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Chapter 1
INTRODUCTION

The deterioration of bridges in the United States is a serious problem. As
bridges age, repair and replacement needs accrue. Forty percent of all bridge
decks on the Federal-Aid System are between 15 and 35 years old. Most of
the decks in these bridges were built without adequate cover or corrosion
protection systems. Many of these decks need rehabilitation or replacement.
It bhas been estimated that 41% of the nation’s 578,000 bridges are either
structurally deficient or functionally obsolete (USDOT 1989). An estimated
investment of $51 billion is needed to bring all the nation’s bridges to an
acceptable and safe standard by either rehabilitation or replacement. It has
also been estimated that an investment of $93 billion is required to elimi-
nate existing and accruing bridge deficiencies through 2005 (USDOT 1989).
Therefore, it is necessary to find a solution to prevent bridge decks from
deterioration.

In North America, most short and medium span bridges are constructed
as slab-on-girder bridges, where a reinforced concrete slab is supported by
several steel or precast prestressed concrete girders. The slab is often con-

nected to the girders by shear connectors. Most of these bridge decks were



designed according to AASHTO specifications, where the same design bend-
ing moment is used for the top and bottom transverse reinforcing bars of a
slab. The required area of the top transverse bars is usually greater than the
area of bottom transverse bars since greater top cover reduces the effective
depth. In summary, the current bridge deck reinforcing practice is to place
both an upper and a lower mat of reinforcing bars. The upper mat contains
a top layer of transverse reinforcing bars over a longitudinal layer of bars.

Recently, it has been observed that shrinkage cracks often occur over
the upper transverse bars, permitting increased exposure to deleterious sub-
stances such as de-icing chemicals. However, longitudinal cracks are not
prevalent over the girders. Investigations on the behavior of bridge decks by
Beal (1982) and Fang et al. (1990) have shown that the negative bending mo-
ments in bridge decks and the resulting top tensile stresses are usually very
low, much less than the positive bending moments and the resulting bottom
tensile stresses. Analysis of their work and other empirical evidence by Allen
(1991) indicates that the tensile strength of deck concrete greatly exceeds
the top teusile stresses that could be induced by truck loads. This can be
attributed to the deflection of girders, which can greatly reduce the negative
bending moments in the slab over the supporting girders and, thereby, the
top tensile stresses in the slab.

With the above observations, one may choose to eliminate the entire up-
per mat of reinforcing bars in a deck. This can reduce maintenance problems
and prolong the service life of a deck, as the top reinforcing bars are generally
most susceptible to corrosion. To explore this new design concept, a collab-
orative research project has been initiated by the Colorado Department of
Transportation, the University of Colorado, and Allen Research & Develop-

ment, Corp. In this study, an experimental bridge deck was designed and
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constructed without top reinforcement for an end span of a four-span bridge
on Colorado State Route 224 over South Platte River. The main objective of
this project is to assess the maximum tensile stresses that can be developed
in such a deck and the durability of a deck that has no top reinforcement.

The investigation is divided into two parts. The first part consists of the
development of a finite element model of the prototype bridge deck for eval-
uating the response of the deck under truck loads. Results of this study have
been documented in the report by Cao, Allen, and Shing (1993). The second
part of the investigation involves the instrumentation of the experimental
bridge deck and monitoring the response of the bridge under a test truck
and normal traffic load conditions, as well as the correlation of the field test
results with the finite element model.

This report describes the instrumentation of the bridge deck and the
response of the deck to a test truck. The response of the bridge deck under
a test truck was monitored with embedded strain gages. The test truck was
placed at nineteen different locations on the bridge to simulate the critical
loading conditions for the deck. The test results were compared to numerical
results obtained with the finite element models developed in the first phase

“of the study.



Chapter 2

DESCRIPTION OF BRIDGE
DECK AND FIELD TESTS

2.1 Bridge Deck Configuration and Material
Properties

The bridge selected for this project is located on Colorado State Route 224
over South Platte River near Commerce City. It is a 420-ft-long and 52-ft-
wide bridge. The superstructure consists of four equal continuous spans. The
supporting girders are standard precast Colorado Type G-54 girders spaced
at approximately eight feet on center. The thickness of the bridge deck is
8.0 inches, which complies with the new design requirement adopted by the
Colorado Department of Transportation. The configuration of the four-span
bridge is shown in Fig. 2.1.

In the four-span deck, the west span is the experimental deck which has
no top reinforcement. The remaining three spans have both top and bottom
reinforcement, conforming to AASHTO Specifications (AASHTO 1989). The
deck in the east span is the control deck. Both the experimental and control

decks are instrumented with strain gages.



In the control deck, the top and bottom transverse reinforcement consists
of No.5 bars with a 5.5-in center-to-center spacing. The top longitudinal
reinforcement consists of No.5 bars with an 18-in center-to-center spacing,
and the bottom longitudinal reinforcement consists of No.5 bars with a 9.5-in
center-to-center spacing. The clear covers over the top and bottom reinforc-
ing steel are 2.5 and 1.0 inches, respectively.

The experimental deck consists of the entire west span and 38-ft of the
adjacent span. The reinforcerent of the experimental deck is based on a new
design approach, in which the top reinforcement is eliminated. As a result, no
top reinforcing steel was placed in the experimental deck, except that there
are short transverse bars placed in the cantilever overhangs supporting the
railings. Furthermore, in both the experimental and control decks, longitu-
dinal reinforcing bars are placed across the piers with a 9-in center-to-center
spacing and a 3-in minimum cover. The reinforcing details of the control and
experimental decks are shown in Fig 2.2.

The bridge was constructed in two phases to facilitate the flow of traffic.
The phase-one portion of the deck consists of a 34-ft-wide slab supported
over five girders. It was cast in January, 1993. The phase-two portion of the
deck was cast in July, 1993.

Before the phase-one portion of the bridge was open to traffic, a load test
was conducted. But the data collection system did not function properly
during this test and the results were abandoned. The second test was con-
ducted in September, 1993 with the complete bridge temporarily closed to
traffic. At the time of the second load test, cracking in the deck was noted
and marked prior to the test. After the test, the cracking patterns marked
earlier with paint were checked, and no changes were noted. In December,

1993, the crack patterns in the deck were checked again. Unfortunately, most



of the marking had been worn away by traffic, and changes in the spacing,
length, and width of cracks could not be accurately assessed.

A small amount of fiber was added to the deck concrete to reduce tem-
perature and shrinkage cracks. The specified design strength for the deck
concrete was 4,500 psi. The concrete mix consisted of the following ingredi-
ents per cubic-yard: 507 1b of cement (Type I/1I), 56 1b of fly-ash, 1800 Ib of
intermediate aggregate (0.75 in), 1240 1b of sand, 1.5 Ib of fiber (polypropy-
lene), with a water-cement ratio of 0.47.

With the lab-cured specimens of deck concrete, the average 28-day com-
pressive strength and the modulus of rupture obtained are 5,740 psi and 590
psi, respectively, and the 33-day split-cylinder strength is 350 psi. The av-
erage 28-day compressive strength of lab-cured specimens of girder concrete
is 8,500 psi. The results of material tests conducted on deck concrete are
summarized in Tables 2.1 and 2.2.

To determine the elastic modulus of the deck concrete, two 4” x 8” field-
cured cylinders were tested in the laboratory in accordance with the specifica-
tions of ASTM-C469. The average compressive strength of the two cylinders
is 5,100 psi, but the measured modulus of elasticity is much lower than that
evaluated with the formula given in ACI 318-89 (which is E. = 57, 000\/]—27).
Therefore, these test results were abandoned.

For the stress analysis of the deck, the ACI formula is used to estimated
the modulus of elasticity for both the deck and girder concrete. The elastic
modulus is 4,230 ksi for the deck concrete, with the compressive strength
assumed to be 5,500 psi. The elastic modulus of the girder concrete is cal-

culated to be 5,260 ksi, with the compressive strength assumed to be 8,500
psi.



Table 2.1: Compressive Strength of Lab-Cured Concrete (psi)

7-day 28-day 28-day
Samples Deck Conc. | Deck Conc. | Girder Conc.
1 4350 5650 9400
2 4390 5330 9300
3 4270 5570 8890
4 4280 5060 8200
5 4960 5180 8010
6 5010 5270 8380
7 4710 5890 8630
8 4740 6050 8840
9 4920 5870 7610
10 5000 5920 7220
11 6030 7740
12 5870 7870
13 5980 8740
14 6240 8400
15 6110 8700
16 8620
17 8930
18 8820
19 8600
20 9240
Average 4663 3735 8507
Std. Deviation 295 357 568




Table 2.2: Tensile Strength of Lab-Cured Deck Concrete (psi)

‘| Modulus of Rupture Tests | Split-Cylinder Tests

Samples 7-day 28-day 33-day 56-day
1 483 542 340 530
2 534 591 345 600
3 524 639 360 555
Average 514 591 348 562
Std. Devi. 22 40 9 29
ACI Formula | 512 568 - -

2.2 Test Truck and Truck Load Positions

As shown in Fig. 2.3, the test truck used for the field tests included a front
axle transmitting a force of 16.5 kips. The total force transmitted by the rear
tandem axles of the test truck was 56.65 kips and the total forces exerted
by the trailing axles was 32.75 kips. The total weight of the test truck was
106 kips, which is 47% more than a conventional HS20 truck. The axle and
wheel spacings of the test truck were similar to those of a standard HS20
truck.

To investigate the maximum tensile stresses that could be developed in
the transverse direction at the top of the deck, it was decided that the test
truck should be positioned at three different locations along the longitudinal
direction of the bridge. The first truck position was close to the abutment
at the west end, with the resultant rear tandem axle load approximately 8-ft
away from the abutment. The deflection of the girders was small when the
truck was at this position. The trailing axles and the front axle were not used

in this load case, since it is expected that these axle loads will increase the



girder deflection and, thereby, decrease the top transverse tensile stresses.
The wheels of the test truck were positioned at six different locations along
the transverse direction, as illustrated in Fig. 2.4. This is identified as Load
Group 1.

The second truck position in the longitudinal direction was near the mid-
span of the deck at the west span, with the resultant rear tandem axle load
approximately 44-ft away from the abutment. This induced differential de-
flections among the girders. The test truck was placed transversely in seven
different positions, as illustrated in Fig. 2.5. This is identified as Load
Group 2.

The third truck load position in the longitudinal direction was in the
vicinity of the pier at the west span, with the resultant rear tandem axle
load approximately 6-ft away from the pier. Along the transverse direction,
the wheels of the test truck were positioned at six different locations, as
shown in Fig. 2.6. This is identified as Load Group 3.

The above truck load positions were determined from the results of finite
element analysis (Cao, Allen and Shing 1993). In addition to these three
positions, the test truck was also placed on the control deck. Load Groups 4
and 5 correspond to the mid-span and abutment positions in the east span,

which are similar to Load Groups 2 and 1, respectively.

2.3 Instrumentation

2.3.1 Strain Gages

The response of the bridge deck under the test truck was monitored by strain
gages embedded at different locations in the deck. These locations were de-

termined from the results of finite element analysis (Cao, Allen and Shing



1993). From the finite element analysis, it was found that when the model
truck is close to the abutment as shown in Fig. 2.4, the maximum transverse
tensile stress at the top of the deck occurs between the two tandem axles
at a section which is about 6-ft away from the abutment. As indicated by
the analysis, from the truck position which produces the maximum trans-
verse stress, moving the truck back and forth by 2 feet does not increase the
maximum transverse tensile stress at the top of the deck.

When the model truck is near the mid-span of the deck as shown in
Fig. 2.5, the maximum transverse tensile stress at the top of the deck occurs
between the two rear tandem axles at a section which is 42-ft away from the
abutment. When the model truck is in the vicinity of the pier as shown in
Fig. 2.6, the maximum transverse tensile stress at the top of the deck occurs
beneath the second axle of the rear tandem axles at a section which is 8-ft
away from the pier.

The above analysis provided guidelines for determining the locations of
the strain gages to be installed in the bridge. As a result, five gage lines
were selected, as shown in Fig. 2.7. The first three gage lines are located in
the experimental deck and the other two gage lines are located in the control
deck. In the experimental deck, the first and second gage lines are 6-ft and
44-ft away from the abutment, respectively. The third gage line is 8-ft away
from the pier. Gage Lines 4 and 5 are identical to Gage Lines 2 and 1, but
are located in the control deck.

There are seven gage points (A through G) along each of the above trans-
verse gage lines, as shown in Fig. 2.7. Each gage point usually has top and
bottom gages, which are oriented in either the transverse or longitudinal di-
rection of the deck. The top and bottom gages are about 1-in away from

the top and bottom surfaces of the deck. The strain gages were welded on
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21-in-long No.4 bars with anchoring hooks, which were embedded in deck
concrete, as shown in Fig. 2.8.

The actual positions of the strain gages were measured before deck con-
crete was cast. The distances from the center of an embedded bar to the
surface of the concrete finish machine and to the bottom of the form sup-
porting the concrete slab were measured. It was found that the elevations
of the gages are not uniform. In the west span, the average distance from
top transverse and longitudinal gages to the top surface of the deck is 1.42
in, and the standard deviation is 0.33 in. The average distance from bottom
transverse gages to the bottom surface of the deck is 1.23 in, and the standard
deviation is 0.13 in. The average distance from bottom longitudinal gages to
the bottom surface of the deck is 1.81 in, and the standard deviation is 0.42

in. The gage locations measured are listed in Appendix A.

2.3.2 Data Acquisition System

The data acquisition system (DAS) used on this project is a Megadac Series
3000 produced by Optim Electronics Corporation. The Megadac DAS is
of modular design and consists of a chassis and plug-in modules to read a
variety of sensors. A block diagram of the Megadac is shown in Fig. 2.9.
The Megadac was configured, for this project, as follows. Four SCI 88C
modules are used to provide constant current excitation for up to 32 chan-
nels of 120Q) resistance strain gages. Four AD 885D analog input modules
offer gains of 1~500 and filtering options for each of the 32 channels. The
analog-to-digital conversion is handled by the ADC 3016 module which is
capable of a maximum of 25,000 samples per second at 16-bit resolution.
Post conversion gains of 1, 2, 4, 8, 16, 32, and 128 are software selectable on

a channel-by-channel basis.
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During attended bridge testing, the Megadac is typically connected to an
IBM compatible personal computer via an IEEE-488 interface. The com-
puter software (TCS 3000) allows the user to set sampling frequencies, label
channel output, select gains, and observe sensor values either in digital or
graphical form. In this configuration, the test results can be stored on the
computer’s fixed disk drive and the recording of data can be controlled from
the computer’s keyboard.

During stand-alone monitoring of the test bridge, the Megadac will moni-
tor a "trigger” strain gage and start the recording of all gages when a thresh-
old value has been exceeded. Since the Megadac initially stores all readings
in its own memory, it is possible to record data that occurred several seconds
prior to the trigger. During unattended monitoring of the bridge, data will
be recorded to an external 1-Gbyte rewritable laser drive.

The DAS is installed at the bridge in a recycled traffic controller cabinet.
The cabinet has been stripped of the controller circuits and insulated to
minimize temperature variations. Commercial 120V AC service has been
supplied to the cabinet and an uninterrupted power supply will run the DAS
for approximately 30 minutes if electrical service is disrupted. Two cabinets
were used in order to minimize the lead lengths of the strain gages and the
DAS will be moved to each end of the bridge for monitoring the experimental
and control decks. The strain gage leads are routed into each cabinet using
PVC pipe fittings.

Sample rates are currently set at 60 samples per second. An external
trigger device has been fabricated to sample at 60 Hz to be synchronized with
the electrical supply. This device reduces system noise by always triggering
at the same instance in the 60 Hz sinusoid. Lower sampling rates are being

contemplated for the extended monitoring of the bridge in order to reduce
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the volume of collected data.

2.3.3 Verification of Gage Mounting Techniques

The performance of strain gages welded on embedded bars was investigated
in the laboratory with a reinforced comncrete beam subjected to four-point
loads. The clear span of the beam was 96 inches, and the height and width
of its section was 8 and 12 inches, respectively. The compressive strength of
the concrete was 3,660 psi, which was obtained from standard cylinder tests
conducted on the 28th day. The modulus of elasticity and modulus of rupture
of the concrete were calculated to be 3,450 ksi and 454 psi, respectively, based
on ACI formulas. There were six strain gages welded on two 18-in-long No.4
bars, with their locations and numbering shown in Fig. 2.10. One bar was
placed bereath a point load, and the other was placed at the mid-span of the
beam. It must be pointed out that, unlike the bars in the bridge deck, these
bars had no hooks. There were three additional strain gages, #7, #8 and
#9, welded on a longitudinal reini.. ~ing bar in the beam. These locations
are identical to those of gages #1, #2 and #3. It was expected that readings
from the strain gages welded on the embedded bars would be slightly less
than those from the strain gages welded on the longitudinal reinforcing bar
due to possible bond-slip. The details of the beam specimen are illustrated
in Fig. 2.10.

The cracking load of the beam and the corresponding strain at the gage
points were estimated with the simple beam theory. The ratio of flexural
reinforcement in the beam was 1.54% and the modulus of elasticity of the
bars was assumed to be 29,000 ksi. The moment of inertia of the beam was
569 in* for an uncracked section and 224 in* for a cracked section. Hence,

the beam is expected to develop the first crack at P = 2.86 kips. At this
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point, the strain at a gage point is ekpected to jump from 79 us to 350 us.
However, the strain readings obtained from the test vary from 110 us to
170 ps when P = 2.86 kips.. In addition, all gage readings were slightly
greater than the predicted values before cracking and substantially smaller
than the predicted values after cracking. The former is probably due to the
fact that the elastic modulus of concrete calculated with the ACI formula
is higher than the actual value. The latter could be due to the fact that
flexural cracks occurred sporadically in the beam and may not be right at
the gage points. It can be seen from Fig. 2.11 that the difference in readings
obtained from the gages welded on embedded bars and those on longitudinal
reinforcing bars before cracking is less than 60 us. Based on these results, it
was decided hooks would be added at the ends of embedded bars to be used
in the field tests as mentioned before. With this precaution and the fact that
the measured E. tends to be smaller than the value calculated with the ACI
formula, 1t is expected that the stresses in the bridge deck evaluated with the
strain measurements from the embedded bars should fall on the conservative

side.

2.4 Pre-Test Crack Observation

The substructure numbering starts from the west end in accordance with
the convention adopted by the Colorado Department of Transportation, as
shown in Fig. 2.1. The girder numbering starts from the north side of the
bridge, with numbers 1 through 7, as shown in Fig. 2.4.

Before the load test, it was observed that some longitudinal cracks devel-
oped at the top of the experimental deck adjacent to Abutment 1, as shown

in Fig. 2.12(a). These cracks were located near the edges of the flanges of
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the girders below. The longest crack extended about 20 ft in the longitudinal
direction of the bridge. This crack was difficult to see at the time of the load
test. In December, 1993, this crack was readily detected and was measured
to be approximately 0.02-in wide. This crack was over the interior edge of
the flange of Girder 6. Shorter longitudinal cracks were noted over one or
both flanges of Girders 3, 4 and 5. No transverse or longitudinal cracks were
noted in the middle part of the west span of the phase-one portion of the
deck. There was a longitudinal crack running the full length of the bridge
along the construction joint between the phase-one and phase-two portions
of the bridge. This crack was over the center of Girder 3.

In Span 1, transverse cracks were noted only in the phase-two portion
of the deck, which were spaced at approximately 15 ft and were typically
0.025-in wide. Cracks at similar spacing were noted at the bottom of the
deck. These cracks were highlighted by efflorescence, which indicated that
they extended through the depth of the deck. No longitudinal cracks were
visible at the bottom of the deck. The observations of the cracks at the
bottom of the deck were made from the ground with naked eyes. At this
distance, only wide cracks (0.02 in) or cracks highlighted with efflorescence
can be detected with naked eyes.

At the top of the deck above Pier 2, there were transverse cracks approx-
imately at the edges of the pier diaphragm. There were also two longitudinal
cracks at the top of the deck over the pier diaphragm. These cracks were in
the vicinity of Girders 4 and 5.

At the middle part of Span 2, there were no longitudinal or transverse
cracks at the top of the phase-one portion of the deck. Along the full length
of the phase-two portion of the deck of this span, transverse cracks were

spaced at about 4~12-ft at the top of the deck, and spaced at about 6-ft at
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the bottom of the deck, as shown in Fig. 2.12(b). No longitudinal cracks
were visible at the bottom of the deck.

At the top of the deck above Pier 3, there were transverse cracks at the
edges of the pier diaphragm and longitudinal cracks over the pier diaphragm,
similar to those observed at Pier 2. A diagonal crack was also noted at the
top of the deck above this pier.

No transverse cracks were visible at the top of the deck in the phase-
one portion of Span 3. However, transverse cracks in the phase-two portion
were spaced more closely together than those noted in the first two spans,
spaced at about 3~6 ft, as shown in Fig. 13(a). At the bottom of the deck,
transverse cracks highlighted by efflorescence were visible at approximately
the same spacing. In some instances, longitudinal cracks over the flange
of Girder 3 were also visible. No cracks were visible at the bottom of the
phaée-one portion of the deck, however.

Cracking at the top of the deck above Pier 4 was similar to those noted
at the other piers. At the bottom of the deck pear this pier, transverse and
diagonal cracks with efflorescence were visible in the phase-two portion of
the deck.

No transverse cracks were visible at the top of the phase-one portion of
the deck adjacent to Pier 4, but the phase-two portion exhibited transverse
cracks spacing at about 4~8 ft, as shown in Fig. 2.13(b). The width of a
typical transverse crack was measured to be 0.025 in with a crack gage. The
crack spacing increased to about 16 ft near Abutment 5. At the bottom
of the deck, the crack spacing was about 4~8-ft along the full length of
the span. In the phase-two portion of the deck adjacent to the abutment,
there were also a few transverse and diagonal cracks at the bottom of the

deck. No longitudinal cracks were visible at the top of the deck adjacent to
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Abutment 5.

In summary, extensive wide transverse cracks have occurred in the phase-
two portion of the deck, but not in the phase-one portion of the deck. This
transverse cracking was much more prevalent in the control deck than in the
experimental deck of the bridge, although the same concrete mix was used
for the whole bridge deck and the concrete placement was performed contin-
uously starting from the west end to the east end of the bridge. Transverse
and longitudinal cracking in the vicinity of the piers is similar for both the
experimental deck and the control deck of the bridge. Short longitudinal
cracks have developed over the flanges of the girders beneath the traffic lanes

at Abutment 1. Similiar cracks were not noted in the deck at Abutment 5.
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Chapter 3

FINITE ELEMENT
MODELING OF BRIDGE
DECK

3.1+ General Considerations

For the elastic stress analysis of a four-span bridge deck, it is impossible to
use solid elements to model both the concrete slab and the girders due to
the limitation of the computer capacity. Hence, in the finite element model
adopted here, two layers of solid elements are used to model the concrete
slab and rigid links are used to connect the nodes at the bottom of the slab
to the centroids of the girders which are represented by 3-D beam elements.
The cross-sectional area and moment of inertia of each girder of the bridge
are 631 in? and 242,585 in*, respectively. This modeling approach has been
validated in a previous study (Cao, Allen and Shing 1993).

Furthermore, since only a single end span of the four-span bridge is con-
sidered at a time, the remaining three spans are modeled by equivalent beam

elements only. Each equivalent beam has a 54-in-high and 43.45-in-wide rect-
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Table 3.1: Moment of Inertia of the Equivalent Beam

Components | A;(in®) L(in*) (in) Ay Yi(in) AY? L+ AY?
STab 756 4,032 40 3024 13.95 147,120 151,152
Girder 631 242,585 34.67 21,877 16.72 176,401 418,986
Total 1387 —  — 24901 — — 570,138
Note:

A; — Area of the ith component of the composite section;
I; — Moment of inertia of the ith component of the section;
y; — Distance between the centroid of the ith component of the section and

the top of the slab;
Y; — Distance between the centroid of the ith component of the section and
the neutral axis of the equivalent beam.

angular section, whose moment of inertia is equal to that of a fully-coupled
composite T-beam section consisting of a girder and a concrete slab. The
effective width of the flange is equal to the center-to-center distance between
the girders, in accordance with ACI recommendations. The moment of iner-
tia of the equivalent beam is 570,138 in*, as shown in Table 3.1.

In this study, the most important consideration is the maximum tensile
stresses produced by transverse negative moments in the slab. These stresses
are thought to occur at the top of the deck in the vicinity of supporting
girders. Therefore, a suitable mesh should be chosen to obtain accurate
stresses at these sites. The strategy used here to select a mesh is to vary
element sizes in the longitudinal and transverse directions independently, and
a suitable element size is determined by looking at the convergence of the
stresses. The study on mesh refinement is documented in detail by Cao, Allen
and Shing (1993), and is briefly summerized in the following paragraphs.

The mesh refinement study was carried out with a simply supported
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Table 3.2: Maximum Transverse Tensile Stresses with Different Meshes

Longitudinal = Element Max. Tensile % Error with Respect

Divisions Aspect Ratio  Stress (ksi) to 30 Elements
10 Elements 10.64 0.467 17.54
20 Elements 5.32 0.545 3.73
30 Elements 3.55 0.56€ 0.0

bridge deck that had a span length of 399 inches and seven equally spaced
girders. The concrete slab was modeled with two layers of solid elements.
The concrete slab between two girders is discretized into seven solid elements
in the transverse direction of the deck. Furthermore, with the mesh in the
transverse direction fixed, the slab was divided into 10, 20 and 30 elements,
respectively, in the longitudinal direction. Such arrangements lead to element
aspect ratios (length/thickness) of 10.64, 5.32 and 3.55, respectively.

With two 50-kip point loads applied at the mid-span of the deck, stresses
were computed with the aforementioned meshes. The maximum transverse
tensile stresses at the top of the deck obtained with the different meshes are
compared in Table 3.2, where the maximum transverse tensile stress obtained
with 30 elements is used as the comparison standard. Based on the results
in Table 3.2, it is estimated with a quadratic interpolation that using an
element aspect ratio not greater than 7.0 leads to an error less than 10%.

Furthermore, the simply supported bridge deck was discretized with two
different meshes in the transverse direction. In both cases, there were 30
solid elements in the longitudinal direction of the deck. In the coarse mesh,
there is only one solid element between a wheel load and a girder, and in the

fine mesh, two solid elements were used.
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Analysis results obtained with the coarse mesh appear unrealistic in that
the maximum stresses in the transverse direction do not occur under the
point loads or above the girders. This means that stresses at these sites
are greatly distorted. When the fine mesh is used, this distortion virtually
disappears. Hence, it is apparent that there should be at least two solid
elements between a wheel load and a girder for stress analysis. Based on
these considerations, a mesh of eight elements in the transverse direction

between each pair of girders has been chosen.

3.2 Finite Element Models

Based on the above considerations, only one end span is modeled in a refined
fashion at a time. A total of 50 solid elements is used in the transverse direc-
tion of the bridge deck, with eight solid elements used between two girders.
The span length between two girders is adjusted to be 96 in, which is 1.5-in
longer than the actual span length, to fit the different wheel load positions
along the transverse direction. The mesh along the transverse direction re-
mains the same for all three load groups. The mesh along the longitudinal
direction is adjusted in accordance with the locations of the axle loads of the
test truck. The dimensions of the test truck are slightly modified to fit the
meshes. The distance between the rear tandem axles is changed from 54 to
48 in. The length of the truck is modified to be 9-in shorter for Load Group
2, and 2-in shorter for Load Group 3 than the actual length of the test truck.
A total of 24 solid elements is used in the longitudinal direction of a single
span. For all three load groups, a fine mesh is used in the vicinity of the rear
tandem axle loads. In this region, the length of each element is 24 in, which

leads to an element aspect ratio (length/thickness) of 6.0. In the model, the
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span length of the bridge is 104 ft for the two end spans and 105 ft for other
spans, which are equal to the actual span lengths of the bridge. The ver-
tically supported joints are located along the central line of the diaphragm
above the abutment or the pler.

The mesh used for the stress analysis of the deck under Load Group 1 is
shown in Fig. 3.1(a). From the left side of the mesh, the first solid elernent
has a length of 15 inches. This element accounts for the stiffness of the
concrete diaphragm above the abutment. This effect is simulated by using
equivalent solid elements which have the same in-plane bending stiffness as
that of the diaphragm. The depth and width of the diaphragm are 62 and
30 inches, and those of the equivalent solid elements are 8 and 15 inches.
Since the modulus of elasticity of the diaphragm is calculated to be 4,230
ksi, that of the equivalent solid elements is determined to be 279,560 ksi. In
the iongitudjna.l direction, six small solid elements are used in the region of
the fine mesh, and the rest of the deck is modeled by seventeen solid elements.

The mesh used for the stress analysis of the deck under Load Group 2 is
shown in Fig. 3.1(b). In the longitudinal direction, six small solid elements
are used in the region of the fine mesh, and the rest of the deck is modeled
with eighteen solid elements. The lengths of these elements vary so that the
axle loads can be located at the desired nodes.

The mesh used for the stress analysis of the deck under Load Group 3 is
shown in Fig. 3.1(c). There are two solid elements with a high modulus of
elasticity (32,760 ksi) used to account for the stiffness of the diaphragm above
the pier. The depth and width of the diaphragm are 62 and 51 inches, and
those of the equivalent solid elements are 8 and 25.5 inches. The approach
used to determine the modulus of elasticity for the equivalent solid elements

is the same as that for Load Group 1. In the longitudinal direction, twelve
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small solid elements are used in the region of the fine mesh, including two
solid elements for the diaphragm, and the rest of the deck is modeled with
twelve solid elements.

In the finite element analysis of the bridge, the elastic modulus for deck
concrete is assumed to be 4,230 ksi and that for girder concrete is 5,260
ksi. The Possion’s ratio is assumed to be 0.2 for both the deck and girder
concrete. There is a steel diapbhragm (C15X33.9) at the mid-span of each
span, whose cross-sectional area is 9.96 in?>. The diaphragm is modeled by
bar elements which are connected to the girders. The elastic modulus of the
bars is assumed to be 29,000 ksi.

The bridge deck has an eight-degree angle of skew. However, because the
angle of skew is small, it is ignored in the stress analysis. The wheel loads
of the test truck are treated as concentrated point loads, which are applied
at appropriate nodes of the finite element mesh. The finite element program
SAP90 (Wilson 1989) is used for the stress analysis. Non-conforming solid

elements are used to eliminate possible shear locking.
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Chapter 4

TEST AND NUMERICAL
RESULTS

4.1 Results of Field Tests

The Tesponse of the bridge deck to a test truck positioned at different loca-
tions was monitored by embedded strain gages, whose arrangement is pre-
sented in Chapter 2. These strain readings are tabulated in Appendix B.
The maximum values of transverse and longitudinal strain readings at the
top and bottom of the deck are separately summarized in Tables 4.1 and 4.2.

Based on the results of material tests described in Chapter 2, the mod-
ulus of elasticity of the deck concrete is determined to be 4,230 ksi and the
modulus of rupture of the deck concrete is 590 psi, which were obtained with
the 28-day lab-cured specimens. The cracking strain of the deck concrete
corresponding to the aforementioned modulus of rupture is 140 ps. Based
on the plane-section assumption, the strain at the top or bottom of the deck
can be determined with the strain at a gage point. Since the distance from
an embedded gage to the top or bottom of the deck is about 1~2 inches and
the thickness of the deck is 8 inches, it is expected that the strain at the top
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or bottom of the deck will reach the cracking strain (140 ps) when the strain
at an embedded gage is about 70~105 ps.

It can be seen from Table 4.1 that when the test truck was close to the
abutment, the transverse tensile strains at the top gage positions of the deck
along Gage Line 1 were less than 20 ps and those at the bottom gage positions
of the deck were about 60~80 us. When the test truck was near the mid-
span, the transverse tensile strains at the bottom gage positions of the deck
along Gage Line 2 became very large, and were about 110~180 us. At the
same time, the transverse tensile strains at the top gage positions of the deck
were less than 15 ps. This indicates that the deflection of girders increases
the transverse tensile stresses at the bottom of the deck and reduces those at
the top of the deck. When the test truck was close to the pier, the transverse
tensile strains at the top gage positions of the deck along Gage Line 3 were
less than 20 ps, and those at the bottom gage positions of the deck were
about 50~80 ps.

It can be seen from Table 4.2 that the longitudinal tensile strains devel-
oped at gage positions in the deck under the test truck are small, and are
less than 28 us for all three load groups. It is also noted from the test results
that the behavior of the experimental and control decks is similar.

In summary, when the test truck was close to the abutment and the pier,
the transverse tensile strains at the bottom of the deck were close to the
cracking strain of deck concrete. When the test truck was near the mid-
span, the transverse tensile strains at the bottom of the deck exceeded the
cracking strain. For all three load groups, the transverse tensile strains at

the top of the deck were much less than the cracking strain.
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Table 4.1: Max. Values of Transverse Strain Readings (Top/Bottom) (gs)

Gage . Gage Line

Point 1 [ 2 | 3 1 4 5

A [ +3.1/+66.5 [ -52.3/+117.9 | -53.3/+54.9 -/- T —/-

B ~/-31.5 24.5/- /- /- ~/-

C +20/- +6.8/- +19.2/- +5.6/— +13.8/~
D +18.3/- —/+50.7 -/~ -/ —/-

E | -32.6/476.7 | -53.9/+173.8 | -51.1/473.4 | -46.5/+133.2 | -39.6/+30.2
F +15.4/- +13.0 /- +18.7/- -/- +15.7/-
G |-14.8/+30.8 | -/+176.2 -/- -/~ ~/=

Note: The plus and minor signs refer to the tensile strains and compressive
strains, respectively. The locations of gage lines and gage points are illus-
trated in Fig. 2.6. The strain readings of each column are obtained under a
load group which has an identical number as the gage line.

Table 4.2: Max. Values of Longitudinal Strain Readings (Top/Bottom) (us)

Gage Gage Line

Point 1 | 2 | 3 | 4 [ 5
A -/+0.4 -61.8/+1.0 | -10.9/+10.7 | -/-30.2 -/~
C | 462/~ | -41.9/- /- -/~ | +10.0/-
E | -24.3/427.5 -35.7/-234| /-  |-/219| /-
F -17.3 /- -51.7/- -/- -/- -/~

Note: The plus and minor signs refer to the tensile strains and compressive
strains, respectively. The locations of gage lines and gage points are illus-
trated in Fig. 2.6. The strain readings of each column are obtained under a
load group which has an identical number as the gage line.
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4.2 Comparison of Test and Numerical Re-
sults

The behavior of the bridge deck under the nineteen load cases is analyzed
with the finite element models presented in Chapter 3. The corresponding
normal stresses along the transverse and longitudinal directions of the bridge
deck are determined.

Since two layers of solid elements are used to model the bridge deck,
the stresses are computed at three nodes along the depth of the deck. The
stresses at the gage locations are projected from the nodal stresses with a
quadratic interpolation. However, it happens that these nodal stresses fit
into a linear interpolation. Ignoring the scattering in field measurements,
it is assumed that all strain gages are 1-in away from the top or bottom of
the deck. The normal stresses developed in the deck during the field test
are calculated by multiplying the strain readings by the calculated elastic
modulus of deck concrete (4,230 ksi). They are compared to the numerical
results.

The comparisons of the test and numerical results on the normal stresses
developed under different load groups are summarized in Appendices C through
G. Results of selected load cases are shown in Figures 4.1 through 4.6. These
are Case A of Load Groups 1 and 3, and Case D of Load Group 2. In Case
A of Load Groups 1 and 3, the wheel load positions along the transverse
direction of the deck are similar to those in Case D of Load Group 2, as
shown in Figures 2.3 through 2.5. These three load cases demonstrate the
effect of girder deflection on the normal stresses in the transverse direction
of the deck. It can be seen from the figures that the numerical results are

quite close to the test results for all these load cases. Nevertheless, the tensile
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stresses developed at the bottom of the deck in the field tests are about twice
as large as the numerical predictions. This can be attributed to the cracking
at the bottom of the deck, which is not accounted for in the analysis.

It can seen from Fig. 4.1 that when the truck was close to the abutment
and each of the wheel loads was near the mid-span between two girders, the
transverse normal stresses obtained from the tests at the top of the girders
are only about 50% of the numerical predictions. This difference is also found
in other load cases where the truck was close to an abutment or a pier, as
shown in Appendices C, E and G. This is probably caused by the flange
of the girders, which is not considered in the computations. This effect is
not significant when truck loads are near the mid-span, since the transverse
normal stresses at the top of the girders are dominated by the deflection
of the girders. It can é,lso be seen from Fig. 4.2 that the normal stresses
obtained from the tests in the longitudinal direction of the bridge deck are
close to the numerical results. Similar results are obtained for the case where
the test truck was close to the pier, as shown in Figures 4.5 and 4.6.

It can be seen from Fig. 4.3 that when the test truck was near the
middle of the west span of the bridge deck, the transverse tensile stresses
at the bottom of the deck were relatively high. This phenomenon can be
observed from both numerical predictions and test results. It can also be
seen from Fig. 4.4 that the numerical predictions of the normal stresses in
the longitudinal direction of the bridge deck are very close to the test results.

In summary, the numerical predictions of the deck response under the
test truck are close to the test results. When the test truck was near the
middle of the experimental deck of the bridge, the transverse tensile stresses

at the top of the deck was very low due to girder deflections.
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4.3 Concluding Remarks

It is found from the test results that when a truck load was close to an
abutment or a pier, the transverse tensile strains at the bottom of the deck
were close to the cracking strain of deck concrete. When a truck load was
near a mid-span, the maximum transverse tensile strains at the bottom of the
deck usually exceeded the cracking strain. For all the load cases considered
here, the maximum transverse tensile strains at the top of the deck were less
than 30% of the cracking strain.

The behavior of the bridge deck under the three load groups has been
analyzed with the finite element method. The numerical results have been
compared with the test results. It is found that the numerical predictions of
the deck response under the test truck are close to the test results. Therefore,
it can be concluded that the finite element model used here is a suitable
model for the stress analysis of bridge decks. The same finite element model
was used in a previous study to investigate the deck stresses under more
severe truck load conditions (Cao, Allen and Shing 1993). In this study, the
response of the bridge deck under one and two trucks was investigated. It
has been found that the maximum transverse tensile stresses at the top of
the bridge deck are 286, 222 and 239 psi when the truck loads are close to
the abutment, the mid-span and the pier, respectively. These stresses are
much less than the modulus of rupture (590 psi) of the deck concrete.

A highway bridge is normally subjected to about 100,000 to 10,000,000
cycles of repeated loadings during its life time (Hsu 1981). It is observed
from test results that the fatigue strength of plain concrete is about 60% of
its rupture strength when concrete specimens were subjected to 10 million
load cycles (Ballinger 1972, Tepfers 1979, Oh 1986). If the experimental
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bridge deck will be subjected to about 10 million load cycles, the tensile
strength of the deck concrete 1s expected to be reduced from 590 psi to 355
psi. As discussed above, the maximum tensile stresses developed at the top of
the deck under truck loads are about 280 psi, which are less than the reduced
tensile strength of the deck concrete (355 psi). Since the designated truck
loads used in the stress analysis of the deck were greater than the standard
truck loads, it is expected that normal traffic loads will not cause greater
stresses at the top of the deck. Hence, it can be expected that the transverse
tensile stresses developed at the top of the deck under traffic loads will not

induce cracking.
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Chapter 5

SUMMARY AND
CONCLUSIONS

5.1 Summary

Thedeterioration of a bridge deck due to the corrosion of top reinforcing
bars could be prevented by eliminating the top reinforcement in the deck.
This new concept was implemented in the design of an experimental deck
in a four-span bridge, in which the top reinforcement was eliminated. The
reinforcement in the control deck conforms to the specifications of AASHTO
(AASHTO 1989). To assess the maximum tensile stresses developed at the
top of the deck under traffic loads, the behavior of the bridge deck was
investigated with a test truck positioned at different locations.

The test truck chosen for the field test consisted of a front axle of 16.5
kips and a rear tandem axle of 56.65 kips as well as a trailing tandem axle
of 32.75 kips. The total weight of the test truck was 106 kips, which is
47% more than a conventional HS20 truck. The test truck was placed at
three different longitudinal positions along the bridge. They were near the

abutment, mid-span, and pier. When the test truck was near the abutment
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and the pier, the test truck was placed at six positions along the transverse
direction. When the test truck was near the mid-span, the test truck was
placed at seven positions along the transverse direction. Therefore, there
were totally nineteen truck positions on the bridge deck.

The response of the bridge deck under the test truck was monitored with
embedded strain gages. There were five designated gage lines along the
longitudinal direction of the bridge. Three gage lines were located in the
experimental deck of the bridge, and the other two gage lines were located in
the control deck of the bridge. Along each gage line, there were seven gage
points where gages were placed at the top and bottom of the deck along the
transverse and longitudinal directions of the bridge.

It 1s found from the test results that when a truck load was near an
abutment or a pier, the transverse tensile strains at the bottom of the deck
were close to the cracking strain of deck concrete (140 ps). When a truck
load was near a mid-span, the transverse tensile strains at the bottom of the
deck exceeded the cracking strain. For all the load cases considered here, the
transverse tensile strains at the top of the deck were always less than 40 us
which are much less than the cracking strain.

The behavior of the bridge deck under the three load groups has been
analyzed with the finite element method. The numerical results have been
compared with the test results. It is found that the numerical predictions of
the deck response under the test truck are close to the test results. When
the test truck is near a mid-span of the bridge deck, the transverse tensile
stresses at the top of the deck is very small due to girder deflections. For all
three load groups considered here, the transverse tensile stresses at the top
of the deck are only 30% of the modulus of rupture of deck concrete (590
psi), and are even less than the fatigue strength of deck concrete (355 psi).
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5.2 Conclusions

From the experimental and numerical investigations of the response of a four-
span slab-girder deck subjected to truck loads, the following conclusions have
been reached.

1) A finite element model consisting of solid and 3-D beam elements is
suitable for the stress analysis of slab-girder bridge decks. The numerical
results correlate well with the test results. Hence, this numerical model can
be used to investigate the response of a bridge deck under different load
conditions.

2) From the test and numerical results, it has been found that the tensile
stresses developed at the top of the deck are much less than the modulus of
rupture of the deck concrete. They are also less than the fatigue strength
of the deck concrete. Hence, it can be concluded that traffic loads alone are
not sufficient to cause cracking at the top of the deck, since the normal truck
loads are smaller than the designated truck loads used in the field tests and
numerical analysis.

3) Results of this and prior studies indicate that top reinforcement is not
necessary, except for the longitudinal reinforcement near an abutment or a
pler. This can possibly slow down the deterioration of a deck due to the
corrosion of top reinforcement.

For further studies, it will be informative to conduct non-linear stress
anaiysis of the bridge deck, considering the cracking of concrete. Such studies
will provide a better understanding of the behavior of concrete bridge decks
under extreme traffic loads, as well as the effects of shrinkage and temperature

cracks.
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Appendix A

LOCATIONS OF STRAIN
GAGES
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The actual positions of the strain gages were measured with respect to two
reference points, which are the distance from the top of an embedded bar
to the surface of the concrete finish machine, and the distance from the top
of an embedded bar to the bottom of the form for the concrete slab. These
measurements are then converted to distances with respect to the centroidal
axis of an embedded bar. They are surnmarized in Tables A.1 through A.4.

The label of a strain gage as shown in the tables consists of four characters,
which indicates its location and orientation. The first character of a gage
label refers to the gage line number of the gage. The second character of
a gage label refers to a gage point, which is the transverse position along a
gage line. The third character of a gage label refers to the top or bottom
position in a slab, with T denoting the top and B the bottom. The fourth
character of a gage label refers to the gage orientation, with T denoting the
transverse direction and L the longitudinal direction. An "X" appending to
a label refers to an additional gage at the same location. For example, gage
2EBT refers to the strain gage located at gage point E of gage line 2, which
is oriented in the transverse direction of the bridge and is at the bottom of
the slab. The locations of gage lines and gage points are illustrated in Fig.
2.6..
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Table A.1: Positions of Top Strain Gages in the West Span

Strain Distance to Top | Distance to Bottom Deck
Gage of the Deck (in) of the Deck (in) Thickness (in)
1ATTX 1.31 6.75 8.06
1ATLX 1.38 6.38 7.76
1BTT 1.75 6.31 8.06
1CTTX 1.38 6.12 7.50
1CTL 1.25 6.63 7.88
1DTT 1.44 5.88 7.31
1ETTX 1.31 6.38 7.69
1ETLX 1.31 6.25 7.56
1FTT 1.13 6.69 7.81
1FTL 1.50 6.25 7.75
1GTT 1.31 6.31 7.62
2ATTX 1.81 6.63 8.44
2ATLX 1.31 6.63 7.94
2BTT 2.06 6.69 8.75
2CTTX 1.56 6.25 7.81
2CTL 1.81 6.63 8.44
2DTT 2.06 6.69 8.75
2ETTX 1.56 6.25 7.81
2ETLX 1.62 6.63 8.25
2FTT 1.31 6.50 7.81
2FTL 1.07 6.37 7.44
2GTT 2.12 6.44 8.56
3ATLX 1.12 6.69 7.81
3ATT 1.12 6.63 7.75
3CTT 0.87 6.44 7.31
3CTTX 1.25 5.75 7.00
3ETT 0.75 6.44 7.19
3FTT 1.25 5.88 7.13
Average 1.42 - 7.83
Std. Deviation 0.33 - 0.46
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Table A.2: Positions of Bottom Strain Gages in the West Span

Strain Distance to Top | Distance to Bottom Deck
Gage of the Deck (in) | of the Deck (in) | Thickness(in)
T | L T | L

1ABTX | 7.12 - 1.38 - 8.50
1ABLX - 6.00 - 2.19 8.19
1BBT 6.88 - 1.31 - 8.19
1DBT 6.25 - 1.13 - 7.38
1EBTX 6.31 - 1.00 - 7.31
1EBLX - 5.62 - 1.94 7.56
JAGBT 6.25 - 1.50 - 7.75
2ABTX | 7.00 - 1.19 - 8.19
2ABLX - 6.25 - 1.88 8.13
2BBT 7.13 - 1.31 - 8.44
2DBT 7.12 - 1.19 - 8.31
2EBTX | 6.50 - 1.19 - 7.69
2EBLX - 5.75 - 1.00 6.75
2GBT 7.19 - 1.31 - 8.50
3ABTX | 6.50 - 1.13 - 7.63
3ABL - 5.81 - 2.06 7.87
3EBT - | 6.00 - 1.19 - 7.19
Average - - 1.23 1.81 7.86
Deviation | - - 0.13 0.42 0.49

Note: T means transverse gages and L means longitudinal gages.
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Table A.3: Positions of Top Strain Gages in the East Span

Strain Distance to Top | Distance to Bottom Deck
Gage of the Deck (in) of the Deck (in) Thickness(in)
4ATT 1.75 5.75 7.50
4ATLX 1.88 6.44 8.32
4CTTX 1.75 6.69 8.44
4ETT 1.75 5.89 7.64
5CTTX 2.00 6.50 8.50
5CTL 1.88 6.63 8.51
5ETT 1.44 5.75 7.19
5FTT 2.06 5.88 7.94

Table A.4: Positions of Bottom Strain Gages in the East Span

Strain Distance to Top | Distance to Bottom Deck
Gage of the Deck (in) of the Deck (in) Thickness(in)
4ABTX 7.25 2.19 9.44
4ABL 6.00 1.19 7.19
4EBT 6.25 1.25 7.50
4EBL 6.13 1.43 7.56
5EBTX 6.63 1.00 7.63
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Appendix B

STRAIN GAGE READINGS
FROM FIELD TESTS
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Table B.1: Strain Gage Readings under Load Group I (us)

Strain Load Case
Gage A B Cl C2 D1 D2

1ATT 01 -31 -1.7 28 -28 28
1ABT |-46.2 -13 -0.3 -623 0.7 -66.5
1BBT | 20.6 6.2 14 280 78 315
1CTT |-132 7.7 83 -200 5.6 -17.5
1DTT |-183 -7.0 6.6 -3.1 -6.8 -25
IETT 31.6 326 13.7 0.2 283 -0.1
1EBT | -76.7 -72.8 -79 9.2 -69.0 83
IEBTX | -76.6 -72.9 -73 9.3 -68.2 83
IFTT |-10.0 -154 -11.2 -1.8 -94 -0.5
1GTT | -46 148 -86 -1.5 -48 -0.7
1GBT 6.8 -30.8 4.7 1.5 4.8 1.0
1ABL -0.2 00 -01 -02 -01 -04
1CTL -1 62 -28 13 -55 1.6
1ETL 243 125 172 1.0 209 0.1
1EBL -9 215 35 1.8 117 09
1FTL 59 185 173 -0.9 144 0.0
2CTT -09 -51 -23 09 -43 05
2EBT |-11.1 -44 -125 -1.8 -9.1 -0.3
2ABL -03 24 13 -03 18 -20
2EBL -1.7 101 -45 11 83 13
3CTT -7.9 -129 -99 -3.6 -12.5 -28
3EBT -1.1 33 -0.7 -04 18 -04
3ABL -53 -69 61 -3.1 -6.8 -3.0

Note: The labeling of strain gages is explained in Appendix A. The load
cases are illustrated in Figures 2.3 to 2.5. The negative strain readings refer
to tensile strains, and the positive strain readings refer to compressive strains.
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Table B.2: Strain Gage Readings under Load Group 2 (us)

Strain Load Case
Gage A B1 B2 C1 C2 D E
1CTT 9.0 12.4 -3.1 10.2 2.2 10.8 3.6
1EBT -1.0 -5.6 3.0 -7.8 1.8 -1.2 1.3
1EBL -1.5 -9.1 -6.6 -8.7 -8.9 -6.6  -0.1
2ATTX | -8.9 22.8 20.4 -6.6 52.3 51.9 -8.8
2ABTX | 17.3 -59.2 -46.7 43 -117.9 -117.0 19.8
2BTT -7.6 245 -88 -4.1 3.1 9.4 -10.2
2CTT -4.1 -39 52 -6.8 -3.8 -5.5 -3.5
2DBT 15.0 -15.7 -1.3 -7.2  -12.0 -50.7 14.5
| 2ETT 24.4 53.9 -6.0 44.3 -1.9 20.3 -5.2
2ETTX | 23.4 52.6 -6.3 43.1 -2.3 194 49
2EBT -66.2 -173.8 11.0 -1421 -3.2 -823 5.3
2EBTX | -62.6 -160.8 9.4 -131.2 -3.9 -754 49
2FTT -8.0 -10.0 -6.8 4.8 74 -13.0 -1.4
2GBT |-176.2 5.8 21.0 -68.7 21.8 15.3 -93.3
2ATL 22.9 36.7 36.0 20.1 48.3 61.8 15.5
2ABL 0.0 0.0 -0.3 0.4 -0.3 -1.0 0.4
2CTL 26.1 41.9 28.6 23.2 36.5 38.4 18.3
2ETL 35.3 33.7 18.2  35.7 227  31.3 21.8
2EBL 21.0 22.6 13.7 14.3 14.3 20.3 234
2FTL 51.7 39.1  17.1  44.7 21.9 28.1 334
3CTT -4.4 -84 -54 -85 -7.5 9.3 -39
3EBT -9.1 -144 80 -17.3 4.9 -10.3 4.2
3ABL -2.1 -8.0 -101 -6.3 -11.5 -104 -0.2
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Table B.3: Strain Gage Readings under Load Group 3 (us)

Strain Load Case
Gage A B C1 C2 D1 D2

1EBT 04 00 -12 -21 03 -0.5
1EBL 2.0 14 1.8 -02 1.7 11
2CTT 2.7 1.7 23 0.0 26 03
2EBT |-12.0 -11.8 -13.5 -6.1 -13.9 -2.3
2ABL 00 01 03 00 -03 05
2EBL 1.7 -22 37 -04 11 1.9
3ATT 533 -38 -3.5 36.8 -6.2 480
3ABTX | -54.9 6.1 71 -29.4 81 -43.1
3CTT |-192 -36 -14 -62 -6.7 -10.9
3CTTX | -176 -40 -1.5 -48 -72 -9.1
3ETT 36.0 51.1 248 -3.2 420 -17
3EBT |-66.3 -72.9 -33.0 16.4 -73.4 173
SFTT -3.8 -18.7 3.6 1.2 71 27
3ATL 109 -05 -09 89 -02 -1.0
3ABL |-10.7 -09 04 23 0.1 15.2

61



Table B.4: Strain Gage Readings under Load Group 4 (gs)

Strain Load Case

Gage A Bl B2 C ¢ D E

4CTTX | -27  -15 -56 -16 -52 0.2 -50
4ETT 28.2 46,5 -7.1 401 -43 253 -45
4EBT |-78.1 -133.2 113 -1186 1.2 -79.8 0.7
4ABL 127 241 248 172 302 221 9.0
4EBL 182 183 184 136 21.9 17.0 16.8
S5CTTX | -4.4 3.1 85 -29 93 7.7 -75
5ETT 5.8 9.8 1.1 8.5 3.1 84 -21
S5EBTX | 51 -20 33 -39 36 -13 -46
SFTT 84 141 47 112 59 128 -0.6
5CTL -2 -78 -62 -33 -81 -6.6 0.7

Table B.5: Strain Gage Readings under Load Group 5 (us)

Strain Load Case
Gage A B Ci C2 D1 D2

4CTTX | 0.9 0.8 1.0 09 03 -0.2
4ETT 24 32 35 08 3.0 0.0
4EBT 62 -52 -93 -38 -6.5 -2.7
4ABL 25 3.1 1.7 1.0 33 1.7
4EBL 2.3 2.1 1.0 07 23 13
5CTTX | -138 -6.7 -94 00 -12.0 -1.5]
S5ETT 39.6 26.5 194 12 323 -0.5
SEBTX | -30.2 -15.2 -143 1.9 -24.7 26
SFTT -3.5 -156.7 -21 35 -103 2.4
5CTL 6.4 1.7 51 100 27 8.0
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Appendix C

COMPARISON OF TEST
AND NUMERICAL
RESULTS FOR LOAD
GROUP 1
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Figure G.3: Normal Stress in Transverse Direction along Gage Line 5,
(Case 5C1)
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Figure G.4: Normal Stress in Transverse Direction along Gage Line 5,
(Case 5C2)
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Figure G.5: Normal Stress in Transverse Direction along Gage Line 5,
(Case 5D1)
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Figure G.6: Normal Stress in Transverse Direction along Gage Line 5,
(Case 5D2)
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