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Chapter 1
INTRODUCTION

1.1  Background

Curved highway/railroad bridges are provided between two straight
sections for a smooth and comfortable change in direction. Curved elevated
roadways/railroads are used for constructing approach ramps to a straight/curved
bridge over a river. The bridge location and geometry is often determined by the
stream depth and the foundation characteristics of the river bed. To take care of the
increased volume of traffic in the urban areas it is a common practice nowadays to
provide elevated roadways/railroads. These highways and railroads are often
curved to go around high rise buildings and other natural/man-made obstructions.
Topography of the land and the requirement to have an intersection in a narrow
piece of land also dictate the provision of an elevated curved roadway. Post-
tensioned segmental concrete box girders are commonly used for the construction
of medium to moderately long span highway/railroad bridges and elevated
roadways. In these bridges the individual segments(box girders) are assembled
together longitudinally or transversely by post-tensioning. The box girders can be
either cast-in-place, precast, or a combination of precast and cast-in-place. Since
post-tensioned segmental construction is a safe, fast and an economical method, it
has been widely accepted for constructing elevated roads and bridges.

Eugene Freyssinet, often referred to as the father of prestressed
concrete was the first designer to use precast segmental construction for prestressed
concrete bridges. He designed such a bridge at Luzancy in France over the river
Marne in 1945. Later, five similar bridges were built over the river Marne. Shortly
after its success, segmental bridge construction became accepted in West Germany
and then in other parts of Western Europe. More than 300 structures using the
segmental construction method were erected between 1950 and 1965 in Europe
alone. The interesting concept then spread to other parts of the world. The first

-segmental bridge in the United States was a single span county bridge located near

Sheldon, New York. It was designed by Freyssinet Company in 1952. This bridge



had longitudinal girder segments. The concept of transverse segments was still
under development in Europe.

Box girders have evolved as the most efficient and least expensive
of the segmental techniques. Box girder decks constructed using the balanced
cantilever method were initially erected by being made integral with the piers while
a special expansion joint was provided at the center of each span to allow for
volume changes and to control differential deflections between individual cantilever
arms. Because of objectionable creep deflections in these non-continuous systems,
most structures now are constructed continuous over several spans with bearings
provided between the girder and piers for expansion.

In cast-in-place segmental construction, the segments are cast one
after another. Special equipment such as travellers for cantilever construction or
mobile formwork moving along a supporting gantry for span by span construction
are required for cast-in-place construction. Each segment is reinforced with
conventional steel and sometimes by transverse and/or longitudinal prestressing
while the assembly of segments in the longitudinal direction is done by post-
tensioning. Joints are made to be watertight and safe enough to resist bending and
shear stresses.

In precast segmental construction, segments are mass produced in a
nearby plant or a factory under well controlled match casting conditions. After
casting, the segments are transferred to the bridge site for final positioning and
assembly. The match casting technique is almost universally used nowadays, in
which the segments are cast against each other in the same order as they are
required to be assembled. Before the match casting technique was developed, joints
used to be either filled with wet concrete or packed with dry mortar. The major
advantage of precast segments is that they can be cast well before the time of
assembly and can attain substantial strength before post-tensioning. This reduces
the deflections during construction and minimizes the effects of shrinkage and creep
in the assembled bridge. Such precast match cast segmental box glrdcrs are bemg

—used in the San Antonio Y. - D — ' .
Both cast-in-place and precast box girders are widely used. The
choice of the type of box girder depends very much on local conditions. The local



conditions include size of the project, time of construction, environmental concerns,
aesthetics, availability of equipment and capability of the contractor.

1.2 Literature Review

Problems in post-tensioned box girders have been known to occur
whenever the beam is curved in its longitudinal dimension.These problems range
from minor damage to complete rupture of the webs. The problems due to
horizontal curvature of the post-tensioned segmental bridges were generally ignored
in the past since there had not been any major distress. However, this changed with
the catastrophic failures of the Kapioloni ramp in Hawaii(References 3 & 4) and the
Las Lomas bridge in California(References 3 & 5). High lateral forces(in the radial
direction) are induced in the web due to horizontal curvature of the longitudinal
tendons(Figure 1.1). These forces are a major reason for the breakout of tendons in
the curved region of the girder. Both the Kapioloni and the Las Lomas failure were
explosive and loud. It was fortunate that no one was injured in either of the failures.

Figure 1.1 Failure of the Las Lomas Bridge(Reference 3)



This type of failure is dangerous and poses a threat to construction workers and
surrounding traffic. This failure adds to the cost of the structure since the bridge

— will require retrofitting or replacement. The delay caused by failure, other legal and
investigative costs, and the cost of replacement could add millions of dollars to the
initial cost. In both these disastrous failures, there existed a combination of: 1)
sharp horizontal curvature in the longitudinal direction of the tendon, 2) thin
concrete cover over the tendons, 3) bundling of tendons, 4) large post-tensioning
forces and 5) inadequate reinforcement in the webs. Failure may have been avoided
with improvement in any one or more of these variables. It is impractical to change
the alignment(radius of curvature) of the structure since it depends on the terrain
and topography of the region. It is a common practice by designers in Texas to
space the ducts at least one duct diameter clear to decrease the lateral force

concentration. This kind of duct positioning restricts the eccentricity of the tendons.——————————

This leads to a less than optimum design for carrying vertical/gravity loads as post-

tensioning is most effective when eccentricity of the tendons is a maximum.
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The California Department of Transportation(CALTRANS) has

~——prepared and implemented a detailing guideline for curved tendons in which

provisions vary with height of web, the ratio of jacking force and radius of
curvature. These recommendations are based on theoretical studies and have not
been tested in the laboratory. CALTRANS has prepared charts for various
reinforcing bars as shown in Figure 1.2. These charts suggest that detail "A"
should be provided for high jacking force and sharp curves. The suggested detail
"A" recommends greater cover on the inside of the curve as shown in Figure 1.3

I\l
94 8 | _inside of curve
- —d,
& A
A \7
standard detail "A"

Figure 1.3 Tendon Placement Details;(Reference 3)

< &"1ails
#e™__N~—135°bend
of each stirrup. Hook around stirrup
*s |@ 24mox. Place duct against legs. Alternate sides for 135°hook.
<and Mook tie around stirrup leg on Place one above top duct and one Inside
nsi
outside of curve. below bottom duct. . of corve
Y )
Prestress h
Duct )
o | Stirrup |
Legs

3% to duct

LA L ALNS By

ro” ro” .
\ N\ |
\\ \ ds 44 'h_.]
/

2"¢lr to stirrup leg on inside of curve

Bottom slab reinforcement

Figure 1.4 Tendon Placement Detail "A"; (Reference 3)




and specifies the provision of one hooked tie around the stirrup above and below

the tendons as shown in Figure 1.4. It also recommends a tie around the ductson =~~~
the inside of the curve. The charts of Figure 1.2 also suggest closer stirrup spacing

with an increase in the height of the web.

1.3  Objective and Scope
The broad objectives of this research are:
1) To start a pilot program to investigate the cause of problems in
horizontally curved box girders during post-tensioning.
2) To develop testing facilities and procedures for testing
horizontally curved box girders during post-tensionin g.
_3) To evaluate the effect of duct spacing on the behaviorof
horizontally curved box girders during post-tensioning.
4 Toinvestigate the mechanism of radial load resistance of the
horizontally curved box girders during post-tensionin g.
The immediate objectives of the research program are outlined in

Chapter-2;-Section 2.1."The scope of the experimental program is to design and
construct a test model of a single cell box section girder simulating a contemporary
segmental bridge design. It also includes designing and building the load setup.

1.4  Summary of Following Chapters

This report is organized in six chapters. Chapter 2 describes the test
design and the specimen design. The immediate objectives of the test program are
outlined in Section 2.1. Section 2.2 describes the specimen in detail including the
duct layout, choice of material and reinforcing details of the members. The basis of
the model and the reasons for selecting the scale factor are also discussed. Section
2.3 describes the test setup which includes the loading concept and the safety
features incorporated.

Chapter 3 describes the construction of the specimen.

Chapter 4 records the instrumentation used and the test procedure.
Section 4.1 lists the objectives of the instrumentation. Section 4.2 describes the




devices used in the test program and the location of the devices on the specimen.

S ection-4.3-outlines-the-test-precedure-in-detait———————————rrreeeeeee

Chapter 5 presents the results of two tests while the final Chapter
contains conclusions and recommendations.




Chapter 2

2.1 Test Objectives

In order to study the behavior of horizontally curved box girders
during post-tensioning, this study had the following immediate test objectives:

1) Investigate the behavior of the web in the curved portion of the
specimen. How does the web perform? Does the web fail in a ductile manner or is
the failure sudden and brittle?

2) Study how the web resists the breakout forces. Does the web
behave as a beam or does the concrete cover over the tendons act as a local slab to

_ resist the breakout forces?

3) Study the effect of spacing of the ducts. Is there a difference in
——performance of web with duct spacing of 1.75" clear from that of a web with no

clear spacing in the vertical direction in the curved portion of the beam?

4) Determine the duct detail which gives the higher web capacity to
the web. Does the web with bundled ducts or the web with one duct clear spacing
in the vertical direction resist larger breakout forces?

5) Evaluate the design of the model with respect to details and
overall performance. What is the specimen behavior in the anchorage zone ? Is the
length of the transition zone sufficient and do splices and laps develop the
reinforcement ?

6) Recommend an alternate design approach. Can a suitable model
be established from the test data and a safer design approach than the existing one

be suggested?

7) Evaluate the loading procedure and instrumentation details. Is the

test procedure adopted satisfactory and the information obtained useful and
sufficient ? Is there a need to modify and improve upon the loading procedure and
instrumentation?




2.2  Specimen Description
—————22.1 Basis for the Model: The specimen constructed is aone
third scale model in cross-section of the failed Las Lomas bridge. However, the
radius of curvature of the model was altered from the scaled prototype in order to
produce higher radial loads and to facilitate construction. The box section
chosen(Figure 2.1) is a typical single cell box section used for segmental bridges.
Though the Las Lomas bridge had a two cell box section, it was considered
unnecessary to have a two cell box section. The two cell box section would have
led to complications in construction and increased cost. The straight portion of the
specimen or the transition zone(Figure 2.2) was provided to withstand the
anchorage forces due to post-tensioning and to develop uniform stress fields in the
__ curved portion. The specimen was constructed and tested in an inverted positionfor
simplicity and to ease construction and testing. Since the specimen was not loaded

2.2.2 Scale Factor: A linear one third scale factor was adopted
for the specimen. It was important to choose a convenient scale factor. If the scale
testing equipment required would be unrealisticaliy large. Safety of the laboratory
personnel was another factor in keeping the scale factor small. Too small a scale
factor would lead to tiny specimens which may not reveal the true effect of the local
behavior of the specimen. Such small specimens would be difficult to construct as
the placement of reinforcing bars and ducts would be critical.

2.2.3 Dimension of the Model: The specimen end view and
plan are shown in Figure 2.1 & 2.2. The outer web has a radius of 22' while the
inner web has a radius of curvature of 18'. The width of the bottom slab in plan is
7'. The distance between the center lines of the web is 4'. Other dimensions are one
third scale of the Las Lomas Bridge. The dimension of the overhang was chosen to
represent a common segmental box girder.

2.2.4 Layout of Ducts and Strands: The duct layout is
illustrated in Figure.2.3. The web(R=18") which has ducts spaced at a distance of
one duct diameter(1.75"OD) in the curved region of the beam is named DC(See
Figure 2.4). The web(R=22") with ducts banded together in the curved region is




10

:m ]

uawads Jo MIIA PUF T°T aangiy

:..W’.F |':‘V T :wl:.m e ——

:AV i :‘VI, —‘

S

N / |\
go|s woipog

Jgjwoyo G|

)

qojs dojp I\\




11

uswIdadg jo

MIIA

SEr—.

ueld ¢°g aungiy

vl

8¢ L=l

G 0—6

=91




12

Jnofe] Pnq €'z N3

mi:omf% E_oa%_c;
}NOQD |DOII}S W WIAS

1d Jd
b & “ —.;
ho.v
AV
gam Jo J b
Jublaypiw % Jd d g
Juswebupiip g
L ———————
1onp jo H
onp Jdo .Szl ) buioods Joj
ANGND NI NOILO3IS—SS04D g3m, ©9S salp




13

Figure 2.4 Duct Layout For Web DC



Figure 2.5 Duct Layout For Web BC
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termed as BC(See Figure 2.5). The ducts at the end of both of the webs in the
straight section are spaced at 4" clear. The center line of the duct arrangement in
both the webs is the same as the center line of the web in elevation. Each duct
carries three 1/2" strands. In all, twelve strands were used in each web.

2.2.5 Reinforcing Details: Reinforcement details of the top
and bottom slab are shown in Figures 2.6 & 2.7. Reinforcement for the top and
bottom slab were calculated so as to provide strength equal to the ultimate capacity
of the web in bending. The reason for this was to provide the slab with sufficient
strength so that it would not fail prior to the web. Reinforcing details of the web
and position of ducts in the cross-section are shown in Figures 2.8 & 2.9. The
reinforcement provided in the web is one third scale of that provided in the web of
Las Lomas bridge. Reinforcing bars of 6mm diameter(1/3 scale of #6 bars while #5
bars were used in the Las Lomas bridge) were available in the laboratory and were
used for all reinforcement required. Stirrup locations are shown in Figure 2.10.
Stirrup spacing was adjusted to compensate for the use of the 6mm stirrups and to
result in the correct scale of the Las Lomas bridge. Accordingly, a stirrup spacing
of 7" was provided. Minimum AASHTO cover requirements for stirrups are
violated as no durability problem would be expected to occur.

2.2.6 Choice of Material:

2.2.6.1 Concrete: The web concrete strength of approximately 6000
psi is representative of the strength of post-tensioned box girders during
construction. Since the web section is only 4" thick, 3/8" pea gravel coarse
aggregate was used in the concrete. Due to the thin web, consolidation of concrete
is a problem. Superplasticizer was mixed in web and top slab concrete to increase
workability and improve consolidation around the ducts in the web. The bottom
slab was cast months before the web and the top slab were cast. No additive was
mixed in the concrete used for the bottom slab. Coarse aggregate consisting of 3/8"
pea gravel was also used in the bottom slab concrete. A local ready mix plant
supplied the concrete.
webs and the slabs had to be thin enough to meet the minimum cover and strength
requirements. Grade 75 6mm Swedish bars were available in the laboratory and
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were used to reinforce the top slab, webs, bottom slab and to make the spirals.for
— reinforcing anchorage zones.

2.2.6.3 Ducts: A thin wall duct with a representative scaled wall
thickness was desired. Thin walled(0.035" thick, inside diameter 1.6 inch)
galvanized folded metal corrugated conduit was chosen for the specimen.

2.2.6.4 Prestressing Strands: Seven wire strand with a nominal
diameter of one half inch was chosen. These low relaxation strands had a nominal
ultimate strength of 270 ksi. The size of the strands was compatible with the

anchorage and stressing equipment used. Three 1/2" strands are placed in each
duct.

2.2.6.5 Chucks: The strands were seated individually. Half inch
_ diameter monostrand chucks were considered suitable anchorage for the strands.

o)
Zie

N
=

The most important consideration in designing and building the load

setup was to provide uniform loads to the web ends so as to produce a uniform

———stress field in the web cross-section. For this to occur all strands were stressed
simultaneously. Care was taken to avoid excessive bearing pressure in the
anchorage zones of the web. It is necessary that the load application to the webs be
perfectly normal to its cross-section. It was also necessary to consider safety and
adaptability of the testing equipment. During post-tensioning of tendons, large
quantities of concentrated energy are stored in highly stressed tendons. Controllin g
this energy is a difficult task. Several precautions had to be taken to ensure the
safety of the testing crew and the laboratory personnel in case of a brittle and
explosive failure. It was important to have a test setup which is adaptable since the
type of failure and the failure load cannot be foreseen. Flexibility with respect to
tendon size and the number of strands per tendon is important in case any change is
desired for future tests.

2.3.1 General Layout: The loading setup consisted of two
heavy steel frames. The frame which transfered the reaction from the strands to the
web is termed as the dead end. The frame at which the strands were stressed is
termed as the live end. The dead end frame was suspended by a steel chain to a
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threaded round eye hook. The adjustable hook was bolted to a cantilever frame as
~—shown-in Figure 2.11. ‘Two-heavy steel chairs were welded to the dead end
frame(Figure 2.12) to transfer the reaction to the web. A bearing attachment was
made with two steel plates with a neoprene pad in-between the plates. This bearing
attachment was used on both the live and dead ends of the specimen(Figures 2.12
& 2.14) so as to provide a uniform stress field in the web and prevent crushing of
the concrete in the anchorage zone of the web. The bearing assembly took care of
any possible load eccentricity due to unequal stressing or movement of the
reaction/loading frame. The steel frame on the live end was suspended by a chain
“hoist. Two 100-ton capacity hydraulic rams provided the jacking force and pushed
the live end steel frame away from the specimen. They also transfered the reactions
_ to the web of the specimen. The top ram was suspended by tie wires to a threaded
round eye hook(Figure 2.13). The adjustable hook was bolted to a cantilever frame.
— Thetop ram was also tied to the cantilever frame with duct tape for addiional
support. The bottom ram was placed in position by a hydraulic, forklift. The
forklift was removed after the tendons were stressed to a predetermined level and

~thechucks were seated. The bottom ram was slightly smaller in length than the top

Figure 2.11 Dead End Frame
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Figure 2.12 Chairs Welded to Dead End Frame

ram. Spacer plates were used between the ram and the bearing arrangement to
provide a tight fit(Figure 2.14). The strands flared out between the flanges of the
live and dead end frames(Figures 2.11 & 2.1.3)

Two hydraulic pumps were used with all the necessary
accouterments. These pumps were used for seating the wedges with a monostrand
ram, and to load the rams. An IBM AT computer and the scanner used for data
acquisition were located adjacent to the pumps at the live end of the specimen. A
video camera and a theodolite were installed on the southern side of the specimen to
monitor and record the test. An automatic level served as an optical remote sensing
device to read the dial gages.

2.3.2 Safety Features: Safety of the laboratory personnel and
equipment was a prime concern during testing. Large concrete barriers were used
directly behind the live and dead end steel frames. This was done to keep the
tendons from flying out in case of a strand breakage or an anchorage failure. Two
approximately five foot high cast iron dump carts were used as protection against
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Figure 2.13 Live End Frame

Figure 2.14 Bearing Arrangement
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any projectiles. The area around the specimen was marked unsafe for other
———laboratory personnel during fhe'fes‘t‘s-"T’he”fl‘a‘me”at“thej;l’iVE"E’II’d'W'iéftﬁﬁﬁgﬁfg’tﬁ""""“"””’"" R
the chain block although the chain was kept slack, even after seating the wedges.
The purpose of this was to provide additional restraint and safety in case of
anchorage failure or complete collapse of the loading mechanism.
2.3.3 Loading Concept: The radial forces in the curved portion
of the web were applied by stressing the strands. By initially activating a
monostrand ram with a hydraulic pump, each strand was stressed to a
predetermined stress level. The wedges were then seated on the strands by using a
secondary pump. The stressing operation of the strands was conducted starting
from the bottom-most tendon and ending with the top-most tendon. After all strands
were stressed to a predetermined stress level and all the wedges were seated, all
 strands were further stressed simultaneously by activating both the top and bottom

increments controlled by the hydraulic pump. A pressure transducer connected to a
switch and balance unit was used to monitor and control the pressure increments in
the rams. As hydraulic pressure was applied to the rams they pushed out the steel
loading frame, extending the strands. The reaction of this jacking load was
transferred to the webs through the rams on the live end and through the chairs
welded to the dead end loading frame.




Chapter 3

3.1 Construction

3.1.1 Formwork Description: The formwork consisted of two
basic parts, the bottom part for the bottom slab and the forms for the remaining box
section. The forms were constructed of plywood and lumber(2x4's and 2x6's). The
formwork for the box section can be divided into inner and outer walls of the web,
and the forms for the top slab. All the forms were constructed in panels. The panels
for the webs of the curved part of the specimen were also made curved. All panels
were connected to each other by bolts and whaler-tie arrangement(Figure 3.1). The

~web forms were bolted to couplers which were cast in the bottom slab.

Figure 3.1 Form Connection

The couplers were welded to steel plates which were cast in the bottom slab. All
" panels were numbered and were unique in their position. The top slab forms were

26
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supported by 2x4 shores which were braced to avoid any buckling of the shores
e ———————during-conereting(Figure 3.2). Plywood was-used to-cover the web-ends.- All the —————

Figure 3.2 Shores Supporting Top Slgb Forms

panels were constructed in such a way so that they could be assembled and
disassembled with ease. Sheet metal flashing was provided on the inner side of the
forms to cover 1/2" nominal joints between interior core panels. Silicone was
applied at the joints from outside to prevent any leakage during concreting. To
ensure reusability and facilitate stripping of forms, the forms were coated with
layers of lacquer and flashing was protected with a cover of duct tape.

3.1.2 Construction of Reinforcement Cage: All mild steel
reinforcement was cut using an electric band saw. The mild steel reinforcement was
bent by hand in the laboratory. Dimensions were checked by comparing against one
reinforcing bar cut and bent according to required dimensions. Post-tensioning
strands were cut using an electric cutting disc. Spirals were made on the lathe and
were tied to stirrups to reinforce the anchorage zone of the web as shown in Figure
3.3. The bottom slab steel reinforcement was laid on steel chairs to maintain proper
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Figure 3.3 Anchorage Zone Reinforcement

Figure 3.4 Bottom Slab Reinforcement
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cover as shown in Figure 3.4. The stirrups were instrumented before being placed
at proper spacing and cover in the bottom slab. Steel studs were tack welded to the
stirrups which were then placed in an alignment assembly(Figures 3.5 & 2.8) to
ensure the required spacing and cover of the stirrups. The alignment assembly
consisted of nuts welded to a steel washer placed in the bottom slab. The alignment
assembly was greased to facilitate stripping after completion of the test and ensure
its reusability. Longitudinal web reinforcement and the ducts were placed in
position after the bottom slab was cast. Steel chairs, plexiglass and wooden spacers

Figure 3.5 Alignment Assembly

were used to maintain the correct cover and position of the ducts(Figure 3.6). Top
slab reinforcement was placed in position after the web formwork and top slab
panels were placed in position(Figures 3.7 & 3.8). Holes were drilled in the web
formwork to slide 1/8" outer diameter plastic tubes in the web just above the duct
position. These tubes were required to make cylindrical cavities in the web to place
the delamination gage wire(Figure 3.9).
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Figure 3.7 Web & Top Slab Reinforcement
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£

Figure 3.9 Delamination Gage Tubes
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3.1.3 Instrumentation of Stirrups: Strain gages were used to
monitor strains in stirrups. The strain gages were affixed on the face of stirrups
facing the web cross-section as shown in Figure 3.10. It is required to have a fine

Figure 3.10 Position of Strain Gage

clean smooth surface on the bars for the strain gages to adhere on the bar surface. A
pneumatic hand grinder was used to remove the deformations of reinforcing bars at
the required locations on the bar. The bars were further smoothened by hand
sanding using a fine grit sand paper. Care was taken to avoid any unnecessary
reduction in bar area. The smooth surface was then cleaned with acetone and then
treated with an acid, which was subsequently neutralized by a base. The surface
was then wiped dry. A glueing catalyst was applied on the strain gage which was
then affixed on the bars using a high strength adhesive. The gage was then coated

with a white waterproof acrylic coating. A piece of butyl rubber(self affixing) was
stuck on the strain gage to protect it from any abrasion during concreting. The
rubber was painted with the white insulating acrylic coating. The strain gage was
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then wrapped with a thin layer of neoprene rubber to provide further protection
during concreting. The lead wires were tied to the stirrups by plastic ties to prevent
them from tearing off during concrete placement and vibration.

3.1.4 Concreting: Concreting was done in two stages. The
bottom slab was cast in the first stage and the webs and top slab were cast in the
second stage. Figure 3.11 illustrates the bottom slab just after it was cast with the
stirrups in position. The slump of concrete used for casting the bottom slab was 3.5
inches. Fresh concrete was placed using a bucket which was lifted by an overhead
crane. One inch diameter vibrators were used to consolidate the concrete. Screedin g
was done longitudinally with a long aluminum screed.

Figure 3.11 Bottom Slab

In the second stage three yards of ready mix concrete was received
at a 2 inch slump. Superplasticizer was added to the concrete to improve its
workability. The slump after the addition of the admixture was 7 inches. The slump
immediately after concreting the top slab(approximately an hour after
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superplasticizer was added) was 4 inches. Hand scoops were used to place concrete
in the webs. Web concrete was placed in three lifts. To prevent any honeycombing,
each layer of concrete was tamped with 6mm reinforcing bars. The placing
operation is shown in Figure 3.12. Mild steel bars(1.5"x3/8"x36") were clamped to
half inch diameter vibrators(Figure 3.13), so that they could be inserted all the way

Figure 3.12 Concreting Operation

down in the web. Form vibrators were also used for proper consolidation of
concrete. Concrete in the top slab was placed using a bucket which was lifted and
moved by an overhead gantry crane. Screeding of the top slab was performed
transversely using an aluminum screed(Figure 3.14). Several test cylinders were
cast for both first and the second stage placements.

3.1.5 Curing: After finishing, the specimen was covered with
- wet burlap and was enclosed in a layer of plastic sheeting. The forms were stripped
after twenty four hours and the moist curing of the anchorage zones in the web was



Figure 3.14 creeding peration
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continued for three days. Test cylinders were cured in the same fashion as the
specimen.

3.1.6 Dimensions after Construction: Measurements of the
web thickness just after specimen construction and the stirrup cover measured after
web failure is shown in the Table 3.1.

Web Thickness Stirrup Cover
Designed Measured Designed Measured
Max. | Min. | Mean Max. | Min. | Mean

WebDC| 4.00" | 4.06" | 3.94" | 4.00" 0.5" 0.56" ] 0.38" | 0.47"
Web BC| 4.00" | 4.13" | 3.94" | 4.00" 0.5" 0.5" 1 0.47" | 0.48"

Table 3.1 Critical Dimensions

3.2 Material Properties:
3.2.1 Concrete: The mix proportions of concrete as received
from the premix plant are shown in Table 3.2. 14.84 1b of Relcrete M150

superplasticizer was mixed with the three yards of concrete used to cast the web and
the top slab.

Material Quantities(per cubic yard of concrete) as batched
Top Slab and Web Bottom Slab
Cement(Type I) 512.67 1b. 536 1b.
Fine Aggregate 1691.7 1b.(4.97% moisture) | 1573.4 1b.(5.53% moisture)
Coarse Aggregate 1621.67 1b. 1625 1b.
Water 20.83 gl. 8 gl.

~Table 3.2 Concrete Mix Proportion
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Concrete cylinders were tested for compressive strength under uniaxial

compression at various important ages. The variation of compressive strength of
concrete with age is shown in Figure 3.15.The strength of web concrete at the time
of the tests were 5951 psi(15 days after casting) and 5984 psi(27 days after

casting). Bottom slab strength was 5365 psi on the day of the second test(147 days
after pouring).

CONCRETE STRENGTH
Compressive Strength vs. Age
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Figure 3.15 Concrete Strength Vs Age

3.2.2 Mild Steel Reinforcement: 6mm diameter hot rolled
deformed bars(equivalent to #2 bars in the United States sizing system) Swedish
bars were used for all reinforcement purposes. Specified mill yield strength was 75
ksi. These bars were used in a test program described in Reference 6. Results of
detailed tests conducted on these bars are given in that reference.
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3.3.3 Prestressing Strand: The prestressing strand used in this
——————test program-is-a seven wire, low-relaxation strand and has a nominal diameterof
one half inch(area = 0.153 square inches). The strand has a specified ’ultimate
strength of 270 ksi. The manufacturer's(Florida Wire And Cable Company) data
specifies a yield stress of 276 ksi and an ultimate stress of 289.5 ksi. These strands
were used in a test program described in Reference 7.
3.3.4 Prestressing Duct: Galvanized corrugated folded metal
ducts were used in this test program. The outer diameter of the ducts measured
ridge to ridge is 1.75 inch and the inner diameter measured valley to valley is 1.6
inch. The thickness of the duct metal is 0.035 inch.




Chapter 4
————— INSTRUMENTATION-AND-TESTING e

4.1 Instrumentation Objectives
The prime objectives of the instrumentation were as follows:
1) To measure and control the jacking force applied by the hydraulic
rams.
2) To measure the strains at various location on the mild steel
stirrups in the webs.
3) To measure deflection of the web relative to the top and bottom
slab, and also with respect to the web at the point of curvature and at
_ pointof tangency.
4) To measure top and bottom slab rotations.
-————35)Tomeasure web concrete delamination, ——

6) To store all the data for further analysis and use.

Several electronic and mechanical measuring instruments were used.
The instrumentation location and description is discussed in this section.

4.2.1 Strain Gages: Resistance type strain gages made of constantan
(type FLA - 5 - 3L - 11, Tokyo Sokki Kenkyojo Co.) were used to measure strains
in the reinforcing steel as well as the tendon strands. The strain gages have a gage
length of 5Smm, gage factor of 2.12 and a resistance of 120.3 + 5 ohms.

Nine stirrups were gaged in the inner web(R=18', DC) and eleven
stirrups in the outer web(R=22', BC). The strain gages used in each web are
shown in Table 4.1. The strain gages are named on the basis of stirrup number on
which they are affixed and the position on the stirrup. The nomenclature used is
illustrated in Figure 4.1.

39
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IUU IU ™M ILL OUU|] oM OLL
| Stirrup#

Web DC

1 1 Y

2 Y N

3 Y

4 Y Y N

5 Y

6 Y Y Y N N

7 N

9 Y _
Web BC

0 Y

1 Y

2 Y N

3 Y

4 Y Y N

5 Y

6 Y Y Y N N

7 Y

8 Y N

9 Y

10 Y

Y-Strain gage installed and worked
- N-Strain gage installed but did not work
Table 4.1 Inventory of Strain Gages
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4.2.2 Potentiometers and Dial Gages: Four 2 inch

e potentiometers were used on both of the webs to measure the deflection at mid-
height of the web with respect to the top and bottom slab as shown in Figure 4.2.
Glass plates were glued to the web to provide a smooth bearing surface for the stem
of the potentiometer. A dial gage acted as an analog back up system for the
potentiometers on both of the webs. The dial gage and the potentiometers were
clamped to #5 reinforcing bar which was bolted to the top and bottom of the web as
shown in Figure 4.2. In the case of web BC three more potentiometers were used
to measure web deflections at mid height with respect to the web at the point of
curvature(PC) and point of tangency(PT). The potentiometers were clamped to a #5
reinforcing bar which was screwed to the mid height of the web at PC and PT of

_the curve as shown in Figure 4.5. In both of the webs the potentiometers and the
dial gages were installed on the outer side of the curve. The nomenclature used is

illustrated in Figures 4.3 and 4.4,

Figure 4.2 Potentiometers and Dial Gage
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Potentiometer /—outside face of web
— -
—T ﬂ
PC T -
R=292’ inside face of web
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t— 19" i 18” || 18" i 19”_—

NOMENCLATURE: ~ WW#

|‘S’tirrup closest to potentiometer
Web deflection in curve with respect

to web at PC & PT

Figure 4.4 Instrumentation to Measure Web Deflections
Relative to Web




45

Figure 4.5 Potentiometers to Measure Deflections
Relative to Web

4.2.3 Pressure Transducer and Pressure Gage: One
pressure transducer was used to measure the pressure in the hydraulic circuit and to
record the total pressure applied to both the rams. The pressure transducer had a
capacity of 10,000 psi and 10mv/v output. The rated accuracy of the pressure
transducer is 1.5 percent. An analog pressure gage was used as a back up for the
pressure transducer. In all, two 10,000 psi capacity pressure gages were used. The
rated accuracy of the pressure gage is + 0.25 percent. These pressure gages were
used to monitor the load while stressing the strands individually and to monitor the
seating pressure during the seating operation of the wedges. The same number of
pressure transducers and pressure gages were used in both the tests.

4.2.4 Demec Gages: Demec points for use with a mechanical
demec gage were installed before the second test(web BC) in an effort to record any
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arching of the web due to jacking force applied from the ends. Five sets of demec

These points were glued at the top and bottom slab on the inside of the curve of
web DC and the outside of the curve of web BC. The other set of points was
located at mid-height of the web BC. All gages were oriented such that they
measured longitudinal movements. Each division on the demec gage corresponds to
8.1 microstrains. A demec gage was then placed on these demec points at each load
stage to monitor expansions and contractions.

4.2.5 Inclinometers: Inclinometers were installed at the top and
bottom slab at midpoint of the curve as shown in Figures 4.4 and 4.5 to record the
rotations of the top and bottom slabs.

~4.2.6 Delamination Gage: The purpose of this instrumentation
was to record the movement of the inside vertical face of the concrete web with
amination wire o inch diameter
was passed through a cavity cast in the concrete web. On the inside face of the web
the delamination wire was soldered to a piece of sheet metal which was then glued
———tothe concrete surface(Figure 4.6). On the outside of the curve the delamination
wire was tied to the stem of a two inch potentiometer with plastic ties. The
potentiometer was clamped to the web surface(Figure 4.7). As the web faces
moved away from one other, the delamination wire compressed the stem of the
potentiometer. The relative movement of one face with respect to the other was
measured as the displacement of the potentiometer stem. The delamination wires
were placed just above the ducts in the cross-sections of both webs. The position of
the delamination wire and potentiometers with the explanation of nomenclature is
illustrated in Figure 4.8.

4.2.7 Data Acquisition System: Data from the strain gages,
potentiometers and the pressure transducer was fed to a Hewlett - Packard scanner
which was connected to an IBM AT personal computer. The scanner supplied an
input voltage of ten volts across full bridge connections(pressure transducer and
potentiometers), and two volts across quarter bridge connections(strain gages). The
scanning process was controlled by a Hewlett - Packard program called HPDAS
which runs on the computer. The computer also stored all the instrumentation data
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Figure 4.6 Sheet Metal Anchor

Figure 4.7 Delamination Gage
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after it had been scanned.

4.3 Test Procedure

4.3.1 Ram-Pressure Transducer Calibration: Calibration of

each of the 100 ton capacity hydraulic rams was performed in conjunction with the

pressure transducer, pressure gage, switch and balance unit, and the pump which

were later used for testing. All the hydraulic lines to be used were pressure tested to

see whether they could sustain a pressure of 10,000 psi before being used. The

purpose of the calibration was to obtain a relationship between the ram pressure and

the microstrains indicated by the switch and balance. The calibrations were
performed on a 600 kip SATEC Universal Testing Machine. The microstrain - ram
pressure relationship is shown in Figure 4.9. The slope of the straight line was
determined and was found to be the same for both the rams(Figure 4.9).

000 RAM_CALIBRATION

Ram Pressure(psi)

=o—top ram ~V--bottom ram

v/JZI

o000 e
- e

6000 L

3000

0 L L L L | L L L L L I L L L L i L

0 4750 9500 14250 19000
Microstrain

Figure 4.9 Ram Calibration
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The calibration curve was used to control the force applied on the specimen during
load application. A given jacking force was divided by twice the ram area(both rams
have equal area) and corresponding to this value of ram pressure the value of
microstrain was obtained. The switch and balance unit was then set to the above
value of microstrain. The ram was then pumped until the needle in the switch and
balance unit came to the zero position. The accurate pressure reading was obtained
from the pressure transducer. The ram area(21.2 sq. inches for each ram), output
rating and capacity of the pressure transducer were entered in the HPDAS program
in the computer. The program calculated the exact jacking force and the switch and
balance unit reading was just an analog system to control the approximate range of a
predetermined load/pressure value.

4.3.2 Stressing Operation: In order to seat the tendons, each
tendon was initially stressed to a pressure of 500 - 800 psi. All tendons in web DC
were initially stressed to 500 psi. It was then observed that some of the tendons
slackened as other tendons were being stressed. These strands were then stressed
by adding 300 psi. Since the initial seating force in each strand was quite low, the
difference in the load in each strand would not affect the test. In the case of web
BC, the first strands stressed were stressed to 800 psi. The applied pressure was
reduced to 500 psi for the strands stressed last. The steps involved in this operation
are:

1) The loading frame, the rams and the bearing plate were aligned in
a straight line and square to the web at the live end. On the dead end(north end) of
the specimen, the reaction frame and the bearing plates were aligned in a straight
line and square to the web ends.

2) The strand was threaded through the holes drilled in the loading
frame into the ducts and out of the reaction frame on the north end of the specimen.

3) The wedges were then slipped on the strands and the chucks
were positioned in place on both the live and the dead end.

4) The monostrand ram was then placed over the strand to be

stressed at the live end. The monostrand rams were suspended from a cantilever bar
welded to the loading frame. The monostrand was moved up or down with a winch
from which it was suspended(Figures 4.10 & 4.11).



Figure 4.10

Figure 4.11
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Monostrand Ram Suspended from a Winch
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5) The ram was activated to a pressure in the range of 500 - 800
psi, stressing the individual strand.

6) While the above pressure was maintained the wedges were
seated by applying a seating pressure of 1000 psi. A secondary pump was used to
apply the seating pressure to the ram.

7) The seating pressure as well as the pressure in the tendons was
released, and stressing equipment detached from the tendon.

8) The above procedure was repeated for all tendons. The stressing
operation proceeded from the bottom-most to the top-most tendon.

4.3.3 Loading: Loading of the specimen began after all the
strands had been seated. All the strands were stressed together during the loading
operation by activating both the rams. Microstrain readings corresponding to the
desired load increment were set on the switch and balance unit. Equal pressure was
applied to both the rams so that the loading frame advanced equally in the horizontal
direction from the web ends. A plot of jacking load and web deflection(in the case
of web DC) or web delamination(in the case of web BC) was maintained to
physically monitor the response at each load stage. At the end of each load stage,
the data acquisition system was activated to read all channels of instrumentation as
the test progressed. The strands were stressed until ultimate capacity of the web

was reached. After failure of the specimen the ram pressure was released to end the
test.




Chapter 5
TEST RESULTS

5.1 Introduction

Information obtained from instrumentation devices during the tests
was analyzed and plotted as presented in the following sections. The jacking force
for each web(DC & BC) is adjusted for the friction loss occurring in the tendons in
order to reflect effective force at mid span of the specimen. The friction loss
between the web ends and the center of the curve was found to be two percent of
the load. Radial load(load acting in the radial direction of the web, F;) in the web
was determined by dividing the load at the center of the curve by the radius of
curvature of the web. The stress in the stirrups was obtained by multiplying the
strains measured by the strain gages by the elastic modulus of mild steel.

It was observed that web DC had an ultimate radial load capacity of
16.8 kips/ft., while the web BC withstood an ultimate radial load of 7.4 kip/ft. The
first flexural cracking occurred approximately at a radial load of 3 kips/ft. in the
web DC and at a radial load of 2.9 kips/ft. in the web BC, as shown in Figure 5.1.
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Figure 5.1 Specimen Capacities
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5.2 Web Behavior

5.2.1 Behavior of Web DC: Figure 5.2 is a plot of radial load
versus mid height web deflections. The mid height web deflections as measured at
stirrup#4 and #6 were equal throughout the load history of the web. All the mid
height deflections measured follow the same pattern. The deflections measured near
the straight section(WS2 and WS8) were less as compared to the deflections
measured in the center region(WS4 and WS6) of the web. The mid height web
deflections increased linearly with an increase in the radial load until the web was
loaded to a radial load of 3 kips/ft. As the radial load was further increased, the mid
height deflections increased linearly but the slope of the response was reduced. The
stirrup stresses also increased linearly with an increase in radial load(Figures 5.3
and 5.4). A reduction in the slope of the linear relation between mid height stirrup
stress(IM) and radial load occurred beyond the radial load of 3 kips/ft. as seen in
Figure 5.3. This indicates that flexural cracking of the web probably occurred at a
radial load of 3 kips/ft. at the mid height of the web. The first crack was visually
observed at a radial load of 10.26 kips/ft.

WEB DEFLECTION RELATIVE TO SLABS
| —WS2 ---WS4 ---WS6 ---WSB

20

15

10

RADIAL LOAD (KIPS/FT.)

L i L L | L L L L

02 04 06 .08
MIDHEIGHT DEFLECTION (INCHES)

Figure 5.2 Mid Height Web Deflections of Web DC
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Precaution was taken not to go near the web due to safety reasons. A theodolite and
an automatic level were used to observe and detect cracks from a distance. As
observed in Figure 5.4 there was a sharp increase in stresses at the IU and IL strain
gage locations at a radial load level of 8 kips/ft. and 9.2 kips/ft. This probably
indicated flexural cracking of concrete at these locations. The relationship between
the stirrup stresses remained linear beyond the respective cracking loads.
Delamination of the inside face of the web started at a radial load of
15.2 kips/ft. as shown in Figures 5.5 and 5.6. The web then failed explosively at a
radial load of 16.82 kips/ft. without any visual or audible warning. The web
concrete spalled off and travelled as far as 35 ft. from the web(Figure 5.7). The mid
height web deflection and the IU and IL stresses increased linearly with an increase
in radial load between 15.2 kips/ft. and 16.82 kips/ft. It was observed that there
was a sharp increase in the mid height deflections and the IL and IU Stirrup stresses
in this load range. The mid stirrup stresses(IM) for stirrup #4 and #6 underwent a
load reversal(decrease in stress with an increase in radial load). This phenomenon
suggests formation of a mechanism(Figure 5.8) at the mid height of the inside face
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Figure 5.5 Delamination at Stirrup #4 of Web DC
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Figure 5.6 Delamination at Stirrup #6 of Web DC

of the web and redistribution of forces. The maximum IM stresses(stress at 4IM =
59.2 ksi) were much below the stirrup yield strength(75 ksi) at the load stage of
15.2 kips/ft., so the bars did not yield at the mid height of the web.

Delamination just above the bottom duct was observed at a radial
load of 15.7 kips/ft. The IU stresses were 30% higher than that of IL stresses at the
radial load stage of 15.2 kips/ft. and about 60% higher at the failure load of 16.82
kips/ft. The web delamination started just above the top and the bottom duct
suggesting a shear failure at these locations. The shape of the crack observed
suggests a diagonal tension failure at the IU and IL levels. At the radial load of 15.2
kips/ft. these cracks propagated diagonally and finally became vertical and parallel
to the web face(Figure 5.9) just behind the ducts. This crack formation allowed all

four ducts to breakout from the web. Figures 5.10 & 5.11 show the web
immediately after failure. Breakout of the ducts caused the stirrups to pullout from
the lap joint near the top slab(Figure 5.12). Web delamination at the mid height of
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Figure 5.7 Concrete Fragments in Front of the Web

Figure 5.8 Mechanism at Radial Load 15.2 Kkips/ft.



Figure 59 Web DC at Failure
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Figure 5.10 Web DC at Failure
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Figure 5.11 Crack Pattern Behind the Ducts

Figure 5.12 Pullout of Stirrups
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the web(center line of the duct arrangement) was less compared to the delamination
just above the top duct and just below the bottom duct. This indicates that the
concrete cover over the duct on the inside face did not act as a local beam.

5.2.2 Behavior of Web BC;: Figure 5.13 shows a plot of mid-
height deflections measured relative to the bottom and top slabs versus radial load
acting on the web. Figure 5.14 is a plot of the web mid-height deflections in the
curved section relative to the web deflections at PC and PT versus the radial load.
These graphs show a multi linear relationship between the mid-height deflections
and radial load. At a radial load level of 2.9 kips/ft.(1.9 kips/ft. for WS6), a marked
decrease in the slope of the line is observed as shown in Figures 5.13 & 5.14. This
sudden increase in the mid-height deflections suggests the flexural cracking of
concrete on the inside face of the web at its mid-height. Figure 5.15 shows the
variation of mid-height stirrup stresses(IM) on the inside face of the web. This
graph shows a linear increase of IM stresses with an increase in radial load until a
radial load level of 2.9 kips/ft. Beyond the radial load level of 2.9 kips/ft. the IM
stresses still show a linear relation with lateral loads but with a reduced slope. It is
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Figure 5.13 Mid-Height Web Deflections Relative to Slab of Web BC
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observed that the IM stirrup stresses at stirrups #2, #4 and #6(central portion of the
curve) show the reduction in slope at a radial load of 1.9 kips/ft. This observation
suggests that the flexure cracks initiated in the central part of the curve at mid-height
and were followed by flexural cracks all along the mid height of the curve at a radial
load of 2.9 kips/ft. The first cracks were visually observed at a radial load of 4.85
kips/ft. using a theodolite as an optical remote sensing device.

Figures 5.16 & 5.17 show the relationship between stirrup stresses
at the IL, IM and IU levels for stirrup #4 and #6 with the radial load in the web.
The stirrup stresses increased linearly with an increase in radial load. A reduction in
the slope of the line occurs for the IU stresses beyond the radial load of 3.87
kips/ft. for both stirrup #4 and #6(Figures 5.16 &5.17). This suggests cracking of
concrete at or near the IU gages. A sharp increase in stirrup stresses was also
observed at both IU and IL levels beyond the radial load of 4.85 kips/ft. This
suggests concrete cracking at or near these locations. The stirrup stresses at IL, IM,
IU locations increased linearly from these cracking lateral loads to a load level of
6.83 kips/ft. The mid height deflections also increased linearly between the radial
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Figure 5.16 Stresses at Stirrup #4 of Web BC
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Figure 5.17 Stresses at Stirrup #6 of Web BC

load of 2.9 kips/ft. and 6.83 kips/ft.(Figures 5.13 & 5.14). Between a radial load
level of 6.83 kips/ft. and the next radial load level of 7.36 kips/ft.(failure load) the
stirrup stresses increased steeply. Mid-height deflections also register a sharp
increase in this load interval. At 7.36 kips/ft. the web stopped taking any more load
and the web cover on the inside face of the web moved away from the rest of the
web.

Marked increases in delamination above the ducts at stirrups #4 and
#6 with an increase in radial load in the web are shown in Figures 5.18 and 5.19. It
was observed that the delamination started and was greatest at the center line of the
duct arrangement(D42 & D62, henceforth referred to as DX?2). Delamination at
DX2 started to occur at a radial load of 2.9 kips/ft. D43 and D63 started
delaminating shortly thereafter. DX1 gages which were symmetrical to the DX3
gages about the center line of the tendon group began to register delamination at a
radial load of 4.0 kips/ft. and lagged much behind the DX3 gages. It was observed
that the delamination was greatest at the center of the duct arrangement and no
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delaminations was registered at the top of the tendon group until large scale
cracking was observed. This suggests high flexural deflections in the cover over the
ducts between the top and bottom duct. The duct cover between the top and bottom
slab acted like a local beam. Delamination at DX1 and DX4 were equal between the
radial load level of 6.83 kips/ft. and 7.36 kips/ft.(failure load).

The failure in the web occurred due to diagonal tension failure of
concrete. The crack started near the top and bottom ducts probably near the last
flexural crack in the local beam(spanning from the top of the top duct to the bottom
of the lower most duct) at the load level of 6.83 kips/ft. The crack propagated out
and up and out and down as shown in Figures 5.20 & 5.21. A non explosive
failure occurred at the next load level of 7.4 kips/ft. The failure took place with
some visual and audible warning as shown in Figures 5.22 - 5.26.

Figure 5.20 Crack Pattern of Web BC



Figure 5.21 Crack Pattern of Web BC

Figure 5.22 Web BC Just Before Failure
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Figure 523 Web BC at Failure

i

Figure 5.24 Web BC after Failure
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Figure 5.25 Web BC after Failure

Figure 5.26 Web BC after Cutting the Ducts

70



71

5.2.3 Comparison of Behavior of Web BC and DC: Web
DC had a higher capacity to resist breakout forces imposed post-tensioning of the
tendons when compared to the web BC(Figure 5.1). Web DC sustained a radial
load of 16.82 kips/ft. while web BC was able to resist a maximum radial load of
only 7.4 kips/ft. Web DC failed explosively without any visual or audible warning,
preceded only by small longitudinal cracks at the tendon level. The failure of web
BC was not explosive like that of the web DC and was preceded by large
longitudinal cracks at the tendon level and about a foot above and below the center
line of the duct arrangement(Figure 5.22). Both of the webs failed due to tensile
splitting of concrete caused by high shear developed in the web from the radial
load(Figures 5.25 & 5.26). In the case of web BC the duct cover on the inside face
of the web acted like a local beam.

Both webs showed measurable and somewhat trilinear patterns
between the mid height web deflections and the radial load(Figure 5.27). Stirrup
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Figure 5.27 Similarity in Behavior of Web DC & BC
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stresses also varied in a similar fashion with radial load in both the webs. Stirrup
stresses showed an increase just after cracking in both of the webs. Increases in
delamination was observed in both the webs just before failure. Large
delaminations in web BC were observed at the mid hei ght levels due to local beam
action of the duct cover. Delamination was observed at a much lower radial load in
the web BC as compared to the web DC. Increases in delamination of the web DC
were observed just above the top duct and just below the bottom duct. The
delamination in DC indicates a shear failure near the top and the bottom duct.

The flexural capacity of a web is calculated as shown in Figure
5.28. The web is assumed as a simply supported beam with simple supports at the
connection with the slabs as suggested by CALTRANS. The moments thus
obtained are reduced by 20 percent to consider continuity between the slabs and the
web(Reference 3). As seen in Figure 5.28 the moment acting on the web which is
calculated by this recommendation is greater than the ultimate flexural capacity of
the web. From the strain gage data it can be seen that yielding of the stirrups does
not occur. This is probably because the load is being transferred along the
longitudinal direction of the curved beam. The curved portion of the beam acts like
an arch. Significant portion of the load is probably carried by the aréhing action of
the curved beam.

5.3 Design Indications

Failure in both of the webs occurred due to splitting of concrete in
the web. The splitting failure planes for each of the webs are shown in Figures 5.29
& 5.30 respectively. Duct positioning affects the type of failure plane which may
govern and is an important parameter in design.

The resistance of concrete to tendon breakout can be improved by
proper duct positioning along the web cross-section in the curved portion of the
girder. It is probable that by increasing the web thickness and hence the effective
cover that there would be an increase in the resistance of the web to breakout

forces.

Radial shear stress in the web can be expressed as v = Fy/2bde where Fy, b
and de are defined in Figure 5.31.
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Moments on the Web at Failure Load (CALTRANS approach)
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Figure 5.28 Flexural Check of the Webs



Figure 5.29 Splitting in Web DC at F;=16.82 kips/ft.

=

Figure 5.30 Splitting in Web BC at Fy=7.4 Kkips/ft.
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Therefore, the radial shear stresses in the webs DC and BC at failure are

Vweb DC = 16.8 kips/ft./(12"x 2(4" - 1.75™)) = 0.311ksi

Vweb BC = 7.4 kips/ft./(12"x 2(1.125")) = 0.274 ksi

vANfe' = 311 psi N5951 psi = 4.03 for web DC

VL' = 274 psi N5984 psi = 3.54 for web BC

Experimental studies(References 8,9 &10) on beams show that the
ratio of shearing stress at failure to v fe' (v/\/ f¢") varies between 2 and 4. As
illustrated above the ratio of shear strength of concrete at failure to Vf¢'in the webs
BC and DC lies between 2 and 4. AASHTO and the ACI Building Code
Requirements limit the concrete shear strength to 2Vf' unless the ratio of shear to
moment(Vy/M) at the critical section is checked. Based on the two tests it is
recommended that designers use 2Vf;' as a conservative limit for the shear strength
of concrete until further tests are performed. It should be required that the radial
load on the web be less than or equal to the concrete shear strength(F; 2 2V,) as
shown in Figure 5.31. The concrete shear strength in the expression defining V is
prescribed as 2Vf¢' as illustrated in Figure 5.31.

The shear failure model described in Figure 5.31 for bundled
tendons and for ducts spaced at one duct clear spacing can be used to determine the
radial shear capacity of the web. If the ducts are bundled in the web and if the radial
shear stress exceeds 2Vf;' then the designer should increase the thickness of the
web or provide one duct clear spacing between the ducts. If the ducts are positioned
at one duct clear spacing and the radial shear stress exceeds 2Vf.' then the web
thickness should be increased.



b = unit length corresponding to E.

P, = combined jacking force of all
tendons in a single web

de'bo'gduct

CLEAR SPACING EQUALS BUNDLED
ONE DUCT DIAMETER

Figure 5.31 Design Criteria For Radial Shear
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Chapter 6
CONCLUSIONS AND RECOMMENDATIONS

6.1 Summary of the Test Program

Curved post-tensioned box girders are used in curved ramps and
curved bridges. Cracking problems in curved box girders have been known to exist
during post-tensioning but until recently were often ignored. However, this
changed with the disastrous failures of the Kapioloni ramp in Hawaii and the Las
Lomas bridge in California, both of which failed during the post-tensioning
process. In both of the failures the tendons broke out of the inside face of the web.
It is believed that these failures occurred due to the combination of sharp radius of
curvature, close duct spacing, high post-tensioning forces, insufficient duct cover
on the inside face of the web and insufficient stirrups in the web. There has
apparently been no experimental investigation reported which studied the resistance
of curved box girders to breakout forces during post-tensioning. Based on
theoretical studies, CALTRANS has suggested web detailing requirements for post-
tensioned box girders with a sharp radius of curvature. These requirements vary
with change in radial force(F;), web height and the reinforcing steel. A test program
was developed at the Phil M. Ferguson Structural Engineering Laboratory to study
the effect of duct spacing on the resistance to breakout forces in horizontally curved
box girders during post-tensioning.

Experimental investigation was initiated by design and construction
of a one-third scale model of a typical single cell box girder. The section
dimensions were one-third in scale of the failed Las Lomas bridge. 6mm grade 75,
Swedish bars were used for all reinforcing. The duct arrangements in the two webs
of the box girder were different. One of the webs(BC) was detailed to have bundled
ducts in the curved region. The other web(DC) was detailed to have ducts spaced at
a clear spacing of one duct diameter in the curved region. A pilot test setup was
designed and assembled so as to apply uniform jacking load to the tendons at the
‘web ends. Each strand was seated and stressed separately to a predetermined load.

Instrumentation devices were installed to measure and record the
strains in the stirrups, delamination of the web, web deflection and the applied load.
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Each web was loaded separately in increments until it failed. Each web failed in a
different manner. Web DC exhibited a brittle and explosive failure. It failed without
any visual or audible warning. Web BC on the other hand failed with some visual
and audible warning. In the case of the web BC, large cracks were observed one
foot above and below the center line of the duct arran gement.

6.2

Conclusions

The following limited conclusions can be drawn based on the two

tests conducted:

6.3

1) A web with ducts positioned at one duct clear spacing has more than
twice the ultimate radial load capacity(as measured) than a web with bundled
tendons.

2) Failure in both of the webs was principally due to failure of the web
concrete in shear-diagonal tension.

3) In the case of the web with bundled tendons, the concrete over the duct
on the inside face of the web acts somewhat as a local beam. This local
beam action dominates the behavior of the web with bundled tendons.

4) In the case of the web with spaced tendons, the overall section seemed to
be more of an influence.

5) Checks of the flexural capacity of the web indicates that substantial load
must be transferred to the ends by arch action.

Design Recommendations

1) If the ducts are bundled in the curved region then the ultimate flexural
capacity of the local beam should be checked. The local beam can be
assumed to span from the top of the top-most duct to the bottom of the
bottom-most duct. The thickness of the beam can be assumed as the
dimension of the cover over the duct on the inside face of the web. This
local beam can be assumed to be fixed at its ends which can be taken at the
ends of the duct region. ' ‘

2) Webs should be checked for radial shear. In the absence of the
transverse tie bars radial shear resistance shall be provided only by concrete
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shear strength. Concrete shear resistance shall not be assumed as greater

than 2\/fc' unless the ratio of shear and moment is checked(Vy/M). This

recommendation should be conservative and should be followed until
further tests are conducted. Detailed design recommendations for radial

shear are described in Section 5.2.

If the web with bundled tendons fails to meet the shear design criteria, then
the duct spacing should be increased to one duct clear spacing. If the web with
ducts spaced at one duct clear spacing fails to meet the radial shear criteria then the
web thickness should be increased or the web redesigned.

6.4 Future Research

Further experimental investigation is required to fully understand the
effect of duct spacing and other parameters on a curved box girder during post-
tensioning. Webs with duct spacing in between the extremes of bundled ducts and
ducts spaced at one duct clear spacing should be tested. Effect of other parameters
such as duct cover on the inside face of the web and varied reinforcement patterns
should be investigated experimentally. It would be interestin g to position the ducts
at an offset(not in the center of the web) and vary the duct spacing. Tests should be
conducted to test the effectiveness of the detailing reinforcement requirement
suggested by CALTRANS. Tests should also be conducted to study the effect of
varying the stirrup spacing on the ultimate capacity of the web. A finite element
analysis model of the web would be an interesting analytical tool. With further

research the design recommendations can be further validated and modified if
required.
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