6.35. At this stage the experimental strains measured in the top slab
" were uniform although SIMPLA2Z predicted some deviation. The magnitude
of this deviation was small in comparison to the first segment because
of the lower prestressing force as the cantilever sections extended.
Apparently little local compression effect existed. In the bottom slab

the experimental and theoretical results agreed very well except for

the—erection of the first three segments, as shown in Figs. 6.305 6.3, and——

6.34. The strain produced was almost uniform in the bottom slab, except at
‘the erection of the first three segments. Figure 6.34 shows tensile strains
developed in the bottom of the M1 - S1 segments at the erection of the first

two segments as predicted.

During the positive tendon stressing operations after casting the

closure segment, as shown by Figs. 6.33 through 6.38, the values pre-
.dicted by both SIMPLA2 and beam theory deviated from the experimental
results in the top slab of the M1 and M9 segments. Although the experi-
mental results were consistently greater than the theoretical calculations,
no ready explanation for the difference is known. The small absolute
values of the strain might be one of the factors for the discrepancy due

to inherent difficulties in accurately measuring these very small strains.

The maximum strain in the M1 and S1 segments occurred in the top

'slab at the erection of the 6th segments and at the completion of con-

struction and in the bottom slab at the erection of the M10 segment, as
__w__—~—_shgwn_in_EigsT—bTsé—and—éfs4T~—$he_magnitude—ei—the_maximum—egmpressive
strain in the M1l and S1 segments was approximately 330 uin./in. in both

the top and bottom slab. Therefore, the maximum compressive stress was
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about 1500 psi. This value was only 21 percent of the ultimate compres-

sive strength of concrete (7090 psi) and about half of the maximum

allowable stress. The maximum strain in the bottom slab at the center

of the main span was about 200 uin./in. during construction of the bridge.

All readings were taken before and after the application of load
and not cumulative. Creep effects appear very small, although the experi-
mental strain values were generally larger than the values given by beam
theory. Since the beam theory agreed fairly well with the experimental
results, the BMCOLS50 program can be modified for use in theoretical

calculations for construction stages for this type of bridge.

In general, both theoretical solutions and the experimental
results were in reasonable agreement when the change of strain in each

stage was reasonably large, except for the local strains in the top slab

during initial stages when the large local compressive forces from the

tendons seemed to effect the strain distributions.

6.2.5 Reaction at Outer Supports during
Positive Tendon Operations

Prior to positive tendon prestressing operations in the main

span, the end suppofts were adjusted to just bear on the underside of
each web at the edge of the end pier segments. Reactions at the end
supports were measured by sensitive load cells during each stage. Com-—
parison between theoretical and experimental results i1s shown in

Table 6.4.

‘Figure 6.39 shows the simplified procedure used to calculate
the reaction at the end. Prestressing forces were replaced by the

vertical forces which produced the moment diagram due to prestressing.

—=These~reactions-were-calculated-using-the-BMCOL50 program.22

Experimental reactions agreed very well with the theoretical

values for large values such as Al and A2 tendons. But, as the amount
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TABLE 6.4

REACTION AT OUTER SUPPORT DURING PRESTRESSING IN MAIN SPAN

Tendon Experiment (kip) BMCOL 50 (kip)
Al 0.245 0.251
A2 0.200 0.213
A3 0.115 0.169
Ab 0.074 0.131
A5 0.012 0.091
A6 0.012 0.055
Raise 0.26 in. at 1.04 0.700
outer supports
Total 1.698 1.610
(A) PRESTRESSING. FORCE AND (D) POSITION OF LOAD FOR EACH CABLE.
ECCENTRICITY OF CABLE.
5.0K '
Af | |
a N 1 fay
'———'-f G. l so'io“ K;:40" 'aol"t's'o'J
T e 5.0
et Mp= Pe A2 i 1
° 80" 200" 807
. 20" K 20"
(B) MOMENT DUE TO PRESTRESSING. A3 4.86
FaY
100" 160" 100"
s A YQZQZEQQZﬁiwA . ’ 20 K 20"
P A4 . ‘4-85 $
) o [1] 1] it
(C) EQUIVALENT VERTICAL FORCE FOR M,. ok '2°K f hl20
| Ve | A5 Tl
S -3 Y Y A a 8 X
- t T1a0" |].80"T|, 140"
20" Kzoll
AG 4.10‘
: . 160" |lag"l_ 160" ] o
20II 2 [1]

Fig. 6.39. Calculation of end reaction due to positive tendons
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of reaction became smaller, the experimental readings became much smaller

than the theoretical values. However, the total experimental reaction

agreed well with the total theoretical values.




CHAPTER 7
SERVICE AND DESIGN ULTIMATE LOAD. TESTS

7.1 General

The loading plan was designed to test the completed bridge for
all critical AASHO loading conditions used in the design.16 Those are

summarized in Table 7.1.

TABLE 7.1

CRITICAL LOADING CONDITIONS IN LONGITUDINAL DIRECTION

== = =
CASE | CRITICAL CONDITION LOADING CONDITION
(1) MAXIMUM POSITIVE MOM-| LANE LOADING: P
ENT AT THE CENTER OF mm,lﬂ;,,,. w
£ 2 =Y o
THE MAIN SPAN. SE Mo NMoNE
I*= 0154
TRUCK LOADING:
(2) MAXIMUM POSITIVE MOM- "
ENT IN THE SIDE SPAN. SE M . KM NE
I1=0.222
(3) MAXIMUM NEGATIVE MOM{ LANE LOADING: " P P
ENT AT THE MAIN PIER. SE SM NM &
I1=0.182
(4) MAXIMUM SHEAR ADJA- | LANE LOADING: P
: W
)
CENT TO THE MAIN PIER. & s’EM NEM NiE
_ I .l82

% T=IMPACT FACTOR
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The order of testing was as follows:
(1) Service loading (1.0 DL + 1.0 (LL + IL)).

(a) Case (2) in Table 7.1.
(b) Case (1) in Table 7.1.
(c) Case (3) in Table 7.1.
(d) Case (4) in Table 7.1.

(2) Ultimate loading. The ultimate load used in the actual
design of the bridge was specified by the Bureau of Public Roads 1969
Ultimate Design Criteria7 as U =1.35 DL + 2.25 (LL -+ IL). Prior to
applying any of the ultimate design live loads, supplementary concrete
blocks corresponding to 0.35 dead load were added to the structure.

Then, design ultimate live load was applied in the following sequence:

(a) Case (1) in Table 7.1.

e |
=4

~J
.
=
.

ase—(3)--in--Table

(¢) Case (4) in Table 7.
(d) Case (2) in Table 7

In all of the loading tests, the AASHO reduction factors for
load intensity were not used. These factors (reflecting improbable

coincident maximum loading in all lanes) would have allowed a 25 percent

reduction in load when four-~lane loading was considered. In addition
to the main loading series special loads were applied to study trans-
verse moment distribution for the different types of truck loadings and
lane loading (two lanes). The weight of the asphalt topping, which is
about 8 percent of the weight of the segment, was not included in the

model bridge test.

7.2 Test Procedures

7.2.1 Simulation of Loading

7.2.1.1 Truck Loading
HS20~-5816-44 truck loadings specified by AASHO6 were scaled down,

as shown in Fig, 7.1. Tire pressure was assumed as.80 psi for both
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ITEM FULL SIZE TRUCK| MODEL TRUCK
W (1bs) 40,000 I
d, (1) 6.0 1.0
dp(11) 14.0 2Vs
dy (1) 14.0 ~30.0 2¥3~50
Fig. 7.1. Dimensions of full size and 1/6 scale

model AASHO HS20-516 truck

front and rear wheels in sizing the loading pads, as shown in Fig. 7.2.

In single point load tests (punching shear test in Chapter 8), load was

applied directly on the load pad by rams.

loads were applied by using load spreaders.

To simulate axle loads, the
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LOAD LOAD

—T 1" (STEEL PLATE) Ti" (STEEL PLATE)

W l . H
W T a"'(NEOPRENE PAD) T Va'(NEOPRENE

/'S)l "W PAD )

TIRE PRESSURE =
80 PsSI

(a) FRONT WHEEL , (b) REAR WHEEL

(c) 4 LANE AASHO HS20-16 TRUCK

Fig. 7.2. Scaled wheels and AASHO HS20-S16 truck
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7.2.1.2 Lane Loading

It would have been very difficult to completely simulate

uniform lane loadings on this bridge model. Uniform lane loads were
closely simulated by applying a series of concentrated loads at 4 ft,
intervals. Each lane is roughly centered over a web, as shown in

Fig. 7.3, so this made it possible to apply load above each web in the
main test series. Transverse distribution was checked in another
series. These concentrated loads were applied on the top slab at the
webs by using 4 X 4 X 1 in. steel bearing plates and 4 X 4 x 1/2 in.

neoprene pads. Details are shown in Figs. 7.3 and 7.4.

6' . 24" 24" .4 24" 24" 6
EANE | A LANE— S| A LANE— 14~ LANE-
LOAD
: STEEL PLATE
¥_NEOPRENE PAD

n i "

13" | 29" 28 e 29 do13

Fig. 7.3. Application of concentrated loads above
the webs (in each lane)

Prior to loading tests, moment and shear diagrams for the

uniform loading and the equivalent concentrated loads were compared

______________ as shown in Table 7.2, Although extremely close agreement is shown

for bending moment, there are some differences with shear loadings

because of the change of loading (uniform load -+ concentrated loads). .

Loads shown in Fig. 7.4 are for 4 lanes fully loaded. Reduction in
load intensity was not used although the AASHO specification would
call for this structure to resist only 75% of 4 lane traffic. Hence

all results represent very conservative design loads.
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SE SM . . NM NE
200" " 400" 200"

K
197" Lo7" 197" 197’?§:K 197" 197" 197"
LOADING CASE (1) ) ' : T ) ) )

Y F2Y & o
SE SM " " [1] 3 " | NM NE
32"| 3 AT 48 412 3 AT 48 32

| I {
200" " 400" 200"
I -
¢ BRIDGE
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140" _ 80
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1
l l 1 l | 1 3 l NMy
ST sm. ! e TNE
" 32" 5 AT 48" 2 AT 48" |32')ie] 48" | 2 AT 48" | 40"
L ™
200" 400" o 200"
|
¢ BRIDGE
3.42%
0.042 K/IN,
)
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SE SM

2ooll

l
200" _L

I
LOADING CASE (3)

200" *tt?M 200" .]NE
" & «

20!4 20!4 20I4 20|4 2.0!4 ZOM 2.014 Z.OII 2014 20!4K20l4 2014

TR T

SET smT 2 NE
3" > AT 4R" 40"
200" 400" :
Fig.t7.4. Lane loads and equivalent concentrated loads for four

lanes with impact allowances
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7.2.2 Loading System and Instrumentation

7.2,2.1 Loading System

Wide flange beams were mounted sufficiently above the bridge to
leave enough space for loading equipment. These members spanned across
the bridge and were supported by l-in. diameter high strength bolts as
shown in Fig., 7.5. The bolts were attached to the structural test floor.
Rams were mounted on these Wide flange beams to apply load té the top of

the webs as shown in Fig. 7.5 (a) or (b).

The wide flange beams were set at 4 ft. intervals longitudinally.
Rams were connected to pumps with hoses and the number of pumps was

minimized by using many manifolds.

An example of the loading setup for critical shear next to the

~NM-pier in main span is shown in Fig, 7.6.

Load was applied by electric or manual pumps. Two load cells
were generally used in the loading system. One load cell indicated the
amount of load and was used to regulate pump pressure while the other

load cell was used to check the load applied. 1In addition hydraulic

system pressure gage readings were also recorded for check purposes-.

Load control procedures worked well.

7.2.2.2 Instrumentation and Observation

Strain gage measurements were taken at the four positions shown
in Fig. 4.14. Dial gages referenced to the test floor measured deflec-
tions of the top slab. Four or nine dial gages were set at each position,
as shown in Fig. 7.7. Although nine gages were set at some points, only

the dial gage readings above the four webs were averaged to get longitu-

dinal~deflections. Also, slip gages were provided to check relative

movement across the critical joint for the maximum shear loading case.

Reactions were measured by load cells at the outer supports (SE
and NE in Fig. 7.7). Loads cells could not be set at the main piers (SM
and NM in Fig. 7.7) because of the temporary bolt support devices. Load
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ELECTRICAL PUMP

(LOADING SETUP 1)

(LOADING SETUP 2)

%
% ] i ] _
b B = b m— R - < A= -
— & 4 ) — i -
N
-5
B e vy y 3 p -
a ZQ__-@{;FJL [ ._.___.. —
e —
’ MANUAL PUMP
* - - - -
- L o - - T
[ -
29 -8 ¥
o < MANIFOLD
ey - - -
: v/ -
p— = - i Sy -
. “>=HOSE
* - - .
- 4T RAM
— - - 3 -
Nl | v Y
fg e e f e b e ¢ m— — h ———t — , $-|0TRAM
[¥p]
o
(@]
N

SES

Fig.

7.6. Arrangement of rams, hoses, manifolds and pumps
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e o o &
Le

CASE (1) - 4 DIAL GAGES

DIAL GAGE

| e W |

CASE (2) - 9 DIAL GAGES

DIAL GAGE
M5 MiO NM5 NM NS4 NSG

O A
] .

SE s NE
62.5' 60.0" 775"| 100" 93" 107" 100" Jr.3" TI‘ 8o"
200" 400" ' 200"

Y

(7]
m
1]
7]
ﬂ
7]
7]
XS
4]
=
(2]
(2]

Fig. 7.7, Locations of dial gage readings
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cells were only placed under two webs (a box) at each outer support,

since only a limited number of load cells were available. These reaction

readings are generally sufficient because most of the loadings were
applied uniformly (four lane loads). In the case of two lane loadings,
the saﬁe type of loadings were repeated on the opposite side to allow
reactions for four webs to be determined, taking advantage of symmetry.
Pancake load cells were used to measure the reactions in service load
tests. The area of neoprene pad support was only 2 x 2-1/2 in. (1/4 in.
thick), since the pancake load cell is small. For the ultimate loadings,
the area of the pier neoprene pad used was exactly as scaled down from
the prototype. Pads were 2 X 4-5/32 in. (1/4 in. thick) and the

diameter of the load cell which supported the bearing plate was 2-1/2 in.,
as éhown in Fig. 7.8. Load cells used for the ultimate load test were not

as sensitive as the pancake load cells.

Prior to any loading test, 1/4 of service load was preloaded in

order to get stable initial readings.

43" NEOPRENE PAD
L (2x4%32 x Y4 IN.)
[ mng—! <z BEARING PLATE
" (/2 IN. THICK)
2l

»1 «=—— LOAD CELL

| «——— BEARING PLATE
LSS LLOIT7777 77777777777

PIER

Fig, 7.8. Load cell to measure the reaction at

ultimate loading
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7.3 Test Results and Interpretations

7.3.1 General

The results of deflection, strain, and reaction measurements are
22

compared with solutions of BMCOL50"" and MUPDI28 programs.

BMCOL50 is a beam type analysis program which solves the linearly
elastic beam or column by a discrete element analysis procedure. This
program takes into account variable loads and non-linear supports. Load-
deflection relations for each neoprene pad were measured and these values

were input to BMCOL50 as the spring constant at the supports.

MUPDI is a versatile generalized elastic analysis program which

can analee folded plate or box structures with interior rigid diaphragms

warping.

Although BMCOL50 can treat variable sections, the section for
MUPDI has to be uniform. For MUPDI all sections were assumed uniform in
the analysis because the effect of variations in the sections should be

small (thickened bottom slabs only at main pier and lst segments from

main pier). BMCOL50 was used for uniform loadings (four lane loadings)
and MUPDI was used primarily for two lane loadings or in the transverse
moment study. To check the performance of MUPDI and compare it with

BMCOL50, it was also run for one uniform loading case.

All external and thickness dimensions for each member of typical
box sections were measured for several segments and averaged section
properties were calculated by the BOX2 program.16 These "as built"

section properties and the measured properties of the materials used in

-t he-theoretical~calculations were 1isted ta Table 42
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7.3.2 Service Loading

7.3.2.1 Four Lane Loadings

(a) Truck Loading. Truck loadings (four lanes) were applied in
the south side in order to get critical moment at the designer's calcu-
lated position, 60 in. from the outer support. The positions of load
longitudinally and transversely are shown in Fig. 7.9. Theoretically,
additional truck loads should be applied simultaneously in the north
side span in order to get the maximum moment at the critical section.
But the calculated effect of loadings in the other side span was So
small that they could be safely disregarded and truck loads were applied

only on one side span.

0.888-x1222 x 4-= 4,34
434X
1 1:.035"
{
Sg$ “Bg5M ZNM ANE
60" [32'128] 80"
k 200" N 400" 200"
| 1
I.085: FOR REAR WHEELS
0.271" FOR FRONT WHEELS
6" 20" |2 n 20 1] 6"
E w

Figi—7.9.Position of truck loading

As shown in Fig. 7.10, experimental and computed vertical deflec—
tions (in longitudinally) agreed very well. However, the deflections of

the cantilever slabs and the center of the midstrip closure along the SS7
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LOADING CONDITION: (+1.0 DL)
§ £ 31§ 3
o o o [:
SE SM NM  NE L E | w
2 ©  EXPERIMENT
z -0.02~ - -+ —.— BMCOL 50
F O ,c’ T )
b 004~ leas"J 137.5" 207" 120" | 80"
T ) 1
SE SS87 SMIO NM NS6 NE
EXPERIMENT| 0.0153 0.0280 o.ooos -0.0153 0 0.0016 0.0006
BMCOL 50 | 0.0160 0.0286 0.0007 -0.0175 0.000! 0.0024 0.0009
D00 @ 6060 0O —0 06
o7
= ool SS7R \ SS§7L
<
S 0.02
g ‘ 4 o ) 5 BMCOL 50
o 003 Q . : * - —p - —&
ui : 3lo.027cs 0.02 O 00283 00297 |
003 0237 00328 Q0356
Fig. 7.10. Deflections for truck loadings (four lanes) in side span

segment were larger than predicted by BMCOL50, which does not consider

transverse behavior.

Although the deflection at (7) in SS7L was equal

to that at the top of webs (6) and (8), the deflection at (3) in SS7R

~~~~~~ ———was-less—than—that-at-the-webs+—This-apparently was due to

instrumenta-

tion errors, because some of the dial gages were tight and acted very

slowly.

These were replaced in the initial stage of load tests.

The

deflection/span ratio under full design load was approximately 1/7200 in

the gide span, which is much smaller than 1/300, which is generally con-

sidered as acceptable.
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LOADING CONDITION :

)4 — o O O 2
L &
SE  SM NM NE E | w|
-s50|
3
2 T i
0
£ 2 22 -30
3 2
b2 SS7R SSTL
2
= %
l mo +60 +59
d
S
g A
50 .+ — — — e 3 o ¢ — s
E i [0 ©
-50.
g e 6» BN °
o
=
g SO 38 -29
s E *
S =
T z SS6R SSeL
=
E ¥
% +55  +49
[]
=4
5
2 450} C—— e — o —0. —
T3]
- © EXPERIMENT
SS7
| S5 | — . — BMCOL 50
SE feq 120" ] SM NM NE
4 200" 400" 200"
[4
20"

Fig. 7.12, Longitudinal strains along SS7 and SS6 for truck

loadings (four lanes) in side span
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For reactions, experimental and BMCOL50 results, shown in
Fig. 7.11, agreed fairly well at the outer support (in loaded span),
but did not agree as well on a percentage basis at the far end support

because of the very small amount of reaction.

SE Q) ® |TOTAL NE ® @ |TOTAL
EXPERIMENT (K 1.43 .26 2.69 EXPERIMENT (K)| 0.078 | 0.082 | 0.160
BMCOL 50 - - 2.54 BMCOL S0 — 0.125
EXPERIMENT /BMCOL 50 (%) | 106 EXPERIMENT/BMCOL 50 (%) | 128

Fig. 7.11. Reactions at outer supports for truck loadings
(four lanes) in side span

Strains in the top slab above the webs showed larger values than -

at midspan of the top slab (see Fig. 7.12). The bottom slab strains were
almost uniform. The experimental and BMCOLS50 results agreed well

generally, except for the inability of BMCOL50 to treat warping.

(b) Lane Loadings. Lane loadings were applied for maximum
positive moment in the main span and maximum negative moment at an

interior pier. These results are shown in Figs. 7.13 to 7.18.

In comparisons of the experimental and theoretical data for

four lane loadings, all instrument readings agreed very well with the

theoretical values, especially for the larger values. BMCOL50 showed

excellent agreement with the experimental results, especially for

— Jlongitudimal deflection.

Tensile strains produced by the service level loadings were
smaller than the compressive strains produced by prestressing during

construction so that the sections remained completely in compression.
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Fig. 7.14.

(four lanes) in main span

Reactions at outer supports for lane loadings

LOADING CONDITION:
s Fr—iwmﬁ . | |
SE  SM g0 NM NE E | w_|
~ of Y2
2 :
= \ © EXPERIMENT
(o]
E 0.05(- ‘. =—+— BMCOL 50
§ \—--— MUPDI
i *
& oiof +
\Q%&//
225" | 775" 193" e 7" | 100" 77.3" 122.7"
SE Ss4 SM SM10 NM5 NM NS4 NE
EXPERlMEN"ﬂ-U.'om'? -0.0241 0.0015 0.127 0.0781  0.0016 -0.0236 -0.onz
BMCOL 50 {-0.01i4 -0.0256 0.0016 0.124 0.08/3  0.00l16 -0.0256 -0.0114
MUPDI 0 -0.0226 © 0.129 0.0839 0 -0.0226 o
D @ ) @ 6. 6.0 _ __® .
"|4"" SMIIOL SM”OR
2 0.05L l
= © EXPERIMENT
o ——— BMCDL 50
é .10} —— muPbr
i s ©3 gy -~ i e L Tl
& oysL 0l260l128 0427 0I25 0426 0I28 0427 0I27 0J28
Fig. 7.13. Deflections for lane loadings (four lanes)
in main span
| (SE7] [NET]
'y I T T
® 'e ® @
SE ® | ® J[7oTAL NE ® | @ [TomAL
EXPERIMENT (K -0.583 | .0.670_]| -1.253 HEXPERIMENT (K){~0.656——=0:672 | =1.33
BMCOL 50 - - -1.24 BMCOL 50 - — -1.24
EXPERIMENT/BMCOL 50 (%) | 101 EXPERIMENT/BMCOL 50 (%) | 107
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LOADING CONDITION:
SE  SM wws NM  NE \E [ w |
g —Q "'@"b@.——o
@ 50} o m—- ’ o
[77]
o
[+
g Zo
o < -50 -59 -56 -63 -8l -58 -89 -48

2 | % % X % ‘ X~
=

= NMOR NMOL

3
l @ o] +83 485 +86 476 49
=
S
tg +50 |-
= ©

— L. —0 Q. e -
+100 |-
©  EXPERIMENT

—.— BMCOL 50
—-—  MUPDI

Fig. 7.15. Longitudinal strains along NM9 for lane loadings
(four lanes) in main span
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LOADING CONDITION:

SE SM gsMi0 NM NE
©® EXPERIMENT
o -'—e--\_\ —-— BMCOL 50 .
2 T RN ST ey
z N\ e
3 0.05} N\ 7
5 ® k4
N
E 0.10 ~. .~
(=]
122.5" 77.5" 100" | 93" | 107" 100" 77.3" 122.7"
T ok I
| se SS4  SM SM5  SMIO NM5 NM NS4 NE
EXPERIMENT(-0.0099  -0.0207 +0.0016 +0.0699 +0.107 +0.064] +0.0023 -0.0035 +0.0035
BMCOL 50 (-0.0106  -0.0268 +0.00i4 +0.0703 +0.106 +0.0620 +0.0027 -0.0056 +0.0042
N L L K
r | |
- SM10L SM1OR
£ 008} | |
2
[e]
: | |
"_'l" OJO— _e_ _e’_. %. % %—..9_.@_—.@_-@-
i 0.105 Q108 0407 0107 0.106 0106 0.07 0.106 0.108
[
0.15
Fig. 7.16. Deflections for lane loadings (four lanes)
in main and one side span
[sE]
® 1@ T@ T(‘.'D
SE ® | ® [ToTAL NE ® | @ JTomAaL
EXPERIMENT (K] -0.550 |-0.570 | -1.120 IMENT ()] 0.312 | 0.272 | 0.584
|emcoL so — —_— -1.08 BMCOL 50 —_ — 0.516
EXPERIMENT /BMCOL 50 (%) 104 EXPERIMENT/ BMCOL. 50 (%) I3

Fig. 7.17.

main and one side span

Reactions at outer supports for lane loadings in
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LOADING CONDITION:
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Fig. 7.18, Longitudinal strains for lane loadings (four lanes)

in main and one side span
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The deflection/span ratio under full design service loads was
approximately 1/3200 in the main span. This value is much smaller than .

1/300 which is generally considered as acceptable.

It is very difficult to determine possible warping or shear lag
from the experimental data, because the low magnitude strain readings
are very sensitive to the exact position of strain gages and dimengional
placement tolerances. By observing the results of the strain readings,
it appeared that there was some effect of shear lag on the top slab, but
it was negligible for design purposes. The twin box sections were
generally acting as a beam and little warping occurred. Comparison of
the predicted strains using BMCOL50 and MUPDI in Fig. 7.15 show this
effect would be expected to be negligible.

Although no special instrumentation was included for the eritical

qﬁﬁarfstress;ioeatlensjmtheﬂmaximum*shear~ioadingwcase*was*aiso*appifEdTW“WWWW”M‘*

There was no visible diagonal tension cracking around the NM pier and no

slip at the joints.

7.3.2.2 Two Lane Loadings (Loads on One Box)

Two lanes on one side of the bridge were loaded with lane loadings

to produce the critical moment at the midspan of the main span and then at
the main pier. Test results for deflections and strains were compared
with the results of MUPDI, since BMCOL50 cannot treat unsymmetrical load-

ing across the section.

Comparison of the theoretical and experimental deflection and
strain diagrams (Figs. 7.19, 7.20, 7.22, and 7.23) show that experimental
results and the MUPDI analysis agreed very well in general. Approximately

one~third of the load was distributed to the unloaded box section around

_~m_——mm=midspan_of—the~main‘span."—Loading—oniy“in‘thE‘maiﬁ‘span was more critical
transversely than was loading of both main and side spans, The far side

webs away from the loaded box raised up at the main supports in both

loading cases.
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LOADING CONDITION:
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Fig. 7.19. Deflections for lane loadings (two lanes) in main span
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Fig. 7.20. Longitudinal strains along NM9 for lane loadings

(two lanes) in main span
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Fig. 7.21. Reactions at outer supports for lane loadings
(two lanes) in main span
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LOADING CONDITION:
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Fig. 7.22. Deflections for lane loadings (two lanes) in
main and one side span
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LOADING CONDITION:
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Fig. 7.23. Longitudinal strains for lane loadings (two lanes)

in main and one side span
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Strains across the bottom slab of each box were fairly uniform
because of high torsional rigidity of the box section. But strain
across the top slab gradually decreased from one end to the other end.
Also, reactions at the outer supports indicated that the loaded box is
acting almost as a beam because reactions under the two webs of the
box section were almost equal with loading only in the main span (Fig.
7.21). When the loads were applied in both the main and side spans,
the end reactions were not uniform under each box of the loaded side
span and showed substantial twist effects. However, the reaction under
each box was reasonably uniform at the end support of the unloaded side
span (Fig. 7.24).

Although the support conditions and section properties input into

MUPDI differed slightly from the actual model, MUPDI results agreed very

::;::::;:We1i:ﬂlzb:IhﬁjexpﬁrimentaiifésﬁIté:ZIThéﬁéféié;1MUPDIMeanebe”uacd in
design to predict the longitudinal load distribution. Transverse moments
from these loadings are discussed in Sec. 7.3.4 and are compared with

MUPDI,

7.3.3 Ultimate Design Loading Specified
by BPR Criteria

7.3.3.1 Additional 0.35 DL

Ultimate design dead load is specified as 1.35 DL by BPR.7 The
additional 0.35 DL was applied to the structure by using additional con-
crete blocks to supplement the previously adjusted 1.0 DL segment weight,
Typical arrangement of concrete blocks per box is shown in Fig. 7.25.
These blocks were permanently added to the bridge, so 1.35 DL has to be

considered as the effective dead load in all later tests.

The experimental results are generally larger than the theoretical

values for both deflection and reactions, as shown in Figs. 7.26 and 7.27.

— Strain readings showcensiderable—scatter—anddo not agree with the
theoretical values, as shown in Fig. 7.28. The maximum moment due to

loading is less than that due to the service live load producing maximum
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LOADING CONDITION:

10.35 DL

T ©® EXPERIMENT
SE SM NM NE . — BMCOL 50
g s S mmy, P Nl ’ 'e‘ .
Z ] ; ©
S \. 4
3 004 \. /
- .
o . 8
@ N, d
b 0.10- NS
(o]
62.5" 137.5" jo0" | 93" L 107" 100" | 773" | 227"
ha T Y L] +>
SE SS7 SM SM5 SMI0 NMS NM NS4 NE
EXPERIMENT|0.0058-00024__— -0.0024___0.0736_____0O.115___0.0749 " 0.0018 -0:0057 ———0:0056
BMCOL 50 {0.0048 0.0000 0.0021 0.0682 0.107 0.0632  0.002! -0.0064 0.0048
Fig. 7.26. Deflections for 0.35 DL
\ E W \ E g \ W ’
1@ t@ t@ @

SE ® @ _[ToTAL NE ® TOTAL
EXPERIMENT (K)| 0.700 | 0.636 | I.336 EXPERIMENT (K) 0576 | 0:623 |~ 1.199~
BMCOL 50 S e 1.09 | |BMCOL 50 — —_— 1,09
(EXPERIMENT/BMCOL 50)X100 (%)| 123 . (EXPERIMENT/BMCOL. 50)X100 (%)] 110

Fig. 7.27. Reactions at outer supports for 0.35 DL
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Fig. 7.28,
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positive moment at midspan of the main span. Thus, the bridge should
still be in the elastic range. Deviation of the experimental results
from the theoretical values is probably due to temperature and time

variations in the electrical data recording instruments (it took about

10 hours to hang all concrete blocks).

7.3.3.2 Maximum Positive Moment, Main Span

As shown by the deflection diagram of Fig. 7.29, the measured
deflections at midspan in the main span were slightly larger than the
theoretical values calculated by BMCOL50. Increase of deflection at
midspan of the main span was linear up to the (1.35 DL + 0.75 (LL +
IL)) increment and started to change slope as the load increased. An
appreciable change in slope was noted with formation of the first

crack at (1.35 DL + 1.75 (LL + IL)). The increase of deflection at

the increment of (1.35 DL + 2.25 (LL + IL)) was very large and the
outer supports raised up suddenly, as shown in Fig. 7.30. The deflec-
tion at the midspan of the main span did not immediately come back to
its original value after releasing load. However, it recovered almost

completely after several hours.

Figure 7.31 shows the increase of end reactions was linear up to
the (1.35 DL + 1.25 (LL + IL)) increment and agreed with the theoretical
values very well up to that point. The actual reactioms become zero at
about 2.13 (LL + IL), which is less than the actual design ultimate if
advantage is taken of the 25 percent design load reduction for a four

lane bridge.

From the strain diagramsvshown in Fig. 7.32, it can be seen that
the rate of strain increase did not change very much up to the (1.35 DL +
1.5 (LL + TL)) level. Strain at the outer edges of the top slab was con-

sistently less than the other positions. Strains along the bottom slab

in the service loading test (Fig. 7.15) were almost uniform, but there

was some deviation in this test even if the amount of live load was small.

Strains in the bottom slab (tension side) started to deviate substantially
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LOADING CONDITION: (+1.35 DL) )
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Fig. 7.30. Deflections for lane loadings (four lanes) in main span (design
(ultimate)
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' JLOADING CONDITION:(+1.35 DL}
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Fig. 7.31. Reactions at outer supports for lane loadings (four
lanes) in main span (design ultimate)
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Fig. 7.32. Longitudinal strains along NM9 for lane loadings (four
lanes) in main span (design ultimate)
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at the (1.35 DL + 1.50 (LL + IL)) increment and varied widely at the
(1.35 DL + 1.75 (LL + IL)) level.

As shown in Fig. 7.33, a crack appeared at the center of the
closure segment (OE side) at the (1.35 DL + 1.75 (LL + IL)) increment
and developed along the joint of the closure segment. On the OW side,
the first crack appeared at the (1.35 DL + 1.88 (LL + IL)) increment.
At the (1.35 DL + 2.25 (LL + IL)) increment, cracks extended to the
midheight of the webs.

The theoretical cracking moment at the closure segment, as
predicted by the 1963 ACI Building Code, is calculated as follows:2

= v -—
Mcr WB (fpe + 6\/fc) MS
= 1230 (1.34 + 0.505) - 740
= 1529 k=~in.
where,
‘Wb = gection modulus at bottom.
fPe = compressive stress of concrete due to prestressing only
at bottom fiber.
fé = compressive strength of concrete.
Ms = moment due to end reaction caused by prestressing of the

positive tendons in the main span and seating force at

the outer supports.

Therefore the LF (load factor) of (LL + IL) for the load at which cracks
—mwightappear can becalculated—as:

M, = L3 My +LFXMo b
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1529 = 481 + LF x 552

LF 1048/552 = 1.90.

Since initial cracks appeared on one web at the LF = 1.75 level and on
the other web at the 1.88 increment, the theoretical value (1.35 DL +
1.90 (LL + IL)) was very accurate.

This method of calculation shows that the craéking moment is
greatly affected by the adjusting force at the end supports. If the
reaction force provided at the end supports is large, midspan cracks
will appear at lower increments of (LL + IL). If the adjusting force
provided at the end is small, the end segments will raise up from the
neoprene pads under very small increments of (LL + IL). Therefore, the

end reactions for the prototype bridge should be selected at an optimum

point which-balances these two factors, Figure /.34 shows the relation
between the initial and reaction applied, the LF of (LL + IL) at which
the end segments will raise up from the neoprene pads and the LF of

(LL + IL) at which first cracks will appear. Therefore, 4.9 kips (176
kips in the prototype bridge) total for two boxes is the optimum initial
reaction at each outer support. Although the weight of the asphalt
topping, which is about 8 percent of the weight of the segment, was not
included in the model bridge test, the effect of the asphalt is also
included in the dead load calculations on which Fig. 7.34 is based.

7.3.3.3 Maximum Negative Moment at the Main Pier

Under this loading condition the experimental deflection at
midspan in the main span was slightly larger than the theoretical values
(BMCOL50), as shown in Fig. 7.35. Increase of deflection was linear up
to the (1.35 DL + 0.75 (LL + IL)) increment. Increases of deflection

at the unloaded span outer support (SE) became rapid at the (1.35 DL +

2,12 (LL + IL)) increment, as shown in Fig. 7.36.

The trend of strains at the NM9 segment, as shown in Fig. 7.37,
was the same as noted in Sec. 7.3.3.2. Strains in the top slab
increased almost linearly up to the (1.35 DL + 2.25 (LL + IL)) increment,
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Fig. 7.35. Deflections at SM10 for lane loadings (four lanes) in the
main and one side span (design ultimate)
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LOADING CONDITION: (+1.35DL)

o o
SE SM NM  NE LE] \w
-0.10}-
[0 ) N
- 0I0l-
=
z
[
(&
W
-
[T
W
S 020
200
2.125 (LL+IL)
030
2.25(|LL+IL)
122.5" 776" | 100" 93" ¥ 107" | 100" | 77.3" 122.7"
(LL+IL) | SE Ss4 SM SM5 SMIO NM5 NM NS4 NE
.00 |-0.0035  -0.0203 +00007 +0.0727 +0.113  +0.0641 +0.0023 -0.0032  40.0014
150 |-0.0073  -0.0311 +0.001I +0.1150 +0.184 +0.l060 +0.0038 -0.0063  +0.0022

200 -0.0212

2125 __|-0.0464

-0.0471 +0.0019 +0.1620 +0.266 +0.1510  +0.0050 -0.0098 +0.0031

=0,0579 +0.0027 _ +0.1790  +0.293 - +0.1660 _ +0.0053 -0.0117 . +00034

2.25 -0.0921

-0.0756 +0.0028 +0.2020 +0.327 +0.1840  +0.0058 -0.0136 +0.0035

Fig. 7.36.

Deflections for lane loadings (four lames) in the main and
one side span (design ultimate)
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but the strain in the bottom slab was linear only up to the (1.35 DL +

0.5 (LL + IL)) increment and started to deviate after that increment.

The strains in the bottom slab showed considerable difference between

the webs and the middle of the bottom slab. In the NMl segment, strains
in the top and bottom slabs increased linearly until (1.35 DL + 1.50 (LL +
IL)) and (1.35 DL + 1.75 (LL + IL)) increments, respectively, as shown in
Fig. 7.38. |

Reaction at the NE support increased linearly until the (1.35
DL + 1.00 (LL + IL)) increment and that at the SE support decreased
linearly up to the (1.35 DL + 1.50 (LL + IL)) increment, as shown in
Fig. 7.39.

Besides reopening positive moment zone cracks developed in the

earlier test (Sec. 7.3.3.2), cracks appeared along the trajectories of

the negative moment prestressing cables in the 2nd and 3rd segment
from the NM pier, as shown in Fig. 7.40. Appearance of these cracks
along the tendons was probably due to a combination of high bending
moments and shears around the NM pier and relatively thin covers in
relation to the large diameter of the tendons (3/8 in. diameter) which

were used to construct the 2nd and 3rd segments. It is believed that

NM1 and NS1, which were subjected to higher moments and shears, did
not have such cracks because of double tendons and the smaller size
of tendon ducts. Because of high compressive stress due to negative
tendons in the top slab around the main pier, no flexural cracks
appeared around the main pier. Therefore, this loading condition was

not critical.

7.3.3.4 Maximum Shear Loading Adjacent
to the Main Pier

As mentloned 1n odec. /.3.4.1, Nno speclal straln Instrumentation

was provided for shear loadings. Design loadings for maximum shear were

applied until the (1.35 DL + 2.25 (LI + IL)) ultimate design increment

The moment diagram for this loading is very simllar to the

maximum negative moment loading case in Sec. 7.3.3.3 and the magnitudes

&
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LOADING CONDITION: {+1.35 DL}
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Fig. 7.37.

(design ultimate)

Longitudinal strains at NM9 for lane loadings (four
lanes) in the main and one side span
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Fig. 7.38._'Longitudinél'strains at NM1 for lane loadings (four
lanes) in the main and one side span
(design ultimate)
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of the maximum positive and negative moments for this loading are only
about 17 percent less than this previous loading case. Therefore, the
experimental results were very similar to those of Sec. 7.3.3.3, except
slightly reduced at each level of load. Because one of the major
questions was the dependability of the joints under high shear, this
type of loading was applied to the bridge in a later test to failure.

No additional flexural or diagonal tension cracks were observed
in this test. Slip gages set across the critical first joint in the

main spanr(as shovn in Fig. 7.41) shoﬁed zero movement during the load-

ing test.
DIAL GAGE (NO CHANGE IN READING DURING
THE DESIGN ULTIMATE TEST)
JOINT
+ NMi NS1 +

R

. Zamm A

N |_~MAIN PIER
'

Fig. 7.41. Arrangement of slip gage at the first joint

7.3.3.5 Maximum Positive Moment in Side Span

Truck loads (four lanes) were applied at the same longitudinal

position as shown in Fig. 7.9, but the transverse positions were changed

to those shown in Fig. 7.42.
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Deflection at the center of the SS7 segment, as shown by
Fig. 7.43, was exactly the same as the theoretical values at the
(1.35 DL + 0.5 (LL + iL)) increment. The experimental deflections
became larger than the theoretical values after this point. The.
experimental deflection was about 14 percent larger than the theoreti-
cal deflection at the (1.35 DL + 2.25 (LL + IL)) increment. Also, the
deflection in transversely at the center of the box section (3), in
Fig. 7.44, was increasing as the load increased. Details of transverse
moment distributions are discussed in Sec. 7.3.4. Observed strains and
reactions, as shown in Figs. 7.45 to 7.47, were generally linear. No

cracking was observed during this loading test.

Transverse strain was measured at the center of the top slab

of SS7R and compared very favorably with MUPDI results, as shown in

2.25 (LL + IL) increment and agreed with MUPDI.

7.3.4 Study of Transverse Moment

It is very hard to simulate the behavior of the prototype bridge

transversely because of the increased difficulty in reducing the scale

correctly for-the very shallow slab sections used:

Transverse strain gages were put on the surface of the segments
at some points and these strain readings were compared with MUPDI

analysis results.

The loading cases considered in this section are shown in
Fig. 7.49. Since the transverse effect of dead load is small,16 (LL +
IL) only was considered at the service load level. Experimental trans-

verse deflections agreed very well with MUPDI for case (3), as shown in

'Fig. 7.19. Transverse gages on the SS7 segment are shown for cases (1)

and (2) in Fig. 7.49 and experimental strain readings agreed very well

with MUPDI results, as shown in Table 7.3.
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Fig. 7.42, Position of truck loadings (design

ultimate)
LOADING CONDITION: (+1.35 DL}
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Fig. 7.43. Deflections at SS7 for truck loadings (four
lanes) in side span (design ultimate)
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Fig. 7.44, Deflections for truck loadings (four lanes) in side span

(design ultimate)
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LOADING CONDITION: (+1.35 DL)
[ B § T — 3y 3y
__:1 SE SM NM NE ‘ E / \W /
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_z00" ay" |, zoo"

{ { Il — L
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~+———COMPRESSION TENSION— STRAIN (}j INZIND

Fig. 7.45. Longitudinal strains at SS7 for truck loadings (four

lanes) in side span (design ultimate)

LOADING CONDITION: {+ .35 DL}
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Fig. 7.46. Longitudinal strains at SS6 for truck loadings (four
lanes) in side span (design ultimate)
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LOADING CONDITION: (+1.35DL)
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Fig, 7.47. Reactions—at-outer—supports—for—truck—loadings—(four

lanes) in side span (design ultimate)

LOADING CONDITION: {+1.35 DL)
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Fig. 7.48. Transverse strain at SS7 R for truck loadings (four

lanes) in side span (design ultimate)
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TABLE 7.3

COMPARISON OF EXPERIMENTAL AND THEORETICAL
TRANSVERSE STRAINS

Strain (y in./in.)

Li;iifg Cage No. Experiment/MUPDI
Experiment  MUPDI
1) - (2) 64 63 1.02
(2) (1 122 107 1.14

Because MUPDI showed good agreement with the experimental results,
transverse moment djagrams for each case were drawn (Fig. 7.49) using the
MUPDI results and the computed longitudinal slab moment (M%) at the loca-

tion of the maximum transverse moment is also shown in Fig. 7.49. Among

these four cases, case (2) gave the largest values in®transverse positive
and negative moments. In order to judge the transverse strength of the
section, several strain gages were put at these critical positions in
later punching shear tests (punching shear test results are given in

Sec. 8.4) and strain readings were taken almost to failure. Transverse
and longitudinal slab moments at the service load level were calculated
from the experimental results for the loading cases shown in Fig. 7.50.
These moments are much larger than the values calculated for the above

four cases and strains increased. linearly almost to-the punching shear

failure loads which were about 18 and 7 times (LL + IL) at the middle of

the twin boxes and the edge cantilever, respectively. Also, loading

case (1) in Fig. 7.49 was applied at the 5.25 (LL + IL) increment in the
failure test of Sec. 8.2 and no visible crack was observed in the top
slab. Although it is not possible to relate these results directly to

the prototype because of casting tolerances being exceeded in the model
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(the thickness of the top slab was about 15 percent thicker than thick-
ness specified), the above results indicate that there is ample safety

in transverse bending for the top slab.
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CHAPTER 8

LOADING TO FAILURE TESTS

8.1 General

The model bridge carried the BPR design ultimate load safely
for all critical loading conditions, as shown in the previous chapter.
To obtain maximum return from the model, several failure tests were
planned to determine capacity. It was decided that truck loads would
be first applied to the side span, as shown in Fig. 8.1 (b), to cause
a bending failure. This was decided even though the calculated ultimate

live load f actor-for-this-case-was—larger-thanthat which-was calculatad

~ for maximum moment in the main span. Since both failures would be
flexural, it was felt that a failure test in the side span could verify
flexural ultimate calculations. Such a test would leave the structure
with two relatively undamaged spans so that a shear test to failure could
also be run by applying lane loadings to the main and side spans to produce
maximum shear at the main pier, as shown in Fig. 8.1 (¢). Truck loading

on the side span (Fig. 8.1 (b)) was stopped after distinct yielding had
occurred, but before complete collapse of the side span. The loading
Increment at which testing was stopped was judged by the deflection and
strain readings. Although loads continued to be appiied after formatidn
of another hinge at the SM pier segment, the effect of this loading on
the ultimate bending and shear strength of spans (B) and (C) was judged
negligible because no live load would be applied on span (A) and the end
segment at SE would raise up during the second failure loading test shown
in Fig. 8.1 (e¢).

166
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8.2 Failure Test of the Side Span

8.2.1 General

Scaled HS20-S16 (AASHO) truck loads were applied to all four

lanes of the side span to produce eritical bending.

Longitudinal and transverse truck loadings are shown in Fig.

8.2. - These are the same as shown in Fig. 7.9.

Strain gage measurements were taken at the positions shown in
Fig. 4,14, Positions of dial gages were the same as in the previous

test (see Fig. 7.7). Reaction readings were taken at outer supports.

In addition to the 1.35 dead loads, live and impact loads were

applied_using_namszupstﬂzthezéjzé—{IL—+—T%%—ievei:::boad:intremen%s of

0.25 (LL + IL) or 0.125 (LL + IL) were used after the 0.75 (LL + IL)

level.

8.2.2 Test Results

At the 2.88 (LL + IL) increment, there were some deviations
from the previous linear load vs. deflection diagram (Fig. 8.3).

Strains in the bottom slab at the SS6L segment changed rapidly at the
2.75 (LL + IL) increment as shown in Fig. 8.4. It appears as though
cracking may have started to develop in the inner webs although no

cracking was visible in the outer webs.

At the 3.25 (LL + IL) increment, a flexural crack on the outer
web around the center of the SS7R segment was visible almost up to mid-
height and the strain gages in the bottom slab showed a large increase

in strain, as shown in Fig. 8.5.

At the 4.25 (LL + IL) increment, a wide crack (more than 1/8 1in.

visually) developed suddenly at the SS6-7 joint in the outer web of the

west side (OW) as shown in Fig. 8.6. At the 4.38 (LL + IL) increment a
major crack formed near the SS6-7 joint in the outer web of the east side
(OE) as shown in Fig. 8.6. After these cracks developed, Figs. 8.3 to 8.5
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+60 5
-t
SE oy 120" [SM NM NE +
L
556 D) - (L) ()
Iso ™~ /
| | b |
. ! r /
\ +40
| . |
il Iy
i I /oy
¢ BRIDGE |: /7
l o i T30 / ’/
| ! I Iy
Ij SS6L A+ / ,’
k :‘ +20 /7
113 + {
L (w i\ ;
| /
ARNK Vi
P 4
i+ /
¥ Va3
(I} v/
A /s /
1 (IR AW AN ! L 1
-250 ) +250 _ +500 +750 +1000
«—— COMPRESSION TENSION — STRAIN (M IN./IN)
Fige8obo—

~Longitudinal-strain: trains—at the center of the SS6L segment

LOADING CONDITION: (+1.35 DL)

68| 140" TSM

) —a
NM NE

$87

€ BRIDGE
| W |
]
j
(F) ()
/
1 / | i 1 1 I3 i i
250 (4] +250 +500 +750 +1000 +1250 +1500
. +—COMPRESSION TENSION ——e

STRA]N ()J IN.ZIN.)
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Fig. 8.6. Development of cracks during loading
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indicate changes in strain at the center of the SS7R and SS6L segments
stopped, and deformations were concentrated in the vicinity of these
large cracks. By observing the strain diagram of the SS1 segment (as
shown in Fig. 8.7), the strains are seen to increase rapidly at the

4.38 (LL + IL) increment and to increase less rapidly after that

increment. The rapid increase of the strain at the SS1 segment, and
in the reaction at the NE support (as shown in Fig. 8.8) around the
4.25 or 4,38 (LL + IL) increment means that a plastic hinge was formed

at the 8S6-7 joint. After forming the plastic hinge the loads were
redistributed and more load was carried at the SM pier region. Since
the bridge is a three-span continuous beam, plastic hinges have to be
formed at (A) and (B) in Fig. 8.9 to have complete failure for loading
in the side span. The average reaction at the SE support increased

fairly linearly, as shown in Fig. 8.8. Changes in each reaction at

T the SE support can be seen_at the 2,88 and 4.38 _(LL+IL) increments.

Due to the extreme widening of the crack at the SS6-7 joint,
an unexpected horizontal force occurred on the top of the SE pier. It
could be visually observed at high load levels that the SE pier was
tilting and inclining after the large cracks opened around the SS6-7
joint. Apparently a horizontal force acted on the top of the SE pier,

due to the deformation of the bridge, as shown in Fig. 8.10. The
moment connection between the end pler and the testing floor was not

strong enough to keep the pier from tilting under this force.

Because it was obvious tﬂat a plastic hinge had formed near
the 4.38 (LL + IL) increment and because of the inclination of the end
pier, it was decided to stop loading and release all live load at the
5.25 (LL + IL) increment. This represented practical failure of the
side span although collapse did not occur. In this way further loading

testing could be completed in the other two spans.

The maximum width of the crack at the S$56-7 joint was 1/4 in.

on the outer west web (OW) and about 1/8 in. on the outer east web (OE)
under the maximum load increment. Cracks were distributed more in the

outer east web than in the outer west web. This might be due to a
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~ 800 [OADING CONDITION: (+1.35 DL)
J
7 . I . .
4 SE SM NM
505
40}
3ol
C P
20} —
-
L ]
-7 /
» /7
e © m
P 2r '
e //
e
P / ! 1 ‘ ! i 1 1 ]
ol 2 ol 02 03 04 05 06 0.7 0.8
REACTION {KIPS)
= &0
=
5 {D+(0)
= 1 (1) ~5 (0)
50
40|
30l
20|
I =
oL / // (o) (1)
L =
/ Zz
0/’ 1 A 1 i 1 1 1 I
0 10 20 30 40 5.0 50 70 80
REACTION (KIPS)
Fig. 8.8. Reactions at the outer supports




175

(A) LOADING CONDITION: (+1.35DL)
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Fig. 8.9. Failure mechanism for truck loadings in the side span
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Fig. 8.10, Horizontal force on the top of the outer pier

weaker joint in the west side of the box because there was not much

apparent difference in grouting.

In the transverse direction, deflections were reasonably uniform
across the SS1 segment at small loading increments. Relative deflections
increased in the cantilever slabs and at the middle of the midstrip
closure (in Fig. 8.11) as loading increased. Transverse strains on the -
bottom face near the end of the cross slabs were measured by paper
gages, as shown in Fig. 8.12., Transverse strains also increased rapidly

at the 4.38 (LL + IL) increment.

8.2.3 Determination of Side Span Live

Loada“Capacity

In order to find the actual live load capacity factor (LF) for

the truck loading on the side span, it is necessary to comnsider all

forces and moments acting on the bridge.
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LOADING CONDITION: (+1.35DL)
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Fig. 8.11. Deflections along the center of the SS7 segment in
side span




178

LDADING CONDITION: (+1.35DL) J-&O
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Fig. 8.12. Transverse strains at the center of the SS7 segment

Each time the precast segments were erected and joined in
symmetrical cantilever construction, negative tendons were prestressed
in order to hold the precast segments in the proper balanced position,

"as shown in Fig. 8.13 (a). For a typical construction stage, if a
section is cut at A-~A, the prestressing force IP is acting as shown
in Fig. 8.13 (b) and it also produces a moment Mp([EP] X e). These
forces and moments can be calculated at each section and a force

diagram for IP and a moment diagram for Mi can be drawn as in Fig.

8+13—(c)-and—(d)s-respectively.—The-opposing-dead—load-moment-due—-to

the weight of the segments is shown in Fig. 8.13 (e). Although

vertical forces are acting along the curved portions of the tendon

ducts, no vertical forces are included in subsequent figures, since

- all negative tendons are horizontal at the joint. At the completion
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(B) PRESTRESSING FORCES

(A) CANTILEVER CONSTRUCTION ‘ AND MOMENTS AT A-A
2P

F’/ e BLE I . Y
Mp (Z=P)x e

(C) PRESTRESSING FORCES ALONG SEGMENTS

S LLLLL NS L) ///V//////

......

LA AATASAAS S VAV A A i A

V7777407777770 77 417377/ IVT77777)

(D) MOMENTS DUE TO PRESTRESSING FORCES

A,

(E) MOMENTS DUE TO WEIGHT OF SEGMENTS

I51 K=IN.

Fig. 8.13. TForces and moments acting on the bridge for a typical
cantilever stage
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of the balanced cantilever construction scheme?‘the diagrams of the
total force and the total moment due to prestressing cables (negative
tendons) and the total moment due to dead load (weight of segments)
are shown in Fig. 8.14. The moment due to the external load (weight)

and prestressing cables were designated as the external moment (Mt)

and the internal moment (MI), respectively. The force due to the

prestressing cables was designated as the internal force (FI).

Positive tendons in the side spans were inserted and prestressed
after completing the cantilever construction. Prestressing of positive
tendons in the side spans cause an internal force (FIZ) and moment (MIZ)’
as shown in Fig. 8.15.

The closure segment at the center of the main span was then cast.

At this stage there were external moments due to 1.0 DL, (M..), and

internal force (FIl) and moment due to negative tendons (MIl) in the main
span. However, the moment at the closure segment was zero. The positive
moment cables at midspan essentially need to resist only live loads.
Thus, the amount of center span positive prestressing cables should be
less in a bridge constructed by cantilever construction than in a bridge

constructed on falsework. Details of those differences are referred to in

=gervice-level-loading;—specified-additive-vertical-reactions-were

Muller's paper.

After the required strength of concrete in the closure was
developed, positive tendons in the main span were prestressed. Outer
supports were set in position touching the girder ends prior to pre-
stressing the positive tendons in the main span. Thus, resultant forces
were produced at the outer supports when the positive tendons were
prestressed since the side span outer ends tried to deflect downward,

In addition, to ensure that no uplift at the outer supports occurs at

jacked into the outer supports at completion of the stressing (see

Sec. 7.3.3.2). Internal forces (FIS) and moments (MIS) due to positive
tendons in the main span are shown in Fig. 8.16. The moment (MEZ)

caused by the resultant forces due to prestressing and the applied
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(A) COMPLETION OF CANTILEVER CONSTRUCTION

(B) HORIZONTAL FORCES DUE TO PRESTRESSING (Fy,)
' 338 KIPS

Wy i ’

. (C) MOMENTS DUE TO PRESTRESSING (M)

/

2I00 K-IN

- (D) MOMENTS DUE TO WEIGHT OF SEGMENTS (Mgy

""'"’I//////y/ I/""

9930 K-iN.

(E) My, + Mg,

T LY Y Y AT
830 K-IN.

Fig. 8.14. Horizontal forces and moments at completion
of cantilever erection
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(A) PRESTRESSING OF POSITIVE TENDONS IN SIDE SPAN
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"(C) HORIZONTAL FORCES DUE TO PRESTRESSING (N SIDE SPAN (F,)
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(D) MOMENTS DUE TO PRESTRESSING IN SIDE SPAN (Myg,)
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(A} PRESTRESSING OF POSITIVE TENDONS IN MAIN SPAN

[t [T T Y P Z R E PP [T 1T T 1111 lJlj

~ (B) HORIZONTAL FORCES DUE TO PRESTRESSING IN MAIN SPAN (Fy3)

148 KIPS
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1220 K=-IN.

(D) MOMENTS DUE TO RESULTANT FORCE OF PRESTRESSING IN MAIN SPAN
AND JACKING FORCES AT OUTER SUPPORTS (MEz)

740 K-IN,

W A{/ //////////////mﬁhmﬁ_

Fig. 8.16. Horizontal forces and moments due to prestressing

I main—gpan
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forces used to adjust the reactions and elevations at the outer supports
are shown in Fig. 8.16 (d).

FIl’ FIZ’ FIB’ and MIl’ MIZ’ MI3’ MEl' and MEZ are the forces
and moments acting on the bridge at the time of completion of construc-—

tion. Figure 8.17 shows the total or netbhorizontal forces and moments

at each joint at the completion of all prestressing operations.

In order to compute'the ultimate capacity of the bridge for the
additional dead and live load, the following procedure was used. The
basic ultimate design guide used, the 1969 BPR "Strength and Service-
ability Criteria, Reinforced Concrete Bridge Members, Ultimate Design,"7
specifies 1.35 MDL as the ultimate dead load moment., This value (1.35
MDL) was used for designing the bridge16 by assuming the basic structural
configuration as the same for both the 1.0 DL and 0,35 DL. In designing

the positive tendons of the prototype, the external design ultimate

moment was calculated as an ideal three span continuous beam as follows:

M.u =1.35 MbL + 2.25 M + M82 + M

+
ar + 1) T Y1 s3

to be computed as an ideal three span continuous beam
where

MﬁL = moment due to dead load

M(LLi-IL) = moment due to (live + impact) load

Msl = secondary moment due to prestressing of negative

: tendons
Ms2 = secondary moment due to prestressing of positive
tendons in the main span
Ms3 - = gecondary moment due to prestressing of positive

tendons in the side span
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Secondary moments due to prestressing of all negative and positive
tendons were calculated in the design ultimate moment as shown in the
above equation.lé An additional 0.35 DL may represent additional
weight due to heavier sections which would be caused by casting errors

or allow for later changes in the bridge. Since these types of seg-

ments are cast in a factory under close control of an engineer, there
seems to be less possibility of occurrence. It may be logical to

apply some of the 0.35 DL on a balanced cantilever and the rest of

0.35 DL on the completed continuous structure. However, that condition
could not be simulated on the completed model structure and the addi-
tional 0.35 DL was applied as a type of live load on the structure
after completion of construction. It is necessary to calculate the
moment due to 1.0 DL and 0.35 DL separately. The moment for 1.0 DL

should be calculated for the determinate structure (balanced cantilever)

and—that—for-the—0:35DL—(which-was—applted—to—the—completed—structure
after service load testing) should be calculated for the indeterminate
three span continuous beam structure. The moment due to 0.35 DL (ME3)
is shown in Fig. 8.18., Figure 8.19 shows the critical design truck
loading in the side span and the corresponding moment diagram at service
load of 1.0 (LL + IL). If the increment of the service (live + impact)
load is increased; a flexural failure of the bridge will occur in either
rupture of the concrete or of the prestressing cables. The positive
tendons in the positive moment region and the negative tendons in the
negative moment region as well as the concrete compression zones present

primary resistance to live load.

The following equations for the ultimate external moment were
used to calculate the LF of (LL -+ IL) in the model tests as if the

structure was an ideal three span continuous beam after completiomn.

=
I

a1 - l'O_MbL to be computed as a balanced cantilever (= MEl)

M _ =0.35 MbL + LF x

+ M to be computed as an ideal
u2 s

ML+ 1)

three span continuous beam
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Fig.—8.18.—Moment—diagram-for-0-35-DL—(M_>)
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Fig. -8.19.  Moment diagram for truck loads in-side-gpan (ME 4)
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where

0.35 My, = g

Mo+t~ MEs

Ms = MEZ

In very underreinforced sections, as in the positive moment
region, the ultimate compressive force (C) and the tensile force (ZTi)
may be calculated by assuming the bottom layer of prestressing cables
as its ultimate strain (e;). If joint 6-7 in the side span is taken,
prestressing forces (P) due to negative tendons add to C and T, as

shown in Fig. 8.20. These P forces have to be taken into account for

the ultimate moment capacity, except at the closure segment.

NEGATIVE TENDON
AN '

ITS 3 me—C

\ P

€51 K

POSITIVE
TENDON

oo ‘ e 3 A

-~ ES 3

C: ULTIMATE COMPRESSIVE FORCE
P: FORCE DUE TO NEGATIVE TENDON
T:ULTIMATE TENSILE FORCE

Fig. 8.20. Ultimate force at a certain section

Since the positive tendons were placed in multiple layers in

some sections, it is necessary to use the stress-strain curve of each
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cable in order to find Ti. Although several specimens were tested in
an attempt to obtain stress-strain curves for wires and strands up to
failure, a complete stress-strain curve up to failure was not obtained.
This type of steel usually failed at the grips in the testing machine.

A stress-strain curve for a 270K grade 7-wire strand tested by a manu-

facturer was modified as shown in Fig. 8.21, since the ultimate strength
of all prestressing cables and Eé of some prestressing cables were known
from the material tests. The ultimate strain of prestressing cables was
assumed as 0.06 in./in.20
In order to find the ultimate forces at joint 6-7 in the side
span, Ti was found first by using the stress—strain curves of Fig. 8.21.
Compressive strains for the concrete in the top fiber were assumed for
three different cases (ec = 0.003, 0.002, and 0.0015 in./in.) and then

ET-—was—found;—as—shown—in-Fig.—8+22-——There-was-no-difference=in-3T;

wh;ther Ec at the compression fiber was 0.003, 0.002 or 0.0015 in./i;.,
and it was not necessary to make further iterations for Ti in order to
find the internal ultimate moment capacity. By assuming €. = 0.003
in./in. at the extreme compression fiber and a rectangular stress block,

as shown in Fig. 8.23 (a), C and P were calculated as follows:

E; = 0,06 inf/in.

€, = b.003 in./in.

c = 0.72 in.

a = 0,70 x 0.72 = 0.504 in.

C = 0.85 fé x axb=0.8 x 7.09 x 0.504 x 112 = 340 kips.

P k9:6w=“A5-*~E;mxme§“=~#976“—"0:348WX“3079WXm10i"xWGTOOCQEW-MWMWW“-— =
= 49.6 - 2.7 = 46.9 kips.

VC = 340 >> P + T, = 46,9 + 127 = 174 kips.

i
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' T,
. €s3(=€s') s

CASE (1) - Eg3=0.06 IN./IN., € =0.003IN./N,, ¢ = O.72 N,

Oz (KSII)

€5 (IN/IN) Ti (KIPS) |T; for 2 boxes (KIPS} =T; (KIPS)
€s,= 0.019 261 7.57 30.3 (1))
€s2= 0.035 269 7.80 3.2 (T,) 127
£¢5= 0.06 280 8.14 65.0 (T3)

CASE (2) - €43=0.06 IN/IN., E; = 0.002IN/IN., ¢ = 0.49 IN.

€5(IN/IN) ay(ksl) | Ti(KIPS) |T; for 2 boxes (KIPS| ZT (KIPS)
€5, = 0.020 262 7.60 30.4 (T,)
€52 = 0.035 269 7.80 31.2 (Tp) 127
€55= 0.06 280 8.1 65.0 (Ty)

CASE (3) - €53=0.06 IN/IN,, £,=0.0015 IN/IN,, ¢ = 0.37 IN.

E(IN/IN)

03 (KS1) | Ti(kIPS) |T; for 2 boxes (KIPS) ZT; (KIPS)
€s,= 0.020 262 7.60 30.4 (T1)
€s2= 0,036 269 7.80 3.2 (Ta) 127
€s3= 0.06 280 8.11 65.0 (T3)
Calculation of T, for different strain

Fig. 8.22,

profil%s
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(A) RECTANGULAR STRESS BLOCK

€c

_o8sf,.

€, = CONCRETE STRAIN

¢ = DISTANCE FROM EXTREME COMPRESSION
FIBER TO NEUTRAL AXIS AT
ULTIMATE STRENGTH

o = DEPTH OF EQUIVALENT RECTANGULAR
STRESS BLOCK = k,C

[}
fo = COMPRESSIVE STRENGTH OF

CONCRETE
(B) PARABOLIC STRESS BLOCK b = WIDTH OF COMPRESSION FACE .OF
€ f FLEXURAL MEMBER
, €,= STRAIN AT LEVEL OF PRESTRESSING
c / c CABLES (NEGATIVE TENDONS)
N L'__ NA. 7 A, = AREA OF PRESTRESSING CABLES
;‘rep P C = ULTIMATE COMPRESSIVE FORCE

P = FORCE DUE TO NEGATIVE TENDON

(C) CALCULATION OF ULTIMATE INTERNAL MOMENT

'l c _
-+ ":p’ ] T = ULTIMATE TENSILE FORCE
d, d dc,d,, di = DISTANCE FROM PLASTIC
d ° CENTER TO EACH FORCE
t2
T, ) ‘ |
"‘ PLAS‘T_I'rlECR
drz ; CEN
T
Ll WP
d M\.ll= CXdc 'PXd,"T,xdﬂ"'szdfz'l'TE-,Xdﬂ
3
LW

Fig. 8.23-. Calculation of ﬁ"ltimate intetrnal moment
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This indicated that the compressive strain at the top fiber had not
reached 0.003 in./in. Then, by assuming the strain at the bottom of
steel as 0,06 in,/in. and the parabolic stress block shown in Fig,
8.23 (b), C and P were found after several trials using C = ZTi + P.

The internal ultimate moment was then calculated as follows (see Fig.

8.23 (c)):

éé =.0.0015 in./din.

¢ = 0.37 in.
fc = 0.95 x fé = 0.95 x 7.09 = 6.74 ksi.

EP = 0.0012 in./in.

P——=-4076—+0+348-%-3079-%=101-x=070012-=-62+5kips:

C = 187 kips.
C =187 % ZTi + P = 62.5 + 127 = 189.5 kips.

+T, xd ,+T, 6 xd

Myp SCxd -Pxd =T xd,+T,xd,+T3xd,

= 187 x 5,90 - 62.5 x 5,46 - 30.4 x 0.8 + 31.2 x 3.0 +
+ 65 x 8.98
= 1103 - 341 - 24.3 + 93.6 + 584 = 1415 k-in.
At the peak compressive strength of concrete, strains reach about 0.002

in./in. for various strengths of concrete, as found in experinients.19

If the strain at the peak stress is assumed as 0.002 in./in., about 95

T “‘“"“p“er‘c“éttt“"O’f"“f‘“g“wﬂit“ “develop~at~the~extreme~fiber for—0-0015in./in:

strain}21 Therefore, fc was calculated by 0,95 x fé in the above

calculation.

In all calculations of the ultimate moment and shear capacity,
¢ = 1.0 was used in the model, since all dimensions and internal strengths

were known.




194

In overreinforced sections (around the main pier), the concrete
strain at failure at the bottom fiber was assumed as 0.003 in./in.
according to the»ACI Code2 and strains were calculated at the position

of the prestressing cables. The compressive stress block was assumed

as rectangular. Several trials were made until C was equal to T by

changing ¢ in Fig. 8.24 (c). T was calculated by using stress-strain

curves qf Fig. 8.21 for e, = EsP.+ Esl' Although some compressive strain
existed at the bottom fiber before applying any live load, the magnitude
(about 0.00015 in./in.) was very small compared to ec = 0.003. There~
fore, this effect was neglected and the strain was simply assumed as
0.003 in./in. at the bottom fiber in order to calculate the ultimate
moment at the pier. After several trials, the internal ultimate moment
at the pier. After several trials, the internal ultimate moment was

calculated as follows:

¢ = 2.46 in.

€, = 0.003 in./in.

a =0.7c¢c=1.72 in.
b-=-52-1in.

cC =0.85 fé Xxaxb=0.8 x7.09 x 1,72 x 52 = 539 kips.

£ £E =g + o T T for 2
Area sp sf 8. 8P 5 boxes
(in.?) (in./in.) (in./in.) sl (ksi) (kip) ()
3/8 in. ¢ og5 0.00600 0.0159  0.0219 243 20.7 166
strands
7mm 0.0593 0.00495 0.0159 0.0199 242 14.4 288
wire
6_ga. 0,029 0.00462 0.0159 0.0205 242 70 84
wire

Total T = 538
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(B) PROPERTIES OF EACH TENDON -

EXPERIMENTAL VALUE| APPLIED VALUE

TENDONS AREA ITR™ T H | Es |06 F [06fs[€spAT 0GR
(IND | ips) [ kst | (ks | kies)(ksn)| (Inv/ind

———— |7 MM-WIRE—|B1;B2;B5;B6,B7|0:0594-|-15:31-|—258—|"30:5x10°--8:94—-151—-0:00495-|————
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6 GA.WIRE |B8,B9,B10 | 0.029 | 8.13 | 280 30.9x10° | 4.14 | 143 | 0.00462

€gp= STRAIN DUE TO PRESTRESSING (IN./IN.)
(CIULTIMATE INTERNAL ¢ = STRAIN DUE TO EXTERNAL LOAD(IN./IN)
FORCES €5 = ULTIMATE STRAIN OF PRESTRESSING CABLE

— = Egp+ Egy (IN/IN)

st €c = 0.003 IN/IN.

fc = COMPRESSIVE STRENGTH OF CONCRETE

T = TENSILE FORCE AT ULTIMATE (KIPS)

C = ULTIMATE COMPRESSIVE FORCE

¢ = DISTANCE FROM EXTREME COMPRES. FIBER
TO NEUTRAL AXIS AT ULT. STRENGTH (IN.)

jd = DISTANCE BETWEEN T & C (IN.)

a = DEPTH OF EQUIV. RECT. STRESS BLOCK (IN)

b= WIDTH OF COMPRESSION FACE OF

FLEXURAL MEMBER (IN.)

V4

jd

15.46"

3
by
;

&
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B
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Fig. 8.24, Calculation of ultimate internal moment at pier section
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jd = 15.46 - a/2

15.46 - 0.86 = 14.6 in.

Ultimate Internal Moment:

MUI = 538 x 14.6 = 7855 k-in.

Since the completed bridge is a three span continuous beam, it

has to form two additional hinges for complete failure in the side span

as shown in Fig. 8.25 (b). The LF for (LL + IL) to produce the first

plastic hinge was calculated as follows:

Internal moment and external moment at the ultimate capacity

are equated.

Myp = Mgy * Mgy t Mg+ LEF XMy,

M1 ™ Me1 ~ MEo ~ g3
Mes4

LF for (LL + IL) =

_ 1415 + 319 - 259 - 34
322

= 1441/322 = 4.48

Therefore, a first plastic hinge should form at the 4.48 (LL +
IL) increment (1.35 DL + 4.48 (LL + IL)), at the SS6-~7 joint. Since
the plastic hinge at the $56-7 joint was observed to form between 4.25
to 4.38 (LL + IL) in the experiment, the calculated value (4.48) is

very accurate.

Tensile strength of “the only available 6~ gage wire; which was

used for the positive tendons in the side span was about 18 percent
higher than the specified minimum, although all other prestress wires

or strands had tensile strengths very close to the minimum values

specified. It would therefore be expected that the first plastic hinge
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(C) PLASTIC MOMENT

Y

Fig. 8.25. Plastic hinges and moment diagram

in a prototype with strands having exactly the specified minimum tensile
strength would form at a loading somewhat less than the test 4.48 (LL +
IL) increment (at about 3.8 (LL + IL)).

If a second plastic hinge is assumed to form at the SM pier

segment as shown in Fig. 8.25 (b) and the LF of (LL + IL) for complete

failure is calculated as follows:

Assume

Y = reaction at the SE support.
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MOl = plastic moment at the SS6-7 joint (MﬁI at the S556-7

joint).

=
I

02 = plastic moment at the SM pier segment (MUI at the SM
pier segment).

X LF of (LL + IL).

From equilibrium, at the 8§56=7 joint

MOl = - 4.34 quOX + 70Y (1)

and at the center of the SM piler segment

- M02 = - (4.34 x 140 + 4.34 x 108 + 1.085 x 80)X

+ 200Y (2)
From Eq. (1)

1415 = - 43.4 X +70Y . . . -

From Eq. (2)

- 7855 = - 1164 X + 200 Y . . . (2)°
[(2)” x 0.35] - 2750 = - 408 X +70Y . . . (3)

[(1)" - (3)] 4165 = 364 X .. X = 11.4

Therefaremrhemsecondmnlasticmhinaewwnuld“formmargundwihewllJQM"”MM_

(LL + IL) increment (1.35 DL + 11.4 (LL + IL)) and the SM pier segment

would fail in compression, if the initial plastic hinge had sufficient

ductility. It is conservative to assume that the side span is fully
capable of carrying (1.35 DL + 4.48 (LL + IL)) considering four lanes
fully loaded. Using AASHO load reduction factors for a four lane bridge,
this would become (1.35 DL + 6.0 (LL + IL)).
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8.3 Failure in the Main Span

8.3.1 General

Four lane loads were applied to the main span and one adjacent

side span to produce the critical shear condition at the first joint
in the main span. It was anticipated from computations that with full

development of shear strength the bridge would fail in flexure even

though under a maximum shear loading. However, it was decided to check
the shear capacity since basic information about flexural capacity was
obtained by applying the truck loads to the side span. Lack of published
information made it very desirable to check the performance of the epoxy

joints under realistic high shear loadings.

In addition to the 1.35 dead load, live and impact loadings,

shown—in-Fig:—8:265;-were-applied-by-rams—and—increased-until—failure:

2.014% sa2K 204X 204K
K K K K K
2,014 2014 2.014 / 2.014 z.on“sz' 014 2014 2.014° /
T
sS4 SM [TSFNM SNE
32\ Id
324, | 48" 48" | 48"] 48"| 48" 48"] 48"\ |i6] 48" | 48"| 48"laq"
1
1 |°O" goou l@“
2.014%
¥ - 1
0.5035% 05035% 0.5035X o0.5035%
Y
le [ \w
| W—————

Fig. 8.26. 1.0 (LL + IL) loading for maximum shear at the NM pier
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The position of the heavy concentrated load could greatly affect the
shear strength of the bridge. It was considered that the direct shear
failure might occur as the effective depth decreased due to flexural
cracks, so concentrated loads were applied next to the first joint in

the main span.

Strain gage measurements were taken at the positions shown in

Fig. 4.14. The positions of dial gages were shown in Fig. 7.7.

Reaction readings were taken at outer supports. Crack formation was
observed on the outer webs of the two boxes in both the main and side
spans. Loading increments of 0.5 (LL + IL) were used up to loading

of 2.0 (LL + IL), after which the increments were reduced to 0.25 (LL +
IL) up to failure.

8+3+2-—Test—-Result

After the loading of 2.25 (LL + IL), the reaction at the north:
end (NE) started to decrease, as shown in Fig. 8.27. At the 2.63 (LL +
IL) increment, the south end segment (SE) raised completely from the
neoprene pad support; At this load level the crack which had previously
developed at the joint of the main span closure segment during the
ultimate positive moment design test (see Sec. 7:3:3.2) started to reopen.
In the strain diagrams of Figs. 8.28 to 8.30, strains in segments SS7,
886, SS1, and SM1 increased almost linearly up to 2.63 (LL + IL), but
remained constant after that increment because all end reaction was
erased and no load was applied to the unloaded side span. Strain at
NS6 was almost zero until the 2.5 (LL + IL) increment, then increased
steadily until failure as shown in Fig. 8.31. This change was caused
by the alteration in structural configuration when the south side span

became a free cantilever.

- At the 3.25 (LL + IL) increment, the strain increase at the NM6

segment stopped, as shown In Fig. 8,32, This was due to the concentra-

tion of deformation in the crack around the center of the main span.' By
observing the deflection diagram for the SM10 segment in Fig. 8.33, it

‘is seen that the rate of deflection increase changed substantially at
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3.25 (LL + IL). Also, a diagonal tension crack started to develop at
the first segment in the main span (outer web on the west side) as
shown in Fig. 8.34.

At the 3.75 (LL + IL) increment, a flexural crack at the joint

of the closure segment extended to near the top of the web and many
cracks started to develop in the region of segments SM6 to SM9, as
shown in Fig. 8.35.

At the 4.25 (LL + IL) increment, the diagonal tension crack and
the flexural crack around the NM pier joined and a wide flexural crack
developed about 1 in. away from the first joint in the main span. At
this stage, the flexural crack on the top slab was only in the outer
cantilever portion. At this loading the south end segment raised up

about 1 in. from the surface of the neoprene pad support.

At the 4.25 (LL + IL) increment in the east side and the 4.75
(LL + IL) increment in the west side, very wide flexurai cracks
developed at the SM6-7, SM7-8, and SM8-9 joints, as shown in Fig. 8.35.
These cracks developed near the epoxy joints in the web portion (in the

flexural tension zone) and about 1 in. away from the joint in the bottom

slab (in the pure tension zone), as shown in Fig. 8.36. The cracks at
these joints went nearly to the top of the web with an increase of one
increment of lcading. The increase of strain around the 4.00 to 4.75

(LL + IL) increment range at NM9, NM1l, and NS1 stopped because of con-

centration of deformations at these joints and at the first joints

from the main pier. Figure 8.37 to 8.39 show the effect of the concen-

tration of deformation on strain at higher load.

At the 5.0 (LL + IL) increment, the crack on the top slab of
segment NS1 and the NM pier segment extended the full width of the.

slab (on the east side of the box).

At the 5,75 (LL = IL) increment, the flexural c¢racks at the
top slab near the NM pier extended the full width of the slab (two
boxes). The flexural cracks at the SM6-7 and SM7-8 joints were getting
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Fig. 8.36. Typical crack around the joint (after failure)

wider, but the width of cracks in some other portions were small. At
this stage, the bridge looked straight from the SE pier to the SM6-7
joint and all major deformation was concentrated at the SM6-7 joint.
The NM pier segment on the neoprene pad support started to crush on
the east side, due to the high compression force.

At the 6.0 (LL + IL) increment, the width of the flexural

crack at the SM6-7 joint was about 1/8 in. and the SE segment raised
up about 4.5 in.

After taking the instrument readings at the 6.25 (LL + IL)

—jincrement;theloads were-being-inereased to-the-6.50 (LL + IL)

AC A A e -

increment when a sudden rupture of the positive moment prestressing

cables occurred on the west side. This failure occurred before
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applying less than half of the planned increment and the load dropped
immediately after the failure. The load was then brought back to the
6.25 (LL + IL) increment and rupture of the positive moment prestres-
sing cables in the east side box occurred after a small increase in

load. Figure 8.40 shows the general view of the failed bridge.

" The strain at the various positions in the same cross section

varied as the load increased, although the tendency of strain change

was similar at each positien. Hewever, the increase of deflection at
the same station in each cross section waé uniform as the load
increased. Figure 8.41 shows the deflection along the bridge during
the failure loading test.

8.3.3 Determination of the Main Span Live Load Capacity

8.3.3.1 Flexure

One major difference between this bridge and the generally
considered three-span continuous bridge is that there is no upward
vertical restraint as usually assumed for pin supports, because the
bridge rests on neoprene pads at all four piers with no hold-down

devices. The bridge behavior could be kept as that of a three-span

continuous beam by restricting the tendency for uplift at the outer
supports, as the increment of (LL + IL) increases. However, to

match the prototype support conditions, it was decided not to add

any upward motion restriction at the outer supports. Therefore,

under high levels of loading in the center span, the bridge started to
act as a two-span continuous beam with an overhang or a simple beam

with two overhangs.

It is, therefore, necessary to calculate MUI’ MEl’ MEZ’ MF%’

and ME4 for three different support conditions (MUI and MEl are the

same for the three cases). The latter are calculated using the same

procedure as explained in Sec. 8.2.3. Moment diagrams for MEZ’ MEB’
and ME4 for the three different support conditions are shown in
Figs. 8.42, 8.43, and 8.44.
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Fig. 8.40. General view of the bridge after failure
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(A) THREE SPAN CONTINUOUS BEAM 740 K-IN.

sfﬁ M N N{ WEN

(B) TWO SPAN CONTINUOUS BEAM WITH AN ADDITIONAL OVERHANG SPAN

740 K-IN.
[-) F- ? C / .
Lot h L2

(C) SIMPLE BEAM WITH TWO OVERHANG SPANS
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Fig. 8.42., Moment diagram due to resultant force of prestressing and
jacking force at end supports (MEZ)
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Fig. 8.43. Moment diagram for 0.35 DL for three different
conditions (MEB)
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By examining Fig. 8.44, it can be see that the moment of positive
moment for 1.0 (LL + IL) in the main span increased 20 to-lOO percent in
the critical region due to the change of structural configuration. Also,
the shift in position of the maximum moment point is clearly shown in

Fig. 8.44. There is not much difference in moment between the two-span

continuous beam with an overhang and the simple span beam with two

overhangs for this loading case (Fig. 8.44).

In contrast, Fig. 8.43 indicates that the moment caused by the
additional 0.35 DL around the positive moment region is erased by the
change of structural configuration from three continuous spans or two
continuous spans with an overhang to a simple beam with overhangs. How-

ever, the moment arcund the NM pier increased.

The LF or level of (LL + IL) which would form the first plastic

hinge for this loading was calculated for each structure type (Table
8.1). The first plastic hinge would form at the joint of the closure
segment at an increment of (1.35 DL + 5.21 (LL + IL)) if the structure
was ideally supported by pins and there was no uplift possible at the

end supports., However, it is not proper to calculate the LF for a three-

span continuous beam since the SE support raised off its support pad at

the (1.35 DL + 2.63 (LL + IL)) increment. Since the south end support
raised completely from the neoprene pad supports, all forces applied at
the time of construction (such as end reaction due to positive tendon
prestressing in the main span or the jacking force at the end supports
to adjust the reaction) were erased and the structure became a two-span
continuous beam with an overhang. If the structure were an ideal two-
span continuous beam with an overhang, the reaction at the NE support
would have to increase as the load increased. But the reaction at the

NE support decreased after the (1.35 DL + 2.25 (LL + IL)) increment due

to the appearance of cracks and concentration of deformation around the

center of the main span. Observations indicated that a plastic hinge

——wasnot—formed—at—the ciosure—segment—as—would—be—indicated—by Table
8.1 (2) for a two-span continuous beam with an overhang. Since the

calculation for case (3) in Table 8.1 indicated that the minimum LF of
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(LL + IL) for the first plastic hinge was at the SM6-7 joint for a simple
beam with overhangs, it will be proper to calculate the LF of (LL + IL)
for that case and then take into account the reaction left at the NE
support. If the structure is an ideal simple beam with overhangs, the

first plastic hinge would form at the 6.33 (LL + IL) increment. The

effect of the reaction left at the NE support was small and 5.88 (LL + IL)
is the calculated increment to form the first plastic hinge when taking
into account the end reaction at the NE support. This value agreed well

with the 6.25 (LL + IL) experimental value.

All section properties used to calculate LF of (LL + IL) in

Table 8.1 were based on the measured values.

After demolishing the bridge, the joints where failure occurred

were carefully examined and it was found that the five positive tendons

in each web were completely broken through.

Although the positive tendons were generously designed for the
ideal three-span continuous beam as shown in Sec. 8.2, this reserve was
reduced in the main span because the deéigner did not consider the
unrestrained support condition. Therefore; it is also necessary to
check-the LF.-for-the-loading-condition which produces -maximum-moment-at
the center of the main span, as shown in Fig. 8.45. In the loading case
of Fig. 8.45 it is certain that the end supports (SE and NE) would raise
up at failure (because the supports raised up in the previous test in
Sec. 7.3.3.2). The structure at failure will be a simply supported beam
with overhangs and the calculated LF is (1.35 DL + 3.13 (LL + IL)), as

shown in the following calculation:

ME4 at 1.0 (LL + IL) 1051 k~in.

3285 (case (3) in Table 8.1)

IM = My = Oy + My + Mpo)

LF of (LL + IL) = 3285/1051 3.13

Therefore the support condition does not unduly affect the safety of the
bridge, although the flexural capacity is reduced to (1.35 DL + 3.13
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(LL + IL)) if the AASHO load reduction for multiple lanes is ignored.
This would be (1.35 DL + 4.17 (LL + IL)) if the normal design specifi-

cations are used for a four lane bridge.

2.31 K MQ_AT .O(LL+IL)=1051 K- IN.

l 10.04l0 K/IN. 1.38 DL

S A D S S AT UL ST 27 SO S AU SN SN Y (A B S S N Y S S SN AT G it AN S S W SO AT S D S M S st A 2

SE

//FREE
RE

200" 400" 200"

PLASTIC HINGE

Fig. 8.45. Failure loading at the center of the main span

—

n-order—to-match-the-test-loading-conditions;—the-model's
external dead load moment was computed with 1.0 DL acting on a balanced
cantilever and 0.35 DL acting on the completed continuous structure.

It has been shown that it is not legical to base the analysis of the
completed structure on continuous beam dead load moments for 1.35 DL.

A more sensible load factor procedure for computation of the ultimate
design moments in the completed structure should consider possible _
uncertainty in the dead load at various stages of construction. Based

on experience in this program the following factors are suggested for

——analysis—of-the-completed—structure to determine proper positive MOmMent

tendons and to check the negative moment and shear capacity:

U =1.35 DL + 2.25 (LL + IL) (as specified by BPR)

but
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U = Ul + U2

U, = 1.15 DL to be computed for a balanced cantilever

U, = 0.20 DL + 2.25 (LL + IL) + SL to be computed for the

completed continuous structure

where

DL = dead load
LL = live load
IL = impact load

SL = resultant reactions due to prestressing of positive

tendons—and-seating forces at outer Supports

Negative tendons can be designed by WSD or USD to balance the dead
load of segments and the weight of construction equipment on the segments
during the balanced cantilever stages. However, the negative moment
capacity of the cantilever structure should be checked for U = 1,35 DL +
2.25 (LL + IL), where, in this case, LL + IL should be based on construc-

tion live loads.

8.3.3.2 Shear

Initial formation of shear cracking is practically independent of
the amount of web reinforcement,zo so this design appears to have an
adequate safety factor for shear without reliance on shear reinforcement,
since the initial diagonal tension crack began to appear at the (1.35 DL +
3.25 (LL + IL)) increment. This exceeds the specified design ultimate

loads.

Observation of cracks around the main pier showed there was no

shear weakness of the epoxy joint. The flexural eracks which formed-on
the top slab of the first joint in the main span did not extend straight
along the joint and these flexural cracks connected to the diagonal

tension cracks in the web.
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The truss analogy is widely accepted as a simple and safe design
procedure for shear. Shear reinforcement at ultimate strength can be
checked by ignoring the effect of the concrete, but a portion of the
shear is carried by concrete at the ultimate.20 The ACI Code2 specifies

that shear reinforcement should be not less than A.V = (Vu - ¢VC)/(¢dfy).

The ACI Code also specifies another equation for shear reinforcement (not

less than A = (Ap/80) X (f;/fy) x (s/d) x Ja/p").

It is suggested by Lin20 that the critical section for shear
computation be taken at a distance d(= 15.4 in.) away from the theoreti-
cal point of maximum shear. However, the critical section for shear was
considered to be at the first joint from the pier in this bridge because
the flexural cracks occurred at the top slab of the first joint and

extended into the diagonal tension cracks. Many of the diagonal tension

cracks appeared around the Tirst joint in the main span. The LF of (LL +

IL) for shear capacity was calculated by using the prestressed concrete
equations in the 1963 ACI Code.2 Since the bridge at failure was a
simply supported beam with overhangs, shear and moment due to dead and

live load were calculated for a simple beam with overhangs, as follows:

(a) Shear capacity carried by concrete and web shear reinforce-

ment.
Shear carried by concrete:
Mcr
- 1 ] —————————
Veg = 0-0PVE + gt Vg
= 0.6 x 8.81 x 15.4 x 0.0842 + 1490/36.0 + (10.9 + 28.6)
= 6.85 + 41.4 + 39.5 = 87.75 kips
where,
b' = 8.81

d = 15.4




A

pe

v 705671000 = 84,2/1000 = 0.0842 ksi

338 x 6.20

- P/A - M/W, = ~338/Q2x 179)- <7050
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- 0.944 - 1.027= - 1.971 ksi

fd (= due to 1.35 DL) = M/WT

2630/2040 + 990/2090

1.29 + 0.474 = 1.764 ksi

M =-}I; 6VE! + fp.e - £
= 2090 (6 x 0.0842 + 1.97 - 1.76)
= 1494 k-in.

M/ - S = 572/13.1 - 15.4/2

Vd (due to 1.35 DL)

43.7 - 7.7 = 36.0

10.9 + 28.6

]

39.5 kips

cw

' Y
b'd (3.5 fc + 0.3 fpc) + VP

8.81 x 15.4 (3.5 x 0.0842 + 0.3 x 0.944) + 0

78.5 kips
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where,
b' =.8,81 4in.
d = 15.4 din.
\/fé = 0.0842 ksi-
f = 0.944 ksi
pc
v = 0 ki
p P
Therefore,
v = 78.5 kips (= Vnm)

C

Shear carried by the shear reinforcement:

V =Adf /s

s v Ty

= 0.165 x 15.4 x 70/2.5 = 71.1 kips
where,

Av = (0.0206 x 8 = 0.1648 in.2

f =70 ksi

y

d = 15.4 in.

s = 2.5 in,

Total shear carried by concrete and shear reinforcement:

v,=9¢ (vc + V) = 1.0 (78.5 + 71.1) = 149.6 kips
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(b) Shear due to dead and live load.

<3
It

1.35 (DL shear) + LF (LL + IL shear)

39.5 + LF x 13.1

(¢) LF of (LL + IL) for shear capacity at the first joint in

the main span.

LF of (LL + IL) = (150 - 39.5)/13.1 = 8.44

Therefore, the shear capacity was not critical at the time of
flexural failure. The test developed 75 percent of the calculated shear

capacity prior to the flexural failure, and indicates successful jointing.

As explained in See. 7.2,1.2, simulation for shear was not as

accurate as that for bending moment. The LF of (LL + IL) for the ideal
loading condition would be higher than the value obtained in the model

test.

8.4 Punching Shear Tests

After failure of the bridge in the longitudinal tests, a series

of punching shear tests were performed by using a rear wheel (HS20) load-
ing pad in the side span which did not get any appreciable damage.

Since the positive tendons in the main span were broken and wide flexural
cracks appeared around the main pier segments in the previous failure
test, no estimate of the amount of compressive stress in the top slab is
possible. Compressive stress of 150 to 250 psi would exist in the longi-~
tudinal direction in the top slab where punching shear tests were per-
formed, if the grouting were still effective. Ultimate two-way shear

stress Vu was assumed as 4v’fé for the calculations, as used in reinforced

concrete.” If longitudinal compressive stress in the top slab is taken

into account, the principal stresses will increase 25 to 45 percent.

Most of the experimental values of punching shear were approxi-
mately twice the ACI value in the normal punching shear test (case (A) in

Table 8.2). Even if the increase in shear stress due to the longitudinal
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compressive stress is considered it appears that the value of the
ultimate shear stress as specified by the 1963 ACI Code is underesti-
mated. Punching shear tests on the cantilever overhangs of case (B) in
Table 8.2 were an abnormal condition. Several flexural cracks appeared

at 60 to 70 percent of the punching shear load and ringed the loading

pad. Shear failure still occurred in a small area around the loading
pad. Even under this abnormal condition, failure loads were more

than eight times that of a service load level rear wheel (HS20). Thus,

the bridge should have no problem with punching shear failure. Punching
tests across the joints show there was no weakness of the joints under

punching shear in the top slab.




CHAPTER ¢

CONCLUSIONS -AND. RECOMMENDATIONS

9.1 Conclusions

9.1.1 Primary Conclusions

(1) The model bridge carried safely the ultimate design loads
for various critical moment and shear loading configurations as speci-
fied by the 1969 Bureau of Public Roads Ultimate Strength Design

Criteria as shown in Sec. 7.3.3.

(2) The deflection under full four lane design live load was
approximately L/3200 in the main span. This is much smaller than
L/300 which is generally considered as acceptable. '

(3) Positive tendons in the main span were conservatively

designed as an ideal three-span continuous beam. Even though the bridge

was supported on neoprene pads which have no vertical restraint against
uplift at the outer supports and, hence, the structure need not act
continuously at ultimate, there was sufficient reserve strength in the

main span, as shown in Sec. 8.3.

(4) Under the high combined moment and shear loading (see
Sec. 8.3), flexural cracks appeared around the joints of the top slab
near the main pier but they connected with the diagonal tension cracks
and did not extend along the joint. Therefore, there was no sign of

any direct shear failure at the joints. Approximately 75 percent of

the theoretical ultimate shear load was applied in the maximum shear

loading test prior to failure of the bridge during that test by flexure

with no sign of shear distress evident.

229
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(5) During erection of the first few segments, tensile stress
occurred in the bottom slab as predicted in the design (Sec. 6.1.5 (b)
and 6.2.3). Temporary prestress devices were successfully developed to

control the effects of these stresses.

(6) Theoretical calculation of the failure load, defined as the
load factor for live and impact loads required to form the first plastic

hinge agreed very well with the experimental results, as shown in Sec.

8.2 and 8.3, and these tests proved that the calculation procedure

explained in Sec. 8.2.3 was correct.

9.1.2 Secondary Conclusions

(1) Near failure, cracks concentrated around the joints which

had no continuous conventional reinforcement (Secs. 8.2 and 8.3). How-

ever;-cracks-were-generally well=distributed because of the effective
grouting (Secs. 7.3.3, 8.2, and 8.3).

(2) Good agreement between the theoretical and experimental
strains evident in most load cases indicated that Ec taken directly

from the cylinder tests was reasonable as shown in Chapters 6 and 7.

(3) Although most of the epoxy resins tests should perform
a&equately for jeining dry specimens, strengths of most epoxy joints
were very weak if joined when in a saturated condition, as shown in
Sec. 3.3.2.

(4) Transverse moment capacity of the model bridge girder
section was very adequate, as shown by the punching shear load test

results of Secs. 7.3.4 and 8.4.

(5) There was no adverse effect of the epoxy joints on the

slab punching shear strengths, as shown in Sec. 8.4.

(6) Bolts used for the temporary connection of the pier seg-
ments to the main pilers yielded locally under the most critical
unbalanced loading, although the calculated direct compressive stress

was under the actual yield strength. The bolts used in the model were
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also below the yield strength specified for the bolts in the prototype.
Yielding was apparently caused by the large gap between the pier
segments and the pier, with consequent local bending and was accentuated

by the stress concentrations in the threads (Chapter 6).

(7) Most of the theoretical calculations were in good agreement
with the experimental results although there were some appreciable devia-
tions between the experimental and theoretical values of strain in the

top slab in some stages of cantilever construction (Chapters 6 and 7).

The BMCOL50 program was very useful in predicting the behavior
of the bridge during construction and for uniform loading tests. The
BMCOL50 results agreed very well with the experimental results for
longitudinal strains and deflections. The relatively simple data input

for BMCOL50 is another advantage when compared to the folded plate

theory programs.

The SIMPLA? program reasonably predicted the variation of the
longitudinal strain under very high stress levels across the top slabs

of the newly erected segments.

The MUPDI program, which can be used only for a constant cross

section, agreed very well with the experimental results at the service
load level. The variation of sections along the bridge was very small,
MUPDI can determine the transverse moments and can be used effectively

in designing the transverse reinforcement.

(8) The initial overstressing to O.Sf; with release to 0.65f;
before seating, suggested by Brown,lo worked well. The friction factor
and wobble coefficient used with SIMPLA2 were reasonable as confirmed

by the tests (Sec. 6.2.2).

(9) Separation of the match cast segments was smoothly carried

out without any damage to the segments, by careful application of uniform

force using hydraulic rams (Sec. 4.4).
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9.2 Recommendations

9.2.1 Design Recommendations

(1) Since the structural configuration changes during construc-
tion for this type of bridge, the ultimate design load after completion
of the bridge should be specified as follows:

g...= U1 + U2

U, = 1.15 DL to be computed for a balanced cantilever

U, = 0.20 DL + 2.25 (LL + IL) + SL to be computed for the

completed continuous structure

where

DL = dead load
LL = live load
IL = Impact load

SL = resultant reaction due to prestressing of the positive

tendons* and seating force at outer supports.

(2) Negative tendons should be designed so that no tensile
stress is developed across any joint during erection. Otherwise some
temporary erection procedure must be required to keep the joint in

compression until erection stresses change from tension to compression.

(3) When a designer calculates the internal ultimate moment in
the positive moment region, he needs to consider the effects of the

negative tendons which may be present at that section.

(4) Negative moment and shear capacity must be checked for

both cantilever erection stages and for the completed structure under

design and ultimate loads, as shown in the design of this bridge.16

*
Resultant reaction 1s zero for the positive tendons stressed
during a determinate structure.
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(5) If the outer support details provide no upward vertical
restraint, the positive moment prestress design should consider this
factor. Alternate solutions should be examined to decide whether the
prestresé should be increased or the vertical restraints provided at
outer supports. The designer must be aware of the change of structure
configuration if the side spans rise up from their supports under k

ultimate loading in the main span as shown in Sec. 8.3.3.1.

(6) The jacking forces required to adjust the end reaction or
elevation of the bridge should be carefully calculated to prevent pre-

mature cracks at service load levels, as shown in Sec. 7.3.3.2.

(7) The sequence of positive moment tendon stressing operations
should be specified to minimize or preferably eliminate tension in the

top slab, especially at the closure segment.

(8) Although the model bridge was temporarily supported by
bolts during cantilever erection, it would seem better to provide
details so that compressive forces would be taken by temporary compres-
sion blocks and tensile forces would be taken by the bolts. This would
prevent the high compressive stresses on the bolts in the unbalanced loading

condition and stiffen the connection -and thus reduce unbalanced deflections.

(9) Although the effects of creep and shrinkage were minimal in

this study, Miuller24 points out for this class of structure:

The effect of steel and concrete creep must be considered with
regard to moment distribution together with the possible effect of
moment reversal. Final adjustment and compensation for shrinkage
and concrete creep may help the structure to reach the optimum
equilibrium.

o
o

2v2-—Construction~Recommendations

(1) The pier segments should be carefully placed on the piers

to close vertical and horizontal alignments, im order to mimimize the

final closure adjustments.
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(2) Positive tendons in the main span should be inserted before
casting the closure segment, in order to make sure that ducts are clear,

since concrete may penetrate into the tendon duct during casting of the

closure joint.

(3) Viscosity of epoxy resin and hardener should be similar for

ease in mixing.

(4) If there is any small damage on the surface of the segment,
it will be better to patch at the time of jointing.




APPENDIX A

PROTOTYPE BRIDGE PLANS
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SPECIFICATION FOR EPOXY BONDING AGENT
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