


he need to replace the multitude

I of deteriorated highway brid-

ges in the United States has

stimulated efforts to intensify the

search for more economical bridge
systems.

Recently, an extensive program
was initiated by the Florida Depart-
ment of Transportation to study the
feasibility of using a precast pre-
stressed double tee system for bridges
with spans up to 80 ft (24.4 m). The
experimental investigation comprised
two parts: (1) study the behavior of a
simply supported half scale bridge
model with three double tees joined
together by simple longitudinal V
joints and transversely post-ten-
sioned; and (2) examine the effect of
prestressed steel profiles and shielded
strands on the ductility of double tees.
A summary of this research work was
reported by El Shahawy in the Sep-
tember-October 1990 PCI JOUR-
NAL.!

The purpose of this paper is to re-
port the results of a series of fatigue
tests on a 1:3.5 scale model of a two-
span continuous double tee bridge
structure post-tensioned both trans-
versely and longitudinally.

BACKGROUND

Double tees have been frequently
used in the past for rural and second-
ary roads. However, because of their
structural strength, cost effectiveness
and ease of construction, there is
growing interest in using double tees
in longer spans [up to 80 ft (24.4 m)].
Nevertheless, with large load require-
ments, coupled with more slender

structural members and higher work-
ing stresses, there is a need to check
the fatigue behavior and ultimate
strength of longitudinal and trans-
verse joints in double tee structural
systems.

Csagoly et al® designed and tested a
system of three precast half-scale
model double tees, representing a
prototype bridge of 60 ft (18 m) span.
The double tees were joined together
by simple longitudinal V joints and
transverse post-tensioning. The de-
gree of prestress was established to
ensure sufficient local punching shear
strength and overall monolithic be-
havior.

Tumer et al® tested the effects of re-
petitive loading on the serviceability
and strength of composite panel form
bridges. A study of the causes of
cracking in composite bridge decks,
structural adequacy in the cracked
condition, structural performance in
compression as for conventional con-
crete construction, and remedial mea-
sures for cracked decks was made by
Fagundo et al.*

Based on fatigue tests on a 127 ft
(39 m) span prestressed concrete
bridge, Rosli® found that the deflec-
tions remained small in comparison
with the span of the bridge and
showed only minor increases after ap-
plication of several million load cy-
cles. The prestress in the bridge slab
was fully effective, even at high load
levels.

In their shear tests on AASHTO
beams, bulb tees and double tees,
Csagoly et al’ observed that shielding
of strands decreased the shear capac-
ity both at serviceability and ultimate
limit states. Reynolds and Gamble®

described the instrumentation devel-
oped to study the behavior of pre-
stressed concrete bridges in the field.

After only a few years in service,
the joints in bridges may become po-
tential problem areas. Therefore, in
the design of such structures it is im-
portant to allow for the proper trans-
mission of normal and shear stresses
in the bridge deck and to protect the
prestressing tendons from corrosion
due to water entering the ducts. The
reduction or elimination of mainte-
nance costs become significant de-
sign considerations in the construc-
tion of bridges.

This paper discusses the design
concepts, describes the static and fa-
tigue tests on a 1:3.5 scale model of a
two-span transversely and longitudi-
nally post-tensioned continuous dou-
ble tee bridge system (Fig. 1), and ex-
amines the feasibility of using precast
double tees to form a monolithic
bridge system. Constant amplitude
fatigue loading was applied on the
model at typical locations simulating
HS20-44 AASHTO truck loading
(Fig. 2).

The bridge system was evaluated
with regard to structural integrity
(monitored by crack widths), behav-
ior of longitudinal and transverse
joints with increasing cycles of fa-
tigue loading, and local punching
shear resistance of the slab. A finite
element analysis of the bridge system
was carried out using orthotropic
modeling, and the load-deflection be-
havior was compared with experi-
mental results. The ultimate load,
computed from plastic analysis,
agreed closely with the measured
value.
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Fig. 1. Details of the model beam.
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Fig. 2. Simulated truck contact loading areas.
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DESIGN OF
BRIDGE MODEL

Design Live Load

The 1:3.5 scale two-span continu-
ous bridge deck was designed for a
live load of HS 20-44 in which the
variable spacing between axles was
assumed to be 14 ft (4.27 m). The im-
pact allowance is given by:

50
I= L+125<O'30 e))
where
I = impact fraction
L = length in feet of portion of

span loaded to produce
maximum stress in member
Thus, for the prototype with a span
of 70 ft (21.3 m), the computed im-
pact factor was 0.26. For the model,
the truck loading was simulated by
scaling down the equivalent of the
HS20-44 loading applied at four
points as shown in Fig. 2. The simu-
lated load of the HS20-44 truck was
computed to be 7.41 kips (33 kN) in-
cluding the impact factor.
Therefore, the model bridge was
subjected to a maximum load of 8000
1b (35.6 kN) with the load ratio of

Table 1a. Section properties.

Parameter Quantity
A 86.44 in.’
I, 681.0in.*
Vs 6.82in.
¥, 293in.
Z, 99.85 in.?
z, 232.42in?
k, 2.70in.
k, 1.16in.

Metric (SI) conversion factors: | in. =25.4
mm; 1 in.” = 645 mm?% 1 in.” = 16387
mm’; 1 in.* =416231 mm®*.

Table 1b. Concrete properties
and allowable stresses.

Parameter Stress, psi
1 5000
£l =08f 4000
o, = 06f 2400
o, = -3\t ~190
o, = 040f’ 2000
o, = 61, —424

Metric (SI) conversion factor:
1 psi = 0.006895 MPa.
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0.0625 in the frequency range of 3 to
4 Hz. Considering the lateral distribu-
tion of load on the transversely post-
tensioned model bridge, the model
beam was designed for a moving con-
centrated load of 3.5 kips (15.6 kN).

Double Tee Model

The double tee model has the sec-
tion properties shown in Table 1.

Because of symmetry, only two
critical sections were analyzed, i.e.,
the intermediate support Section B
and the near midspan Section D taken
at 3L/8 from the left support. The
maximum possible eccentricities at
Sections D and B (Fig. 3a) are 4.80
and 1.875 in. (122 and 48 mm), re-
spectively. The computed moments at
these sections are tabulated in Table
2. The maximum and minimum mo-
ment envelopes were determined for
the two-span continuous beam by
combining the moments due to self
weight and moving wheel loads.

Table 2. Momer:ts at sections.

Near Intermediate
midspan support
Section D Section B
Parameter in.-kips in.-kips
Distance from | 3L/8= 7.5 ft L=20ft
left support
Dead load 30.24 - 540
moment
Live load 201.89 -121.68
moment
Minimum -2.09 - 540
moment
Maximum 203.56 -134.83
moment

Metric (SI) conversion factor: 1 in.-kip = 113 N-m.

Prestressing Force and Ultimate
Flexural Strength

The maximum stresses occurring at
the top and bottom extreme fibers are
required to be less than the allowable
stresses at all times. The initial pre-
stressing force, F;, required for each
stem of the double tee was computed
to be 17.5 kips (78 kN) using the
stress inequality conditions and the
Magnel diagram. A seven-wire strand
[716 in. (11 mm) diameter] with f,, =
250 ksi (1724 MPa) was chosen to
satisfy the above requirements.

Taking into account both the pre-

stressed and nonprestressed steel, the
nominal ultimate flexural strength
was determined to be 385 in.-kips
(43500 N-m). The level of post-ten-
sioning in the transverse strands (Fig.
3a) was evaluated from the static tests
performed on half-scale model beam
tests.?

The test results indicated the trans-
verse post-tensioning force in the ex-
terior and interior strands to be 10,078
and 7,875 1b (45 and 35 kN). This
force produces compressive stresses
of 250 and 150 psi (1.7 and 1.0 MPa)
in the concrete at the ends and in the
interior portions of the model bridge
deck, respectively.

Shear Resistance and
End Zone Reinforcement

The maximum shear force enve-
lope for the factored dead and wheel
loads at different sections and the cor-
responding shear stresses were deter-
mined, and shear reinforcement pro-
vided in the regions based on the
strength requirement. The transfer of
the prestressing force in the double
tees was by direct bearing through the
anchorages.

The end zones were reinforced by a
closely spaced grid of both horizontal
and vertical bars. Seven D4 stirrups at
2 in. (51 mm) spacing were provided
over a length of 13 in. (330 mm) in
addition to those required for shear to
account for the splitting tensile force.

Handling and
Temperature Stresses

In each stem, two 3% in. (9.5 mm)
prestressing strands stressed to 7440
Ib (3375 kgf) were provided at depths
of 1.5 and 8.25 in. (38 and 210 mm)
from the top of the member. Their
purpose was to dissipate handling
stresses resulting from the removal of
the member from the formwork. The
depths were chosen so that the net ef-
fect of the two strand forces produced
axial compression and zero moments
about the centroid of the section.

In addition, a4 x4 -W 29x29
WWF mesh was provided in the
flange to serve as temperature steel.
Fig. 3b shows the reinforcement, ten-
don profile and details of the end
bearing plates.”!>
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ANALYTICAL MODELING
OF BRIDGE SYSTEM

The double tee bridge system was
analyzed using a linear orthotropic
model. The difference in the flexural
rigidities in the two mutually perpen-
dicular directions of the bridge sys-
tem was taken into account. The vir-
tual work method was used to predict
the collapse load satisfying the plastic
moment condition of the two-span
bridge system.?

<

Fig. 4. Double tee bridge system
idealization for computation of rigidities.

Orthotropic Linear Elastic Model

The double tee bridge system was
idealized as a slab reinforced by a set
of equidistant ribs (Fig. 4). A finite el-
ement analysis, using the ADINA
program,'® was adopted to study the
model.

In the program a three-node flat
plate element (Fig. 5) was used. This
element has six degrees of freedom
per node corresponding to the global
cartesian axes. Nodal lines were as-
sumed along the beam longitudinal
axes, the central transverse and longi-
tudinal joints, load application points,
and selected transverse post-tension-
ing strands. The idealized structure
has a total of 280 plate elements and
165 nodal points with 737 degrees of
freedom.
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Y-axis was also restrained at the
nodal points on the rigid supports.

Fig. 6. Equivalent loading of the continuous beam.
DI = 0.0
D, = 0.10665 x 10° Ib-in.
(0.12 x 103 N-m)
D,, = 0.2639 x 107 Ib-in.

(0.30x 10°N-m)

Materials Properties
The material constants were as fol-
lows:
E = 4287x 10 psi
(30 x 106 kPa)
v =02
D, = 0.2919x 107 Ib-in.
(0.33 x 10° N-m)
88

The rotation about the Z-axis was
restrained at all nodal points. A hinge
support was assumed at one end and a
roller support at the interior and other
end supports. The rotation about the

Applied Loads /

The HS 20-44 highway loading on
the bridge model was applied in the
form of scaled down concentrated
loads of 2000 1b (8900 N) at four
nodal points. The prestressing forces
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Table 3. Equivalent loads (Fig. 6).

Prestressing w, W, Wy
Stem No. force, Ib Ib/in. Ib/in. Ib/in.
1 13,000 13.576 10.403 21.158
2 12,650 13.211 10.403 20.589
3 14,700 15.352 11.764 23.926
4 10,250 10.705 8.202 16.683
5 11,200 11.697 8.963 18.229
6 10,600 11.07 8.483 17.253
7 10,550 11.018 8.443 17.171
8 12,350 12.898 9.883 20.101

Metric (SI) conversion factors: 1 1b =4.448 N; 1 Ib/in. = 0.175 N/mm.

in the transverse and longitudinal di-
rections were specified as concen-
trated nodal forces. The prestressing
forces, measured after 4 million cy-
cles of fatigue loading, were used as
input data in the analysis.

The effect of the change in tendon

profile in the stems is to produce a
transverse vertical force on the con-
crete member. Fig. 6 shows the equiv-
alent loads for the tendon profile and
Table 3 summarizes the calculated
equivalent loads in each of the stems.
The equivalent loads were applied as
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Fig. 7. Equilibrium diagram.
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concentrated loads at the correspond-
ing nodal points.

The deflections in the model were
measured with respect to the initial
profile of the system after post-ten-
sioning. The measured values were
compared with the computed results
for two load cases:

(a) Prestress force together with
equivalent loads; and

(b) Simulated HS 20-44 loading
together with prestress forces and
equivalent loads.

The actual deflections were ob-
tained by appropriate addition of the
computed values for the two load
cases.

Collapse Load

Fig. 7 shows the equilibrium dia-
gram for the bridge system idealized
as a two-span structure. The collapse
load, W,, is obtained by considering
the total ordinate of the free moment
diagram at the plastic hinge position
as follows:

W(; = 6AllP

EXPERIMENTAL
PROGRAM

Concrete Mix

)

The concrete mix design specified
by the Florida Department of Trans-
portation was used for casting the
model beams. Table 4 shows the ma-
terials per cubic yard for a design
compressive strength of 5000 psi (35
MPa) concrete. The fineness moduli
of fine and coarse aggregates were
determined to be 2.34 and 5.59, re-
spectively.

The compression tests on 6 x 12 in.
(152 x 305 mm) cylinders, conducted
at ages of 26 to 90 days, showed com-
pressive strength values ranging from
5060 to 7780 psi (35 to 54 MPa). The
3 x 6 in. (76 x 152 mm) grout cylin-
ders had compressive strengths in the
range of 5235 to 6900 psi (36 to 48
MPa) whereas the 2 x 2 x 2 in. (51 x
51 x 51 mm) grout cubes showed
compressive strengths of 1250 psi
(after 20 hours) and 5250 psi (after 40
hours) [8.6 and 36 MPa]. The post-
tensioning was carried out 44 hours
after grouting the joints.
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RESULTS AND
DISCUSSIONS

The primary objectives of the in-
vestigation were to evaluate:

(a) The longitudinal V joint behav-
ior under fatigue loading;

(b) Local punching shear strength
of the deck slab;

(¢) Load carrying capacity, ductil-
ity, distribution, and size of flexural
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cracks; and

(d) Ultimate load behavior and ca-
pacity of the double tee bridge system
for a given level of post-tensioning in
the transverse direction.

Longitudinal V Joint
Fatigue Behavior

The double tee bridge system was
designed with minimum levels of

post-tensioning in the longitudinal
and transverse directions to obtain
monolithic behavior under service
loads. The fully precast beams were
tied together by a simple V joint and
transverse post-tensioning. The longi-
tudinal joint was grouted with non-
shrink grout.

The longitudinal joint between
Stems 4 and 5 below the wheel load
position exhibited cracking for Load
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Case 1 at 80,000 cycles. The extent of
cracking was localized at the exterior
concentrated load region and the ob-
served crack width was 0.005 in.
(0.13 mm). No evidence of cracking
was observed in any of the longitudi-
nal joints under wheel loads for the
Load Case 3 even after 2 million cy-
cles of loading. However, Load Case
4 was more severe in causing local-
ized cracking in the longitudinal joint.

This cracking was not visible on the
top face of the deck. Nevertheless, it
was observed at the bottom surface
(with a magnifying glass) between
Stems 4 and 5. The observed crack
width was 0.005 in. (0.13 mm). The
crack widths measured at the end of
different stages of fatigue loading
were found to be in the range of 0.003
t0 0.004 in. (0.076 to 0.10 mm) which
were well below the permissible
crack widths shown in Table 5. The
initiation of the localized longitudinal
crack in Load Case 1 could be attrib-
uted to shear caused by the severity of
the concentrated wheel loads acting at
the edge of the double tee.

Shear Strength'*3

Shear is generally not critical when
the deck slabs carry distributed loads
or line loads because in such cases the
maximum shear force per unit length
of deck is relatively small. However,

it can be critical in the vicinity of con-
centrated loads.

In the present investigation, the
truck loading on the bridge system
was simulated by scaling down the
equivalent HS 20-44 loading. For the
1:3.5 scale model, the simulated load
was computed to be 7.41 kips (3360
kgf) including the impact factor.
Therefore, both a maximum and min-
imum load of 8000 and 500 ib (3630
and 230 kgf) were applied cyclically
at a frequency range of 3 to 4 Hz.

The shear reinforcement provided
in the double tees followed ACI 318-
83 and AASHTO specifications. The
174 in. (48 mm) thick deck slab did
not exhibit any punching shear
cracks/failure at any of the simulated
wheel load positions for all the test
load cases. A single layer of flange
mesh reinforcement (4 x 4 W2 - 0 x
W2 -0 WWF), furnished as tempera-
ture steel in the deck slab, improved
the flexural behavior and resistance to
vertical loads.

Load Carrying Capacity,
Ductility, and Spacing of
Flexural Cracks

Typical displacements measured
on stems for different fatigue load po-
sitions were plotted and the trend ex-
amined with respect to increasing
number of cycles. The trends were es-
timated using the least squares ap-

Table 5. Typical values of maximum allowable and measued crack widths.™

Allowable crack width
(static loading)
Source Exposure condition in.
ACI Committee 224 Interior exposure (dry air, protective 0.016
membrane)
BS—5400 Exposure: Severe 0.0078
Bridge Code (1978) Very severe 0.0039
Abeles Air or protective membrane
(a) Cracking not permitted under 0.012
dead load
(b) Cracking permitted under dead 0.010
load
Present study Fatigue loading Measured crack widths
on double tee (Load Position 4) (in.)
bridge system No. of cycles:
509,200 0.003
750,000 0.003
1,250,000 0.003
2,000,000 0.004

Metric (SI) conversion factor: 1 in, =25.4 mm.
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proach. The lines satisfying the least
squares criterion are shown in Fig. 13.

Typical values of measured deflec-
tions for Load Position 4 are com-
pared with those obtained from ortho-
tropic linear elastic models in Fig. 14.
The predicted values from orthotropic
modeling agree reasonably well with
the measured values along the loaded
Stem 4.

Fig. 15 shows the crack growth,
spacing and pattern over the depths of
stems. It can be observed from the ex-
perimental data that there is a gradual
increase in crack width only in the ini-
tial stages, after which stable behav-
ior is observed with only marginal in-
creases in crack width. It is also clear
that a further increase in the number
of loading cycles has no significant
effect on crack width. It was noticed
that the cracks remained visible even
after unloading in the static test.

Ultimate Load Behavior

The ultimate collapse load of 34.65
kips (15720 kgf) was computed ideal-
izing the bridge system as a two-span
continuous beam using the equilib-
rium method. The computed value
agrees very closely with the observed
collapse load of 35.5 kips (16100
kgf). The actual collapse load might
have been higher if the post-tension-
ing strands were grouted.

The unbonded condition prevented
the strands from developing higher
forces when the section rotated, due
to the lack of compatibility of strains
between the strand and the concrete.
Visible cracks initiated above a load
of 15,000 1b (6800 kgf) and crack
widths increased almost linearly with
increase in the line load. The maxi-
mum observed deflection was limited
to 3.25 in. (83 mm) since the loading
had to be discontinued due to the lim-
itations of the loading frame. The
variation in crack width over the inte-
rior support was found to be linear
with increasing load.

Fig. 16 shows the spacing of cracks
near the region of the applied line
load. The overall behavior of the
model bridge satisfied the require-
ments of load carrying capacity, duc-
tility, spacing and size of flexural
cracks, deflection, and general lack of
cracking due to shear.
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Fig. 15. Schematic representation of cracks, Stems 3 and 4, Load Position 4.

CONCLUSIONS

The following conclusions are
drawn based on the experimental and
analytical investigation of the precast,
prestressed, double tee beam bridge
system.

1. The double tee bridge system,
assembled with post-tensioning in
both the longitudinal and transverse
directions, showed monolithic behav-
ior under both static and fatigue load-
ing conditions.

2. Even after 8 million cycles of
constant amplitude fatigue loading,
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the deflection increase was about 30
percent. However, no appreciable
crack propagation or increase in
strand stresses was observed indicat-
ing there was no significant loss in
flexural stiffness. This shows that the
overall behavior of the system was
satisfactory from a serviceability and
strength viewpoint.

3. The behavior of longitudinal
joints under static and fatigue loading
was satisfactory as the bridge main-
tained its structural integrity even
after 8 million cycles. Localized
cracking was observed at a particular

location between Stems 4 and 5
below the wheel load positions. How-
ever, the measured crack width was
less than the allowable value required
by various codes of practice.

4. No visible cracking was ob-
served at the transverse joint over the
tensile zone above the interior support
for typical wheel load positions, even
after 8 million cycles of fatigue load-
ing, indicating adequacy of the pre-
stressing force.

5. The deck slab with a thickness
of 1% in. (47.5 mm) behaved very
well under a simulated wheel load of
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