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Abstract

Zero-skew bridge deck behavior

at expansion joints

Jeremy Lee Ryan, M.S.E.

The University of Texas at Austin, 2003

Supervisors: Oguzhan Bayrak and James O. Jirsa

The TxDOT IBTS detail is a standard design for the slab end of bridge
decks, which is commonly used at expansion joints. The IBTS detail creates a
four-foot wide edge beam by increasing the section depth and reducing the
spacing of the reinforcing steel. This detail has performed satisfactorily in the
field; however, its origin as well as ultimate capacity is unknown. In addition,
there is little previous research testing the edge of bridge decks.

For this reason, a zero-skew, full-scale bridge deck test specimen was
constructed and loaded with AASHTO design loadings. This rectangular deck
will simplify data analysis as well as providing a baseline for comparison to
future, skewed test specimens. An un-thickened slab end detail, named the

Uniform Thickness Slab End (UTSE) detail, was also tested with the aim of
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increasing construction economy. The final specimen was a three-span, 18-foot
by 32-foot composite bridge deck on steel girders. It contained four test areas and
two variables, the deck span (eight and 10-foot) and the slab end detail (IBTS and
UTSE). Influence lines were used to determine the critical loading locations to
maximize positive and negative moment in the bridge deck. The tandem and
truck loading configurations, given in the AASHTO LRFD Bridge Design
Specification, were applied at the HS-20 and HS-25 design load levels. Then,
typical design overloads of 20%, 75% and 200% were applied, and finally, the
bridge deck was loaded to failure.

The failure mechanism for all tests was punching shear at the edge tire,
although, after punching, significant reserve strength remained. The punching
shear prediction given by AASHTO LRFD is unconservative for the edge tests
performed on this test specimen. However, when the effect of unbalanced
moment is included in the ACI 318-02 provisions, conservative and accurate
predictions result.

At service load levels and overloads, when spanning eight-feet, the IBTS
and UTSE details performed well as far as crack propagation, relative deflections,
and strain magnitudes. The IBTS and UTSE details were un-cracked up to the
200% overload, when spanning eight-feet. However, when spanning 10-feet, both
details cracked near the design load level. The UTSE detail was more flexible
than the IBTS and had a lower punching capacity due to its smaller section depth.
The reserve strength measured in the four test areas on this bridge deck test

specimen ranged from 6.1 to 4.9 times the HS-25 design load.
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CHAPTER 1

Introduction

1.1 BACKGROUND

The IBTS detail (Figure 1-1 through Figure 1-3) is a standard design for
the slab end of a bridge deck and is commonly used at expansion joints. The
Texas Department of Transportation (TxDOT) uses its IBTS detail in the majority
of the bridge decks they build. The origin of the detail is not well known,
however, it has performed adequately in the field. TxDOT recently increased the
required design loading for their bridge decks by 25%. This is partly due to the
implementation of the North American Free Trade Agreement (NAFTA) on
January 1, 1994. NAFTA increased trade with Mexico, which substantially
increased truck traffic on the interstate highways in Texas. Another cause of the
design load increase is that trucks are often operated at loads beyond the legal
limit, as it is difficult to enforce the load restrictions. This has prompted the need
to know the behavior of the IBTS detail at service load and overload conditions as
well as its capacity.

In this research, the behavior of the free edge of bridge decks, typically
occurring at expansion joints is examined. This is a complicated location because
the deck acts as a two-way slab and is affected by torsional moments due to the
free edge. An area in the middle of a typical deck has continuity on all sides to
distribute loads in two directions. The loads applied on a typical free edge are
transferred to supporting girders in a somewhat more complicated manner. In
addition, the dynamic loads from truck tires pounding the expansion joint of the

deck impose increased stresses on the free edge.
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Figure 1-3: IBTS cross-section

Previous bridge deck research has focused on testing the interior of the
deck as opposed to the free edge. However, the edge of the bridge deck is a
critical location because it is not surrounded on all sides by concrete. The IBTS
detail is two inches thicker and has a closer spacing of reinforcement than the
typical deck in order to withstand the applied loads. The previous research (loads
applied on the interior of the bridge deck) has found that the ultimate capacity of a
bridge deck is often several times the service load level they are designed for
(Youn and Chang, 2). The significant over-strength of bridge decks has been
attributed to arching action (compressive membrane action), occurring due to
lateral restraint created by the surrounding deck and girders. However, due to the
lack of research on the edge of bridge decks, arching action has not been verified
at this location.

Due to the size, and therefore, cost of constructing a full-scale bridge deck
as a test specimen, most previous research has been on scale models. In order to
test the IBTS detail as it exists in the field, a full-scale specimen was necessary.
Therefore, the effects of scaling the test specimen will not be a factor.

The IBTS detail is not easy to construct, as the thickening of the edge
requires additional formwork. If the increase in load capacity caused by arching
action occurs at the free edge of the bridge deck, the thickened edge may be
unnecessary for strength requirements. An alternate, possibly more economical

detail was tested on one edge of the specimen, which is not thickened, but has a
4



similar capacity to the IBTS detail. Named the Uniform Thickness Slab End
(UTSE) detail, it has been instrumented and tested in the same manner as the
IBTS detail. Its behavior has been compared and contrasted with the IBTS detail.
Serviceability (cracking, deflections, etc.) issues could be significant with an un-
thickened edge detail. Significant cracking under increased loading may cause
increased deflections and increase the possibility of corrosion of the reinforcing
steel where deicing agents are used or the deck is exposed to the sea.

In the experimental program carried out during this research project, the
IBTS detail was subjected to design loads as well as typical overloads to
determine its serviceability performance. The specimen was then taken to failure
to determine its ultimate capacity and failure mechanism. Performance of the
bridge deck was evaluated using extensive instrumentation applied to the test
specimen. Strain, deflection and load measurements were recorded through out
testing. In addition, crack maps were created to show the extent of cracking at
service loads as well as yield lines at failure.

In this thesis, the behavior of the edge of zero degree skew bridge decks
was studied. Understanding the behavior of zero degree skew bridge decks at
expansion joints provides a reference for interpreting the behavior of skewed
bridge deck end details. Effects of skew on bridge deck behavior will be

examined in subsequent tests of this ongoing research project.

1.2 OBJECTIVES AND SCOPE

The objectives of the overall research project are:
* To understand and explain the behavior of slab ends at expansion
joints with special emphasis on skew ends.

* To determine the performance of the IBTS detail when loaded with

design loads (HS-20 and HS-25) and typical overloads.



* To determine the ultimate capacity and failure mechanism of the
IBTS detail.

* To test an alternate edge detail and compare the behavior with the
IBTS detail

* To develop guidelines for TxXDOT engineers to follow in designing
bridge decks if current practice is shown to be inadequate.

* To present the results of the full scale bridge deck tests in order to
allow comparisons with finite element model results.

Since this research project is ongoing, the scope of this thesis is limited
and includes the load testing of four distinct areas of a full-scale bridge deck
specimen. This bridge deck’s edges were zero-skew to create a baseline for
comparisons with future tests of skewed decks. The IBTS detail and an
alternative edge detail were tested with the aim of increasing economy in bridge
deck construction. Two girder spacings were tested since the deck span of

bridges in the field varies widely.

1.3 IBTS DETAIL

The IBTS edge detail is used in the majority of TxDOT designed bridge
decks (Figure 1-1 through Figure 1-3). This detail creates an edge beam in the
bridge deck by increasing the depth of the section by two-inches and increasing
the percentage of flexural reinforcement. The edge beam is four-feet wide and is
discontinued in the overhangs. The increase in section depth is formed by
lowering the bottom reinforcement, essentially keeping the same top and bottom

cover as in the interior of the deck.



1.4 SITE VISITS

To simulate as-built conditions, two site visits were made prior to building
the specimen. The first bridge was located on IH-35 in San Marcos, TX,
spanning the San Marcos River. The second site visit was an overpass on
Highway 290, crossing over Highway 183. The IBTS detail is rather complicated
so witnessing a contractor experienced with construction was helpful.

Typical of most TxDOT bridge construction, prestressed panels were used
as stay-in-place formwork in the interior of the deck, up to the IBTS detail.
Bridge decks are typically supported on prestressed concrete girders. Figure 1-4

shows the top of a girder with shear stirrups extending into the deck.

TxDOT IBTS
Detail
Stay-in-place precas
§ prestressed panels SRS

Figure 1-4: Prestressed panels and shear stirrups



Armored joint reinforcements were cast into the top edge of the decks at
the expansion joints (Figure 1-5). They protect the edge of the expansion joint
from deterioration if there is a differential displacement at the joint, causing a

bump.

Direction of
Traffic

Armored joint
reinforcement

Figure 1-5: IBTS detail prior to concrete placement

The concrete was placed using a concrete pump with a boom that reached
across the deck and vibrated to eliminate voids. A movable screed riding on
temporary rails was used to finish the fresh concrete (Figure 1-6). Finally,
construction workers bull floated the deck for a final finish. The process was

continuous, allowing long lengths of deck to be placed efficiently.



Figure 1-6: Placing of concrete in the field



CHAPTER 2
Background Bridge Deck Research

2.1 INTRODUCTION

A literature review was performed to gain knowledge on the history and
the current state-of-practice of bridge deck research. In addition, the literature
review was carried out to determine if similar research has already been
conducted. The research described in this thesis is then compared and contrasted

with other researcher’s work.

2.2 DETECTION OF ARCHING ACTION

In the 1950’s, most research was focused on building slabs as opposed to
deck slabs. Ockleston (3) tested the floor slabs of a three-story reinforced
concrete building in South Africa to failure. The failure loads recorded were
much higher than predicted by flexural theory. He later (4) determined the
increase was due to compressive membrane action.

Also referred to as arching action, compressive membrane action is an in-
plane force generated after cracking of laterally restrained slabs. Once cracking
occurs, a compression field emanating from the load point spreads to the supports
(Figure 2-1). Equilibrium is created by a tension hoop formed around the
compression field as well as tension ties along the bottom of the slab (Graddy et
al., 5). The bottom reinforcement serves as a tension tie. The amount of arching
action generated depends on a number of factors including lateral restraint of the
supports, material properties and slab thickness. Full lateral restraint of the

supports is not necessary to develop in-plane forces, as continuous deck slabs on

10



Figure 2-1: Arching action

girders can exhibit arching action. However, the deck’s thickness must be
sufficient to create the arching behavior.

Other researchers such as Liebenberg (6), Park and Gamble (7), and
Christiansen (8) detected the increased capacity in building slabs due to arching

action during research performed in the 1950°s and 1960°s.

2.3 BRIDGE DECK TESTS

Before long, the previous researchers’ findings started to be applied to
bridge decks. Batchelor and Hewitt (9) tested many scale models of bridge decks
and published a number of papers on this subject. They found that bridge decks
were significantly over-designed for service loads due to arching action increasing
bridge deck capacity by as much as six times the design loading. Decks without
reinforcement were able to carry more than twice the design load. In a paper
published in the ACI Journal in 1976 (10), they recommended the use of 0.2%
isotropic reinforcement per mat in a seven-inch deep deck. This amount was
chosen because it satisfied the 11" edition of the AASHTO Standard
Specification (11) requirements for temperature and shrinkage reinforcement.
Batchelor and Hewitt found that this resulted in a decrease in reinforcement by as
much as 66% compared to the code’s requirements for strength. Based partly on

11



Batchelor and Hewitt’s work at Queen’s University in Kingston, Ontario, the
Ontario Bridge Design Code (12) was published in 1979 and recommended 0.3%
isotropic reinforcement in two mats.

Beal (13) tested two full-scale bridge decks, detailed in accordance with
the Ontario Bridge Design Code, which had ultimate capacities of more than six
times the design loading. However, the decks failed in punching shear, which is
non-ductile. Punching as the primary failure mechanism has been verified by

recent research for typical deck configurations.

2.4 RECENT RESEARCH, 1985 — PRESENT

In recent years, numerous bridge deck specimens have been tested. Azad
et al. (14) constructed 12 bridge deck specimens with varying reinforcement
percentages. The approximately 1/3-scale specimens had a 2.7in thick deck and a
28in deck span. The test specimens consisted of a two-span deck on three girders
with shear studs spaced at 8in O.C. connecting them. A single load was applied
monotonically at midspan of the deck both longitudinally and transversely within
the span.

This research tested the effect of reinforcement percentage and load plate
size on bridge deck performance. Azad et al. (14) compared the failure loads of
their specimens to the ACI punching equation as well as some advanced analysis
techniques, such as finite element modeling, which yielded more precise failure
load predictions. They concluded that the ACI punching equation was very
conservative and presented a variation, which increased the formula’s accuracy
for their test specimens.

Fang (15) constructed and tested a 20ft by 50ft, full-scale composite
bridge specimen at the University of Texas at Austin. The deck contained two

seven-foot spans and two 3.25ft overhangs (measured from girder centerlines).

12



Half the bridge deck was constructed using four-inch thick prestressed concrete
panels with four-inches of cast-in-place topping while the other half was eight-
inch thick, cast-in-place concrete. The load application protocol consisted of an
initial static load of 60kips per tire (an overload of approximately three times the
design loading) on an eight-inch by 20-inch steel plate. Then, various fatigue
loadings were applied with static tests interspersed at intervals of approximately
one million load cycles. The HS-20 truck loading configuration was used to test
the specimens at locations in the interior of the bridge deck.

This research was undertaken to assess the behavior of a full-scale bridge
deck, detailed using the Ontario Bridge Design Code (12) provisions, under
AASHTO design loading configurations. Fang (15) determined that bridge decks
with 0.3% isotropic reinforcement in two mats, a design prescribed in the Ontario
Bridge Design Code, perform satisfactorily under monotonic design loads and
overloads as well as fatigue loadings. The bridge deck was not loaded to failure,
and therefore, compressive membrane action, ultimate capacity and the failure
mechanism of the bridge deck were not researched or discussed. However,
compressive membrane action was found to affect the bridge deck capacity after
cracking occurred. Fang’s PhD research, discussed above, is summarized in Fang
et al. (16).

Fang continued to research bridge deck behavior at the National Cheng
Kung University in Taiwan, China. Fang, Lee and Chen (17) monotonically
loaded 18 reinforced slab test specimens with varying geometries and material
properties. The specimens contained a deck slab spanning 39.4-inches between
two edge beams, which were tied down in order to the floor to create partial
lateral restraint. Research variables included slab thickness (4.5in and 3.0in),
steel yield strength (45ksi and 68ksi), concrete compressive strength and

reinforcement ratio. All specimens failed in flexural punching shear with the
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concrete strength and slab thickness primarily controlling the ultimate capacities.
Fang, Lee and Chen (17) recommended further reasearch on compressive
membrane action in bridge decks.

Graddy et al. (5) tested 12 full-scale, simply supported specimens, which
represent a piece of deck slab in the interior of the bridge. Most of the specimens
were fatigue loaded, however, two were statically loaded at their geometric center
with a 14in by 24in loading footprint. Graddy et al. (5) determined that the
punching shear capacity at the interior of bridge decks is significantly higher than
that predicted by the ACI equations. In addition, even though the test specimens
were simply supported on the test frame, arching action was evident.

Youn and Chang (1) tested five, 1/3-scale composite bridge specimens in
order to determine the effect of load location on bridge deck performance. The
specimens consisted of a 2.4in thick deck cast on steel girders, with shear studs to
provide composite action. The bridge specimens had a single 27.6in deck span
with 7.9in overhangs on either side. Both monotonic and fatigue loads were
applied to the test specimens.

Although the main variable in this research was loading location, the
specimens were not tested near their edges. The five specimens all failed in
punching shear. Youn and Chang (1) compared the ultimate capacity of the test
specimens to the prediction from the ACI punching equation. The researchers
found that the ACI equation was conservative compared to the test results.

Fiber-reinforced bridge decks were studied by Mufti and Newhook (18).
Three 1/2-scale bridge deck specimens were tested to determine their ultimate
capacity. The bridge decks contained no steel reinforcing, however, the concrete
contains polypropylene fibers in order to reduce plastic shrinkage cracking. Mufti
and Newhook (18) developed a model to predict punching shear capacity of the

test specimens. In addition, they compared the punching shear model to results
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reported by other researchers, including Fang (15), and obtained reasonably
accurate ultimate load predictions.

In recent years, with the advent of the personal computer, detailed analysis
methods such as finite element models and truss models have come into being.
Researchers have begun applying these analysis methods to bridge decks. Most
of the papers discussed herein contain an analysis method that agrees with test
data.

Attempts to accurately model the punching shear failure mechanism as a
snap-through instability have been made by Petrou and Perdikaris (19). They
modeled the concrete compression struts, formed due to the application of a
concentrated load, as truss elements in a two-dimensional, shallow arch. Stiff
springs representing the reinforcing steel were used to model the horizontal
support of the arch. The analysis method yielded results that were reasonable
when compared to the ultimate capacity of monotonically loaded decks.

Previous researchers have subjected bridge deck specimens to static
loading to determine ultimate capacity as well as fatigue loading to determine the
effect of repeated loads on bridge deck performance. Variables tested in the
research discussed above include load plate size and location, material properties,
reinforcing ratio and lateral restraint. All of these researchers identified arching

action in their specimens; however, its effect on capacity is still not understood.

2.5 RESEARCH SIGNIFICANCE

Although there have been a significant number of scale model
experiments, few full-scale bridges have been tested. The effects of scaling can
be complicated for shear-related effects. Full-scale tests must be performed to

determine whether the scale models accurately represent real bridge decks.
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The majority of research on punching shear in bridge decks has focused on
interior locations of the deck. The effect of loads applied at the edge of the deck
has not been researched thoroughly. This is a critical location because the free
edge cannot be assisted in carrying the load by surrounding concrete. There is a
smaller shear perimeter and the load is carried similar to a beam, in one-way
action; as opposed to the interior of the deck, which has two-way action.

None of the previous research has tested the TxDOT IBTS detail. With
the increased truck traffic and loads on Texas bridges, the capacity of the detail is
of interest. Additionally, no alternative edge beam details, where strength
increase is achieved through an increased percentage of steel as opposed to an

increased thickness, have been tested as of yet.
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CHAPTER 3

Design of Test Specimen

3.1 INTRODUCTION

The test specimen was designed to accurately represent the edge
conditions of a typical bridge deck. The selection of the overall dimensions of the
test specimen was of prime concern. The transverse dimension was based on both
the number and length of the spans between girders required to reflect continuity
in typical bridges. The length of the bridge between the edge to be tested had to
be sufficient to prevent interaction between test areas when the edges were
loaded. Laboratory space limitations were also taken into account when deciding
how large to make the deck. SAP 2000 was used to analyze the effect of these
variables such that a realistically sized specimen could be designed and built. The
effect of the girder type on bridge deck behavior and the shear connection

between the deck and the girders were investigated.

3.2 TEST MODEL

An objective of this research is to evaluate the performance of the TxDOT
IBTS detail under service load conditions (HS-20 and HS-25), under overload
conditions (1.2xHS-25, 1.75xHS-25 and 3xHS-25), and at ultimate capacity. To
realistically model actual bridge decks at expansion joints, it was decided to build
a full-scale specimen.

The thickness of the typical TxDOT bridge deck (eight-inch) and the IBTS
detail (10inch) were maintained. Rebar sizes and quantities used in design and
construction were not altered. In addition, realistic girder spacings had to be

determined from TxDOT designers and the TxDOT Bridge Design Manual (20).
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However, the length of the specimen as well as the number of girders needed to
be decided, such that the experimental results would reflect reality with very little

or no influence from dimensioning considerations.

3.3 SPAN
The TxDOT Bridge Standards website

(http://www.dot.state.tx.us/business/standardplanfiles.htm) contains information
on typical spans used in the field. Hence, the information contained in this
website was analyzed carefully. In the following two sections, common TxDOT
bridge designs as well as SAP 2000 analysis were used to determine the test

specimen’s final dimension are briefly discussed.

3.3.1 Transverse

Transverse refers to the direction perpendicular to the vehicle traffic on an
actual bridge; therefore, transverse indicates the direction that the deck spans.
The decision on the transverse dimension of the specimen was also based on the
amount of space available in the laboratory. In the future, skewed specimens will
be constructed, which require significantly more space than a zero-skew deck.
Since comparisons must be made between the specimens, a design that could be

imitated for skew decks was essential.

3.3.1.1 Transverse Span Lengths

TxDOT plans were studied to determine typical spans to use in the test
specimen. Common spans range between 6.67 feet and 8.67 feet as shown in
Table 3-1, with 8 feet being the most common. Information obtained from the
project director and TxDOT designers showed that deck spans may reach upwards
of 10 feet due to curved girder layouts in some extreme cases. In addition, when

the deck edge is skewed, the transverse span increases, which can have a large
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Table 3-1: Typical TxDOT bridge designs

Roadway
24 ft 28 ft 30 ft 38 ft 44 ft
Width
Number
‘ 4 4 4 5 6
of girders
Girder
6.67 ft 8 ft 8.67 ft 8.5 ft 8 ft
spacing

effect when skew angles as high as 60" are used in special bridge configurations.
Figure 3-1 shows graphically that a 60" skew doubles the span. It was decided to
test both an eight-foot and a 10-foot span, spans typically used in the field. The
incorporation of two different spans allows comparison of the behavior of the

IBTS detail for different girder spacings with other parameters held constant.

Figure 3-1: Effect of 60° skew on span length

3.3.1.2 Number of Spans

The TxDOT plans were again reviewed to determine common girder
layouts (Table 3-1). The maximum number of girders used is six (five deck

spans), which would not be feasible to build in the laboratory due to size
19




constraints. Therefore, models of the four and five-girder bridges in Table 3-1 as
well as two, three-girder bridges were created in SAP 2000 to determine the
minimum number of transverse spans necessary to accurately model a bridge
deck. The SAP 2000 models shown in Figure 3-2 are cross-sections of the bridge
deck, transverse to the direction of traffic. Frame elements were used to model
the bridge deck since in-plane effects are not of concern for this analysis. While
the roller supports used in the SAP 2000 model for the supporting girders do not
imitate the conditions in an actual bridge deck, the moments generated can be
compared. The span lengths of all the models were kept the same. Figure 3-3 is a
plot of the models’ respective moment diagrams.

Referring to Figure 3-3, the load was applied at midspan between girders
A and B. All the models are lined up in relation to the edge of the overhang,
x=0ft. A model of the 6-girder bridge is not shown because the results are very
similar to those obtained from the 5-girder bridge, Model #2.

Models #2 and #3 are actual girder layouts used by TxDOT and the other
models were compared with them. As can be observed in Figure 3-3, Model #4
does not provide a realistic estimation for moment at point C since a typical
bridge that may have four or more girders would have a negative moment
developing at this location when a concentrated load is applied in the first span.

Model #1 was included to alleviate the deficiency of moment in Model #4
at point C. However, it creates too large a moment at that location due to the
rotational restraint imposed by the fixed support. In addition, it is difficult and
costly to create a fully-fixed support. Model #3 matches Model #2 between
points A and C almost exactly. The moment at all other locations along the deck

1s not critical.
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Figure 3-2: Models used to determine number of transverse spans

Since both Models #2 and #3 reflect the behavior of actual bridge
configurations, Model #3 is preferable in order to reduce the size and cost of the
specimen. Another benefit to using the 3-span model is that two tests can be
performed at each edge of the test specimen. Tests can be conducted in the first
span and then the third span. The second span should remain relatively

undamaged because the moments are low in this region.
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3.3.2 Longitudinal Dimension of the Test Model

Since tests are conducted on the edges of the specimen, the critical
decision for longitudinal span involves providing enough separation between the
two edges of a laboratory deck model to avoid damaging the unloaded side. In
other words, containing the damage associated with one test within that zone and
leaving the rest of the deck undamaged for other tests. As the IBTS detail is
stiffer than the rest of the deck, it would be expected to carry most of the applied
load along the edge of the deck.

To determine the critical length, a finite element model of a bridge 25 feet
long was created, assuming this was an upper limit on the area available in the lab
(Figure 3-4). Loads were applied (at midspan of both the eight-foot and 10-foot
spans) at the edge of the deck and four feet from the edge. The four foot wide
IBTS detail was modeled with 10in thick shell elements whereas the rest of the
model had eight-inch shell elements. Then, the transverse moment across a
section through the load points in the eight-foot and 10-foot span load points was
plotted. Figure 3-5 shows that the moment drops drastically after the four foot
thickened edge. At nine feet into the deck, the moment is less than ten percent of
the maximum moment value at the edge. Therefore, an 18-foot long bridge
should allow testing of each edge without significantly affecting the other edge.

In addition to the FEM results, the AASHTO LRFD code recommended
design strip widths were studied. Section 4.6.2.1.4c contains a method to
determine an equivalent edge strip that would contribute in carrying the loads
applied at the edge. This method is a simplified design procedure, reducing the
deck to a wide beam. AASHTO LRFD does not suggest that beyond the
contributing strip, there is no effect from the loading; however, it does state that

most of the load should remain in the design strip. Two different equations are
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Figure 3-4: SAP 2000 finite element model
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Figure 3-5: Spread of moment longitudinally into the specimen

given for the positive (+M) and negative (-M) moment section. Table 3-2 shows
the resulting strip widths and the amount of moment the strip contains based on
the SAP 2000 analysis shown in Figure 3-5. The 18-foot test specimen should be

sufficient to separate the test areas.
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Table 3-2: AASHTO LRFD equivalent strip formulas and comparison to

alternatives
8ft S 101t S
Location] *AAHSTO LRFD — P —
in strip Equation Equation ‘ from | Equation . from
result | Figure 3-5| result |Figure 3-5
1
| et Pores s G | g7 70in 79%
1
_ *
M W+ 48 +375] 60in 75% 63in 74%

*Wg =girder height (inches), S= Girder spacing (feet)
** Percentage of moment contained in strip width defined by the equation.

3.4 ZERO SKEW BRIDGE DECK

An objective of this research is to determine the effect of skew on bridge
deck behavior at expansion joints. However, the behavior of bridge decks at
expansion joints with zero degree skew needs to be clearly understood in order to
evaluate the effect of skew on deck behavior. In addition, a zero degree skew
bridge acts as a baseline for comparison with future skewed decks. Further, no
experimental data on zero degree skew deck end details is available in the
literature. For these reasons, it was decided that the first specimen built for this
research would be a zero degree skew bridge deck at both edges. Subsequent

bridge decks, not covered in this thesis, will be skewed at various angles.

3.5 ALTERNATIVE DETAIL FOR BRIDGE DECKS AT EXPANSION JOINTS

In the interest of maximizing the information gathered from this specimen,
an alternative detail was designed for the edge opposite the IBTS detail. The
IBTS detail may not be easy to construct because of the additional formwork
required for the two-inch drop down. Four-inch thick prestressed panels, topped
with four inches of cast-in-place concrete are often used in lieu of constructing

formwork for the length of the bridge. However, the panels must be stopped at
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the IBTS edge detail, requiring formwork, to allow the thickening of the edge.
An eight-inch deep edge detail would be expected to improve construction
economy.

The alternative section, named the Uniform Thickness Slab End (UTSE)
detail, contains the same size rebar as the interior of the bridge and the IBTS
detail in order to simplify construction. The quantity of bars in the alternative
detail is increased to 24 as opposed to 16 in the IBTS detail (Figure 3-6). Even
though the UTSE detail is only eight inches deep, it has a slightly higher flexural
capacity than the IBTS detail. Figure 3-7 shows the moment curvature behavior
of the two details. Figure 3-8 uses the same analysis as Figure 3-7, however, it
focuses on cracking and yielding of the sections. The UTSE detail has a lower
stiffness, both before and after cracking due to the reduced section depth. The
reinforcing steel in the UTSE detail yields at an 11% and 6% higher moment than
the IBTS detail in positive bending and negative bending, respectively.

(12)#5, T&B
23in% /
, y o[ Y SN =S SN WY SN SN S S— S— S—" -
8in| 4.1in =
e I ¢ ¢ ¢ ® ® ® ¢ [ I ¢ |
< 4 feet

Figure 3-6: UTSE detail

3.6 PRESTRESSED PANELS

Prestressed panels are typically used in the field because of the reduced
amount of forming required. For this test specimen, it was decided not to use
prestressed panels because they are not used in the thickened edges in the field
and it was expected that they would have little effect on the behavior of decks at

expansion joints. In the specimen tested, in the first phase of the ongoing
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experimental program, two main variables, the span length (eight foot vs. 10-foot)

and the slab end detail (IBTS vs. UTSE) were considered.

3.7 GIRDERS

Bridges in Texas typically are built using precast, prestressed concrete
girders. However, for this experimental work, they were not feasible as they were
expensive, difficult to transport and not reusable. Since the girders will have very
little effect on the behavior of the deck along the edge it was decided to use steel
girders (W24 X 104) in the experimental program, as they could be reused for the

different tests anticipated for the planned research.
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3.7.1 Shear Studs

In order to obtain full composite action between the deck and the girders,
as in an actual concrete girder bridge, shear studs were fabricated using double
nutted bolts (Figure 3-9). This allows the girders to be reused by removing the
bottom nut and lifting the slab off the girders. This shear stud detail proved to be
a very efficient method to produce composite action. Figure 3-10 shows the
actual method for creating composite action used by TxDOT as well as the
equivalent design used in the test specimen. The shear stud diameter and spacing
was designed to match the cross-sectional area of the rebar stirrups that are used

with precast, prestressed girders (Table 3-3).

Figure 3-9: Shear stud detail
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Figure 3-10: Composite shear reinforcement

Table 3-3: Comparison of composite shear reinforcement

Shear connection

Area of composite reinforcement (per 4ft)

Girder type
method IBTS Detail Typical Deck
Prestressed CIP #4 rebar, 5 5
4in 0.6in
Concrete hoops
CIP 3/40 bolts, ) 5
Steel 4.4in 0.591n

two rows

3.8 SUMMARY
The final dimensions of the test specimen were 18 feet (longitudinally) by

32 feet (transversely) and contained four test areas (Figure 3-11). It had three

30




transverse spans, two at eight-feet and one at 10-feet, and overhangs on both
longitudinal sides.

The IBTS detail (Figure 1-3) was used for the two test areas on the south
side of the bridge deck, while the UTSE detail (Figure 3-6) was used for the
north edge. The entire deck was cast-in-place as opposed to using the four-inch
thick prestressed panels and a four-inch topping. This was done to simplify
comparisons between test areas on this specimen as well as other skewed deck
specimens by eliminating a variable from the research. The supporting girders
were steel wide-flange beams with two rows of temporary shear studs used for

creating composite action with the bridge deck.

5 32 ft al
| ' ' ' 7
| Northwest Test Northeast Test ‘ } UTSE
| UTSE Detail UTSE Detail edge
I 10ft Span 8ft Span
I : :
: E——
| o
T | | | | =
N [ | | |
I Southwest Test Southeast Test
AU LARLr IBTS Detail IBTS Detail .
—I[ 10ft Span 8ft Span } IBTS
| . . , v ) edge
>l > >l >
3 ft 10 ft 8 ft 8 ft 3ft

Figure 3-11: Test areas and variables
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CHAPTER 4

Experimental Program

4.1 INTRODUCTION

Construction began once the final dimensions and the girder arrangement
for the test specimen were determined. This chapter describes the construction of
the test specimen and the load frame. The design vehicles and load magnitudes
given in the TxDOT Bridge Design Manual (20) and AASHTO LRFD (1) are
discussed as they apply to this research project. In addition, the method used to
determine the transverse load locations in order to maximize moments induced in
the section is described in section 4.3.2.

Instrumentation type and location is illustrated as well as the material
testing performed to determine the actual material properties of the test specimen.
Finally, the steps followed in applying the three vehicle configurations in the two

loading locations are explained.

4.2 CONSTRUCTION OF TEST SPECIMEN

It was necessary to elevate the bridge deck in order to inspect the bottom
of the specimen for cracking during load tests. Four-foot tall by two-foot
diameter concrete columns were cast to support the girders. The girders had to be
specially fabricated to permit the IBTS detail’s two-inch deep thickened edge. A
four-foot length of the top flange was cut off, and then a two-inch deep piece of
web was removed. Lastly, the top flange was reconnected to the girder with a
full-penetration weld (Figure 4-1). Full-depth web stiffeners were welded at the
centerline of the supports and the top flange was punched to fit the shear studs.
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Figure 4-1: Girder flange drop down

Once the girders were erected on the columns and laterally braced for
stability, elevated formwork was built using four-foot by eight-foot panels. The
panels were made up of ¥-inch thick plywood supported by 2x6 stringers at 16-
inches on center. The panels were propped up by 4x4 posts as well as 2x4’s
wedged between the bottom flange of the girder and the 2x6 stringers.

In order to provide a shear connection between the girders and the
formwork (necessary for the overhang forms), metal clips were fabricated that
linked the shear studs to the panels. Edge boards, which formed the sides of the
deck, were diagonally braced to the lower formwork. Gaps in the forms were
sealed with caulking and the forms were oiled to allow easier removal from the
hardened concrete after casting (Figure 4-2). The reinforcing steel, both
instrumented and bare, was then placed, chaired and tied. Block-outs, made of
PVC pipe, were located in the bridge deck to allow loading rods to pass through
the specimen. Prior to placing the concrete, the exact location of all strain gauges
was recorded and their wires were routed out of the specimen.

Approximately sixteen cubic yards of concrete was placed on July 25,
2002 at Ferguson Structural Engineering Laboratory with help from fellow
graduate students and lab technicians (Figure 4-3). The wet concrete was

transported within the lab with a bottom-drop bucket hoisted by a crane. Then the
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Figure 4-3: Placing concrete
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concrete was vibrated to eliminate voids in the specimen. A vibrating, aluminum
screed was used to level the top surface of the bridge deck. Finally, the bridge
deck was bull-floated and hand-finished to create a smooth, flat surface. The
specimen was cured for seven days by placing saturated strips of burlap, covered
by plastic sheeting to reduce evaporation, over the entire surface of the deck.

After 28 days, the forms were stripped and block-outs removed.

4.3 LOAD FRAME

The test specimen was built on the Ferguson strong floor in order to allow
application of the vehicle loads. Loading the bridge deck from above, with a
reaction frame, was not feasible because of the large area of the test specimen and
the need to move the load frame often. A compact, reconfigurable load frame was
designed and built which could fit underneath the test specimen and be moved
with hand trucks (Figure 4-4).

For the load arms, C10 X 20 channels were connected back-to-back with
plate spacers to allow loading through their center-of-gravity. The lower load arm
flanges were drilled to match the strong floor bolt pattern and stiffened adjacent to
the holes. The upper load arm was connected to two lower load arms by a
threaded rod, which was prestressed prior to performing a test in order to
eliminate rotation of the arm due to minor imperfections. The load rod was
routed through the loading assembly on top of the bridge deck and attached to the
upper load arm underneath the deck (Figure 4-5, i and ii). Six lower load arms
and four upper load arms were built, enabling the application of up to four tire

loads at any location under the deck.

4.3.1 Load magnitude

One of the main objectives of this research was to determine the behavior

of the TxDOT IBTS edge detail at AASHTO LRFD design loadings, namely HS-
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(ii) Facing east (perpendicular to view in Figure 4-4)

Figure 4-5: Pictures of load frame
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20 and HS-25. There were two primary types of vehicle considered for each
design loading (Figure 4-6). The TxDOT Bridge Design Manual (20) uses the
same truck vehicle, however, instead of the tandem vehicle there is an alternate
military vehicle with 24kip axles but the same loading configuration. The tandem
loading from AASHTO LRFD will be applied to the test specimen although the
alternate military vehicle is almost identical. HS-25 loading utilizes the same
vehicle arrangements, however, the load magnitudes are increased by 25%. The
loadings shown in Figure 4-6 are axle loads. Half of the axle load goes to each

tire and the tires are spaced six feet apart.

32 kips 32 kips ) )
25 kips 25 kips

8 kips i i
¢ |

— e f—>

14 feet 14-30 feet 4 feet

Truck Tandem

Figure 4-6: HS-20 design vehicles

Since the truck’s axles are far apart in relation to the four-foot edge detail,
only one of the axles was applied to the bridge deck test specimen at any one
time. Therefore, one of the 32kip axles was applied at the edge of the deck,
named truck axle-front, and at four feet from the edge, called truck axle-back.
The tandem vehicle’s axles both affect the edge detail since they are spaced four
feet apart. In summary, tandem loading refers to four tire loads while the truck

axle loadings indicates two tire loads.
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AASHTO LRFD also requires a lane load of 64psf to be applied
simultaneously with the vehicle loads. Since this small uniform load is difficult to
create in the laboratory and it is not likely to have much effect at the edge of the
bridge deck, the lane load has been omitted.

Section 3.6.2 in the AASHTO LRFD code establishes a dynamic load
allowance. This increases the static vehicle loads by 75% in order to account for
dynamic effects in the bridge at expansion joints. The allowance applies to
expansion joints because they often have a bump, which causes a hammering
effect in the deck structure.

The AASHTO LRFD Bridge Design Specification, 1999 Supplement also
specifies a tire contact area to be used in design in section 3.6.1.2.5. The code
stipulates a 20-inch width (transverse direction) and a 10-inch length (longitudinal
direction), therefore, a 20-inch by 10-inch by 22-inch thick steel plate was used
for the tire contact areas in the southeast and northeast areas.

When a punching failure occurred in the southeast test, the plate size was
increased based on the 1998 AASHTO LRFD Bridge Design Specification. In
section 3.6.1.2.5 of this code, a constant tire width of 20-inches is given as well as
a formula to determine the length based on the load factor, dynamic load
allowance and load magnitude. The formula results in a length of 15-inches for
the tandem vehicle and 20-inches for the truck. Therefore, 15-inch by 20-inch by
2Ys-inch steel load plates with neoprene bearing pads between the plate and the

bridge deck were used for the southwest and northwest tests.

4.3.2 Load location

The vehicle loads must be applied at the transverse location on the bridge
deck where they cause the maximum moment effects. To determine the

transverse location to apply loads, influence lines were developed. SAP2000’s
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moving load capabilities allowed quick generation of influence lines. The bridge
deck was simplified as a two-dimensional frame element model since the
longitudinal dimension of the deck would not effect the transverse location of the
loads. Point supports and loads were used due to limitations in the analysis
program. This simplification will not significantly affect the desired outcome of
this analysis, which is to determine the transverse location at which the design
loadings should be applied in order to cause the maximum effect in the bridge
deck.

Two loads, six feet apart to imitate the AASHTO LRFD design axle
length, were applied to each influence line. Then the influence line location and
load location which maximized positive and negative moments were identified
(Figure 4-7). For each test area, in order to run the load rod through the bridge
deck, blockouts were located at the center of the four tire load plates for
maximum negative moment loading, prior to placement of concrete. For the
southeast and northeast test areas, the positive moment loading was applied by an
axle loaded through its mid-length, requiring a blockout for the load rod at x=91t.
For the southwest and northwest tests, the load plate size was changed after
casting the bridge deck specimen, which required coring new holes for the load

rods.
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Figure 4-7: Location of maximum influence due to AASHTO vehicle

4.4 INSTRUMENTATION

Since this was the first bridge deck tested, and the results will be
compared with data from future bridge deck tests, great care was taken in locating
the instrumentation. It was essential to anticipate locations critical for
understanding the bridge deck behavior. The bridge deck was heavily
instrumented internally with strain gauges on the reinforcing steel and externally

with load cells and linear potentiometers.

4.4.1 Strain measurements

Strain gauges were the primary instrumentation used in the bridge deck

test specimen. Since the strain gauges were placed before the concrete was cast,
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they were located carefully and protected to avoid damage during concreting

operations.

4.4.1.1 Location of strain gauges

Each rebar in the IBTS and UTSE details was instrumented in order to
evaluate reinforcing bar strains at various load levels and show the variation in
strain longitudinally across the section. The strain gauges were also used to
determine the strain profile within the deck slab, by assuming a linear strain
profile from readings at both the top and bottom mat of reinforcing steel. They
were situated at locations of maximum positive and negative moment, based on
the influence line analysis, in order to monitor failure of the deck. These
locations were at x=6ft and 26ft for positive moment and at x=11ft and 19ft for
negative moment (Figure 4-7). Backup gauges were used on roughly half of the
bars. Approximately 270 strain gauges were applied to the reinforcing steel in the
test specimen.

Figure 4-8 and Figure 4-9 show plan views of the locations of strain
gauges in the specimen. In the eight-foot span, gauges were also attached to bars
in the interior of the specimen. In the transverse direction, they were placed at the
locations of maximum positive and negative moment, as in the edge beams.
Named middle strip gauges, these were used to determine the amount of applied
load being carried by the edge beams. All strain gauges were applied to the
transverse bars, as they are the primary reinforcement.

A labeling system was created to identify the strain gauges (Figure 4-10).
For example, the NT105+ strain gauge was located in the north edge detail (UTSE
detail) on the top mat of steel in the 10-foot span. It was on the fifth rebar from
the edge-most bar and was in the location of maximum transverse positive

moment.
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Rebar Rebar Location

Edge Mat Span  Number in span
[ Y Y Y Y \
Additional Labels
NT105+ =™
(MS) = middle
strip

North (N) Top (T) 10 foot 1 is rebar Positive (+)
OR OR OR at the OR

South (S) Bottom (B) 8 foot edge Negative (-)

Figure 4-10: Strain gauge labeling system

4.4.1.2 Installation of strain gauges

The strain gauges used were FLA-5-11-3LT. They had a five-millimeter
gauge length, three-meter pre-attached leads and were temperature compensating
(three-wire gauges). The rebar was prepped for strain gauge application by
grinding off one rib to create a flat surface on the bar. After which, the
application area was cleaned with conditioner and neutralizer. Cyanoacrylate
(CN) adhesive was used to bond the strain gauges to the rebar. Then, the gauges
were waterproofed with M-coat D, an acrylic coating. Next, a neoprene rubber
pad was placed over the gauge for padding and then the installation area was
covered with foil tape. Finally, the edges of the foil tape were wrapped with
electrical tape to seal out concrete and water.

A pilot test to determine the effectiveness of strain gauge protection
methods was performed separately from the bridge deck specimen research.
Strain gauges were protected in various ways, including some with only the
acrylic coating, and then set in a water bath for a week. Upon testing, all

provided reasonable strain readings, showing they are possibly less sensitive than
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originally thought. =~ However, the intensive protection method described
previously was followed in order to assure the procurement of sufficient useful
data. Figure 4-11 shows a picture of the specimen just prior to placing of

concrete, with the strain gauges (silver foil tape) and block outs (white PVC pipe)

in-place.

Figure 4-11: Test specimen just prior to placing of concrete

4.4.2 Load measurements

Loads were measured by load cells, located underneath the girders (lower
load cells) and at the hydraulic rams (upper load cells) (Figure 4-4). The lower
load cells were only used under the edge of the bridge deck being tested, since the
majority of the applied load is going directly into those supports. The upper,
center-hole load cells were the primary measurement of applied load. In addition,
a pressure transducer was connected at the hydraulic pump. Pressure transducers

are typically less accurate than load cells, therefore, the pressure transducer was
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used to verify the load cell readings. In addition, when applied load exceeded the
upper load cell capacity, near failure of the test area, the load was determined

exclusively with the pressure transducer.

4.4.3 Deflection measurements

Deflection measurements were taken under the girders, midspan, and the
overhang, using both linear and string potentiometers. At midspan, deflections
were taken at the edge of the deck and at four feet from the edge in the
longitudinal direction of the deck. String potentiometers were used in highly
congested locations where there wasn’t room for a linear potentiometer’s stand.
Figure 4-12 shows a plan view of the measurement locations.

Due to concerns about the flexibility of the web of the steel girders, during
the first test (southeast test), linear potentiometers were used to measure rotation
of the girders (Figure 4-13). Deflection readings from the southeast test area were
converted to rotations, resulting in a maximum rotation of 0.37 degrees as well as
a rotation of 0.04 degrees (one eighth of the maximum) at the HS-25 load step.
Therefore, it was decided that the rotations were minute, even at failure loadings,

and not of concern for other test areas.
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Figure 4-13: Girder rotation measurement
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4.4.4 Data acquisition system

The output of the instrumentation was voltage (analog signal). The
instrumentation was connected to bridge boxes, which converted the alternating
current from the instrumentation to a steady current that the scanner read. The
scanner converted the voltages to a digital format. This digital output was
readable by the data acquisition software installed on a personal computer and set
up near the test.

The data acquisition software used in the Ferguson Laboratory was
National Instrument’s Win/NT Measure, which records the data in EXCEL files
for easy analysis. It also plots real-time test data, allowing the specimen’s

behavior to be monitored while loading.

4.5 PROPERTIES OF MATERIALS

Actual material properties were determined in order to facilitate accurate
analysis of the bridge deck’s behavior when loaded with the design vehicles and
overloads. In addition, the material testing was used to verify the minimum

strengths specified by the manufacturer.

4.5.1 Reinforcing steel

The reinforcing steel used in the specimen came from two different heats.
Two specimens from each heat were tested in tension. An extensometer was used
to determine strains (Figure 4-14) and the applied load was measured by the built-
in load cells in the test machine. After converting the load measurements to
stresses, stress versus strain plots were created. Figure 4-15 and Figure 4-16 each
show a close agreement between the two tests and a yield plateau above 60ksi for
all tests. The average modulus of elasticity for heats 1 and 2 were 30600ksi and

31300ksi, respectively.
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Figure 4-15: Stress vs. strain plot of rebar tension test, heat 1
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Figure 4-16: Stress vs. strain plot of rebar tension test, heat 2

4.5.2 Concrete

The TXDOT Bridge Design Manual (20) currently requires a compressive

strength of 4000psi or above for concrete used in bridge decks. Therefore, a mix

design with a range of compressive strength from 4000psi to 6000psi was ordered

(Table 4-1).

Table 4-1: Bridge deck concrete mix design, one-yard weights

Mix o fe Fly | Course | Fine Ad-
Description | Cement Water |
# (psi) Ash | Agg. | Agg. mixture
4000
227 | UTS000A 1 = ™1 564 | 0 | 1625 | 1469 | 280 | 16.8
3/8in minus 6000

* All quantities are in units of pounds (Ibs).

Capitol Aggregates provided three trucks of concrete, approximately 16

cubic yards total. During placing of concrete, a slump test was done on concrete
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from each of the trucks, resulting in slumps of 5.5 in, 5.5 in and 9.5 in,
respectively. In addition, six by twelve test cylinders from the three trucks were

prepared with standard ASTM procedures.

4.5.2.1 Compression tests

Compression tests only were performed on trucks one and two as concrete
from truck three was placed solely in the east overhang, an area that was not
tested in this study. Therefore, its strength was not important. For each point
plotted on the strength versus time curve in Figure 4-17, a minimum of two
cylinders were tested. If their strengths did not show good correlation, a third test
was done for verification. Truck one’s cylinder test results appear reasonable,
with strength increasing quickly during the first couple of days, then, gradually
increasing afterward. Results of the cylinder strength tests for truck two are
approximately identical for the 14-day strength and 28-day strength, when a
strength increase would be expected. Therefore, a 56-day test was done to verify
the concrete strength, which resulted in an f°; of 6500psi. In any case, the 28-day
strengths of both trucks were around 5000psi, well above the minimum required

by TxDOT.

4.5.2.2 Split cylinder tests

Split cylinder tests were performed after 28-day strength occurred. Two

cylinders from both trucks one and two were tested. The tensile strength, f, was
) 2P . )
determined by the formula f,, = e with P equal to the failure load. Truck one

and two test results were 620psi, 502psi, 568psi and 576psi, respectively. The

split cylinder test results show good correlation.
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Figure 4-17: Bridge deck concrete compressive strength

The average of these tensile strengths gives a factor of 7.33 times the root of
f’.. Engineering design assumes a tensile strength of six times the root of f’,
therefore, these results show the conservative nature of design values. The
average tensile strength calculated from the split cylinder test was used in the

moment calculations, when tension in concrete is included.

4.6 TEST PROTOCOL

Load was applied to the test specimen with 60-ton hydraulic rams
connected to a tee from a pneumatic, hydraulic pump to assure equal load
application to all tires. After verifying that the instrumentation was working
properly, the load was increased gradually. Since the scanner took nine seconds
to record readings from 90 channels, load was increased in small increments.
During testing, a load vs. strain plot of the most critically strained gauge was

generated in real-time in order to monitor the response of the deck to applied
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loadings. Intermittently, loading was paused and cracks, if any, were traced and
recorded.

The southeast and northeast test areas were loaded to HS-25 load levels in
tandem, truck axle-front and truck axle-back vehicle arrangements at the location
to maximize positive moment. Then, the load frame was moved to the location to
maximize negative moment for the rest of the load applications in these two test
areas. At the location to maximize negative moment, the design loadings, HS-20
and HS-25, along with typical overloads, 1.2, 1.75, and 3 times HS-25, were
applied for the three vehicle arrangements. After looking at the test data for these
load levels, the most critical loading arrangement was determined to be the
tandem vehicle loading. Therefore, the test area was taken to failure in tandem
loading with intermediate stops to map cracks.

The overload load steps mentioned above were chosen because they are
commonly used by bridge designers and researchers. A factor of 1.2 times HS-25
loading is a typical design load increase to account for overloaded trucks.
1.75xHS-25 was chosen as a load step because 1.75 is the value of the live load,
load factor for the load combination, Strength I from the AASHTO LRFD code
(section 3.4.1 in AASHTO LRFD). In addition, the dynamic load allowance in
section 3.6.2 of the AASHTO LRFD code requires the design loading to be
increased by 1.75 for expansion joints. An overload level of 3xHS-25 was also
applied to all test areas because the product of the load factor and the dynamic
load allowance is approximately three. When designing the expansion joint of a
bridge deck, the actual design load required by the AASHTO LRFD code is three
times the typical design load.

The southwest and northwest test areas were loaded at midspan only,
because failure occurred in the middle span during testing of the southeast test

area. In order to avoid the damaged area of the specimen and since the two
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loading locations (maximizing positive or negative moment) produce almost the
same effects, vehicle loadings were applied at midspan. In addition, only one tire
per axle had to be applied because the other tire lay directly above the girder

flange. The same load steps and vehicle arrangements were used.
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CHAPTER 5

Behavior of Bridge Deck Specimen

5.1 INTRODUCTION

The test specimen contained four test areas, designated southeast,
southwest, northwest and northeast, in reference to the arrangement of the bridge
in the laboratory. Figure 3-11 shows the variables tested in each area of the
bridge deck. The four test areas were loaded to HS-20 and HS-25 levels, typical
overload levels (1.2, 1.75 and 3xHS-25) and ultimately to failure. Strains,
deflections, applied loads and crack widths and lengths were recorded for all tests
performed. Interpretation of the acquired data and discussions on the bridge slab
end behavior are included in this chapter. The performance of the slab end in
each test area will be described and critically examined.

Figure 5-1 shows an example of the legend used in figures herein to
explain the test being performed on the bridge deck. The black-filled circles
represent tires that are loaded in a particular loading configuration. The loading
location is distinguished by a + or — sign to indicate a positive or negative
moment test, respectively (Figure 4-8). For example, the legend shown in Figure
5-1 is for the truck axle-front loading configuration at the location to maximize
negative moment in the southeast test area. The load values plotted in all figures
in this chapter are the average of all upper load cells used in the test, except at
failure loadings, when the pressure transducer readings were used exclusively.

The term load step refers to loading and unloading of the test specimen.
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Figure 5-1: Typical plot legend

5.2 SOUTHEAST TEST AREA

This was the first area tested because it models a typical TxDOT slab end
detail. In this test zone, the performance of the IBTS detail was evaluated using
an eight-foot transverse girder span. 10in by 20in load plates, bearing on a layer
of hydrostone, were used to apply loads in this test area. Loads were applied first
in the location to maximize the positive moment, and then the load frame was
shifted to maximize the negative moment for the rest of the tests. Table 5-1
shows a list of the load tests performed on the southeast test area.

A plot of load versus strain in rebar SB81+, by intuition the most critically
strained rebar, was monitored during testing. Cracking, as well as imminent
failure was identified in this plot, by noting when there was a pronounced
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Table 5-1: Order of testing in southeast test area

Test No. Loading Load Type Which | Load per Load per
Location | Tandem/Truck| axle? | tire (kips) | tire (xHS-25)
1 Positive Tandem Both 15.6 1
2 Positive Truck Front 20.0 1
3 Positive Truck Back 20.0 1
4 Negative Tandem Both 15.6 1
5 Negative Truck Front 20.0 1
6 Negative Truck Back 20.0 1
7 Negative Tandem Both 18.8 1.2
8 Negative Truck Front 24.0 1.2
9 Negative Truck Back 24.0 1.2
10 Negative Tandem Both 27.3 1.75
11 Negative Truck Front 35.0 1.75
12 Negative Truck Back 35.0 1.75
13 Negative Tandem Both 45.3 2.9
14 Negative Tandem Both 67.2 4.3
15 Negative Tandem Both 82.8 5.3
16* Negative Tandem Both 93.8 6
17** | Negative Tandem Both 90.6 5.8

*Punching of edge tire in interior span; **Punching of edge tire in exterior span

reduction in the stiffness and damage in the bridge deck. The applied loads were
maintained and visual inspections of the test specimen were performed at several

load stages (1.0, 1.2, 1.75, 2.9, 4.3, 5.3 and 6xHS-25). All crack lengths, widths

and locations were mapped as part of the testing protocol.

5.2.1 Loading to maximize positive moment

In order to maximize the positive moment, an axle made of back-to-back C12X25
channels was loaded through its mid-length by a hydraulic ram connected to the
load rod (Figure 5-2). Roller supports were placed between the axle and the load
plates to ensure uniform loading of the plates, simulating tire loads. Tandem,

truck axle-front and truck axle-back loading configurations were applied at the

HS-25 load level (Table 5-1).
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Figure 5-2: Axle loading used to maximize positive moment

5.2.1.1 Load vs. deflection response

Load versus deflection plots were created using the readings of the linear
and string potentiometers measuring vertical deflection of the bridge deck. The
deflection readings from the potentiometer located in the interior of the deck
(four-feet from the edge longitudinally, at midspan of the exterior span
transversely) were very small, essentially indistinguishable from the noise
produced by the instrumentation. Therefore, transverse deflection of the edge is
used in the subsequent discussions. The relative deflection at the edge was
calculated by averaging the two girder deflection readings and then subtracting
this from the deflection reading at midspan (Figure 5-3). In this way, rigid body
movement of the bridge deck was filtered out and deformations that cause stresses

and strains are reported.
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Figure 5-3: Relative deflection

Figure 5-4 shows load versus deflection plots for load tests performed in
the location to maximize positive moment at the HS-20 and HS-25 load steps.
The slab end behavior was elastic for all loading configurations at the HS-25 load
level. The tandem vehicle caused the largest relative deflection of 0.07in and its
plot (Figure 5-4, 1) showed a slight change in stiffness during loading, indicating
some minor deterioration within the deck, probably microcracking of the concrete
around the reinforcing steel. The truck axle-front loading configuration caused
nearly the same deflection as the tandem configuration, however, no stiffness
change occurred during the load test. In addition, the plot for truck axle-front
loading configuration (Figure 5-4, ii) is essentially a single line for loading and
unloading, indicating linear behavior of the bridge deck. The truck axle-back
loading configuration caused very small deflections in relation to the other

loading configurations (Figure 5-4, iii).
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5.2.1.2 Load vs. strain response

Load versus strain plots were used to study cracking of the concrete,
yielding of the steel, strain gradients in the thickened edge, and other events
occurring in the section. Representative strain gauges on reinforcing steel in
tension (bottom mat of rebar at the maximum positive moment section and top
mat at the maximum negative moment section) are discussed. Figure 5-5 shows
plots of load versus strain for the three loading configurations tested at the HS-25
load step. Readings obtained from three representative gauges in the section are
shown.

The first load test performed in this test area was tandem HS-25 to
maximize positive moment. The applied loading induced small strains both at the
positive and negative moment section (Figure 5-5). The tandem loading
configuration caused a maximum strain of 265u€ (about 13% of the yield strain of
the reinforcing bars). The truck axle-front loading configuration (Figure 5-5, iii)
strained the edge reinforcing bar of the IBTS detail more than the SB84+ and
SB88+ gauges. In contrast, the truck axle-back loading configuration strained the
SB88+ gauge more than any other gauge in the section, however, this strain

(60ug) was very small relative to the yield strain of steel.
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The strains induced by the applied load at the maximum negative moment
section (Figure 5-5, ii, iv and vi) are much lower in magnitude than at the positive
location. This is to be expected because positive moment was being maximized
in this loading configuration. The maximum strain of 40pE (approximately 2% of
yield strain of the rebar) was caused by the tandem loading configuration. The
plot for the truck axle-front loading configuration (Figure 5-5, iv) again shows
strains focused at the edge of the bridge deck. The truck axle-back vehicle
essentially created zero strain at the maximum negative moment section (Figure
5-5, vi).

As can be observed in Figure 5-5 (i), at the maximum positive moment
section, insignificant plastic strains (about 100ue for the SB81+ gauge) remained
after unloading. In addition, there was a reduction in stiffness at about 70ue
indicating some inelastic deformation or possible microcracking at the edge. This
was likely due to the concrete deteriorating (i.e. microcracking) around the first
rebar. However, it is important to note that there were no visible cracks at the
edge of the IBTS detail. Both the truck loading configurations applied to the
bridge deck (Figure 5-5, ii1, iv, v and vi) created elastic behavior during the load
test.

The plots in Figure 5-5 show a succession of decreasing strain from the
edge of the deck to the interior, except for the truck axle-back vehicle loading.
For the tandem and truck axle-front loading configurations, the strains created in
the maximum negative moment section are very small, amounting to 15-20% of
the strains induced at the positive location. This confirms the analysis reported in
CHAPTER 4 where influence lines were used to determine the critical loading

locations.
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5.2.1.3 Strain profiles

Strain profiles were used to compare strain readings from reinforcing steel
in the test area at a specific location (positive or negative moment sections).
Figures in this section show the strain in the rebar at explicit load steps. This is
equivalent to looking at a plan view of the strain measurements from reinforcing
steel in the edge detail. The strain profiles were used to compare strains induced
within the bridge deck for the three loading configurations and the two sections.
Since the edge deflection was much greater than the deflection four feet into the
deck, the expected strain profile would give a maximum strain at the edge rebar,
gradually decreasing for rebars further into the section. However, the specific
shape of the strain profile varies depending on the loading configuration and the
section.

Figure 5-6 shows the strain profiles for the three loading configurations
loading to maximize positive moment at the HS-25 load step. The tandem
loading configuration created the largest strains across the section, at both the
positive and negative moment sections (Figure 5-6, 1 and ii). The strains induced
at the maximum negative moment section were significantly smaller than those at
the positive location. The strain profiles confirm expected behavior based on first
principles of mechanics for the tandem and truck axle-front loading

configurations, with strains declining from the edge moving into the deck.

65



SB8g+ STes- :] Negative  Positive
SB87+ sm-j
S a6+ c ST [
8 5 ]
% — § ST857:]
D '§ STB4-
T s+ ° 1
g E sw
@ sBB3+ ] 3 1
STeo- [
Seg2r ! STetos [
et l st [
0 5 100 180 20 0 % 100 150 0
Strain (10° irvin) Strain (10° irvin)
(i) Tandem (ii)Tandem
Negive | Po Negative  Positive
SBS&+7 . ¢ sT8s- [] . hx‘gn‘on L:Mum\‘
seer+ I I Q ster- || L
[ — O of ol 5 s |1 ® .|
S —— e £ o HpEL.
2 ] .
T seear T sTes
E s
& SB83+ | S st
SBB2+ ] ST82-
st | l stet- [0
0 % 100 120 20 0 % 100 120 20
Strain (10° in/in) Strain (10° infin)
(iii) Truck axle-front (iv) Truck axle-front
Negative Positive Negive - Positve
SBag+ : Logation L'pwnon ST8s- :] N Lm;ll‘m Lzmuon‘
1 N AT 1 vt
i — [ st RS
| o — ® 4l
P m— Cili s s>A ey
% SBe5+ = 5 sms [l N
73 4 73 4
e s
© ] s ]
3 sesa+ e s I
SBe2+ sT82- []
SBB1+7 ST81-
0 % 100 150 20 0 % 100 120 20
Strain (10° invin) Strain (10° irvin)
(v)Truck axle-back (i) Truck axle-back

Figure 5-6: Strain profiles, HS-25 load step, positive moment loading,
southeast test area; (i), (iii) and (v): bottom mat at positive location; (ii), (iv) and
(vi): top mat at negative location

66



At the maximum positive moment section, the truck axle-front loading
configuration caused smaller strains than the tandem vehicle. In addition, the
truck axle-front loading configuration resulted in strains primarily at the edge
reinforcing steel in both gauge locations (Figure 5-6, iii and iv). During the truck
axle-back loading application, larger strains were measured in the reinforcing
steel located in the interior of the thickened edge than in the rebars near edge
(Figure 5-6, v and vi). The loads were applied at four feet from the edge of the
deck for this loading configuration, creating the larger strains adjacent to the tire
loads. However, the tensile rebar strains caused by the application of truck axle-
back loading configuration are considerably smaller than the other loading

configurations.

5.2.2 Loading to maximize negative moment

After the HS-25 load step to maximize positive moment was completed,
the load frame was shifted to maximize the negative moment at the first interior
girder for the rest of the load tests. For the eight-foot girder spacing, the two
loading locations were reasonably close to each other. One inch separated the
edges of the load plates for the positive and negative locations (i.e. a distance of
21 inches measured from center to center).

Tandem, truck axle-front, and truck axle-back loading configurations were
applied at HS-25, 1.2xHS-25, and 1.75xHS-25 load steps. Then, strain readings
from gauges at the first interior girder and extent of cracking were compared for
the three loading configurations partly to determine which created the most severe
effect on the bridge deck. First cracking occurred due to the tandem loading
configuration and the cracks did not elongate when truck axle-front and back
loads were applied. Figure 5-7 shows typical strain profiles comparing the effects

of the three loading configurations, with the tandem vehicle inducing the largest
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strains across the section. The truck axle-front loading configuration also caused
large strains at the edge of the IBTS detail; however, the tandem loading
configuration created somewhat larger strains across the entire thickened edge.
Based on this comparison, it was concluded that (i) the tandem loading
causes the largest cumulative tensile strain in all the bars on top of the girder and
(i1) maximization of the negative moment was more critical than the positive
moment for this test area. Therefore, the slab end was loaded up to failure in the
tandem loading configuration while maximizing the negative moment, with three
intermediate load steps. Failure occurred at a load of 93.75kips per tire (6xHS-25
or 7.5xHS-20) by a punching failure at the edge loading plate in the interior span.
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5.2.2.1 Load vs. deflection response

As in section 5.2.1.1, the relative midspan deflection at the edge of the
bridge deck was plotted versus applied load for all load tests performed. Plots for

the three loading configurations applied for a single load step make up one figure.

5.2.2.1.1 HS-25 load step

The maximum relative deflection of 0.02in was caused by the tandem
loading configuration (Figure 5-8, 1). The deck returned to zero deflection after
unloading, exhibiting a purely elastic response to the load application. The truck
axle-front loading configuration created an almost identical load versus deflection
plot (Figure 5-8, ii) to the tandem vehicle, both in magnitude and slope. The truck
axle-back loading configuration caused very small relative deflections at the edge
of the deck.

The behavior of the bridge deck was elastic and linear at the HS-25 load
step for the three loading configurations. In addition, the deflections induced

were very small in relation to the span length.

5.2.2.1.2 1.2xHS-25 load step

Figure 5-9 shows plots of load versus relative deflection for the 20%
overload test. The applied loading in the tandem loading configuration produced
a linear, elastic response in the bridge deck. The increase in relative deflection

between the HS-25 load step and the 1.2xHS-25 load step was proportional to the
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increase in applied load. The truck axle-front loading configuration caused the

maximum relative edge deflection of 0.03in for this load step.

5.2.2.1.3 1.75xHS-25 load step

The 75% increase in the applied design loading produced a proportionate
increase in the relative midspan deflection (Figure 5-10). The tandem loading
configuration created the largest relative midspan deflection at the edge of the
bridge deck (0.04in) for this load step. The truck axle-front loading configuration
produced nearly the same relative deflection as the tandem vehicle. The truck
axle-back loading configuration produced a maximum relative deflection of
0.01in at the edge of the deck. When loaded in the truck axle-back loading
configuration, the stiffness displayed by the bridge deck was significantly larger
than when loaded in the truck axle-front configuration. This is because the deck
was much stiffer four feet longitudinally into the deck, where the truck axle-back

tire loads were applied, than at the edge.

5.2.2.1.4 Loading to failure

Figure 5-11 shows the load versus deflection response of the bridge deck
as it was loaded to failure. After the design loading and typical overloads, the
bridge deck was loaded to failure in the tandem loading configuration, as it
typically created the most critical strain condition in the test specimen. The plot
for loading to failure includes the load versus deflection response of the bridge
deck for all tandem configuration loadings applied. There was essentially no
deterioration caused by the HS-25, 1.2xHS-25 and 1.75xHS-25 load steps.

Several different load cycles were applied during loading to failure
because testing had to be stopped when problems with the load frame occurred.
The composite of these loading and reloading cycles are shown in Figure 5-11.

The initial failure load cycle was stopped at a load of 45.3kips, without gradually
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reducing the applied load, because the load frame was rotating hazardously.

Therefore, the unloading portion of the initial failure load cycle plot was

constructed by matching its stiffness to that of the loading portion of the plot
(dashed lines in Figure 5-11).

The envelope of the load steps shows three distinct stiffnesses (Figure

5-11). There is a change in stiffness at a load of about 32kips (2.0xHS-25) per

tire that corresponds well with the crack maps in section 5.2.2.2 and the load

versus strain plots for loading to failure in Figure 5-21, which indicate cracking in

the section near this load level. Just prior to punching of the interior span, at an

applied load of about 91kips (5.8xHS-25) per tire, the stiffness of the bridge deck

reduces to nearly zero. The maximum relative deflection at the edge of deck was

0.391n.
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5.2.2.2 Crack maps

Numerous photographs were taken of the cracks occurring on the surface
of the bridge deck during testing. At specific load levels, the length and
maximum width of the cracks were determined using a crack width comparator.
Using these two sources, the location and orientation of the cracks, as well as their
dimensions have been accurately represented on the crack maps in Figure 5-12
through Figure 5-14. The crack maps included here are for the 2.1xHS-25 (first
cracking), 2.9xHS-25 and 6xHS-25 (failure) load levels at the bottom, top and
side of the bridge deck specimen. Each figure contains three crack maps and a
key that gives the widths and lengths of the cracks.

The crack maps were selected to display the crack propagation from first
cracking to ultimate capacity. They are useful to show the degradation of the test
specimen under applied loads. In addition, the crack maps show when and where
serviceability becomes an issue. They can also be used to identify potential
failure mechanisms, such as in Figure 5-13 (iii), which shows cracks T3-T10, T19
and T20 curved around the load plates. These cracks indicate initiation of a
punching failure mechanism.

At the bottom of the bridge deck, first visible cracking occurred at a load
of 33kips (2.1xHS-25) in the exterior span (Figure 5-12, 1). The 2.9xHS-25 load
step caused increased cracking, however, still in the exterior span only (Figure
5-12, ii). At failure of the test area, just before the edge-most tire in the interior
span punched, extensive bottom cracks had formed in both the interior and
exterior spans (Figure 5-12, ii1). The crack widths were very small at the 2.1x and
2.9xHS-25 load steps. The crack widths remained very small until the loading to
failure, at which point they widened significantly. In addition, the loading to

failure caused the bottom cracks to lengthen considerably, with the longest crack,
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(i)2.1xHS-25 applied load (first cracking)

(i))2.9xHS-25 load step
*Reference (iv) for crack widths and lengths

Figure 5-12:

Crack maps for the bottom of the bridge deck
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Failure Pictures, Figure 5-15 (ii) Failure Pictures, Figure 5-15 (i)
(iii) 6xHS-25 load step (failure)
Load=2.11XHS-25 Load=2.92XHS-25 Load=6XHS-25
Crack Name W,idth Lepgth Crack Name Width Lepgth Crack Name W,idth Le?gth
(n | Gn) (n | (n) (n | Gn)
B1-B2-B3 | 0.002] 9.25 | B1-B2-B3 | 0.002 22 B1-B2-B3-B6-B14 | 0.0016 [ 112
B4 0.002 27 B4-B7 0.014 100
B5 0.002 4 B5-B8-B9 0.01 103
B6 0.003 20 B10-B11-B12 0.02 93
B7 0.0025 3 B13 0.007 87
B8 0.002 14 B15 0.009 81
B16 0.009 65
B17 0.002 16
B18 0.002 13
B19 0.002 6
B20 0.002 17
B21 0.002 15
B22 H 27
B23 H 14
B24 H 9
B25 H 28
B26 0.009 21
B27 0.013 20

(iv)Key of crack widths and lengths for i, ii and iii
*H = hairline crack

Figure 5-12, cont’d: Crack map and key for the bottom of the bridge deck
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(ii)2.9xHS-25 load step
*Reference (iv) for crack widths and lengths

Figure 5-13: Crack maps for the top of the bridge deck
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(iii) 6xHS-25 load step (failure)
Load=2.11XHS-25 Load=2.92XHS-25 Load=6XHS-25
Crack Nanre Width L CGrack Narre \Mdth e Crack Nare Width a
() | () () | (i) (i) | (i)
TI-T2 H 12 TI-T2-T4-T11 H 24 | TI-T2-TATI-TI6| 0014 | 35(55)
T3-T10 H 13 T3-T10 0.016 43
T5T6-T7-18-19 | 0.002 25 T5-T6-T7-18-19 | 0012 &
TI2-TI3TI4TIS| H 17 | TI2-TI3TI4TIS | 0018 46
T17 0.006 56
TI8 0.003 15
TI19 H 2
120 H 25

(iv)Key of widths and lengths for i, ii and iii
*H = hairline crack, parenthesis measurement refers to the branch named B16

Figure 5-13, cont’d: Crack map and key for the top of the bridge deck
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Crack Name W,idth Le.ngth Crack Name W,idth Le?gth Crack Name W,idth Le'ngth
(0 | (n) (i | Gn (v | (Gn)

S1 0.002 3 S1 0.002 6.5 S1 0.008 8
S2 0.003 3 S2 0.004 5 S2 0.012 7.5

S3 H 2.5 S3 0.01 9

S4 0.002 4 S4 0.01 7.5

S5 H 2.5 S5 0.009 8

S6 0.007 8

S7 0.01 9

S8 0.13 10

S9 0.004 4

S10 0.005 6

S11 0.005 3.5

S12 0.002 5

S13 H 2

(iv)Key of crack widths and lengths of for i, ii and iii
*H = hairline crack

Figure 5-14: Crack map and key for the side of the bridge deck
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B1-B2-B3-B6-B14, extending slightly more than half the longitudinal dimension
of the bridge deck.

Figure 5-13 shows the crack maps for the top surface of the bridge deck
when it was loaded in the location to maximize negative moment. The initial
crack at the top of the deck formed approximately at the centerline of the girder.
The formation of this crack was also shown by the strain profiles in Figure 5-24,
which display large strains created in the three bars near the edge of the deck at
the 1.75xHS-25 load step. The cracks induced in the top of the bridge deck
initially followed the longitudinal dimension of the girder, however, by the
loading to failure, they had branched into the deck spans on either side of the
girder.

The crack maps for the side of the deck show cracking occurring at both
the critical moment locations as well as the failure location (Figure 5-14). The
crack map for the 2.9xHS-25 load step (Figure 5-14, ii) shows that the loading to
maximize negative moment creates similar deterioration in the positive and
negative moment locations of the bridge deck. At the 6xHS-25 load step, the
crack widths under the load plate in the exterior span were larger than those in the

interior span, however, the interior span tire punched first.

5.2.2.3 Failure pictures

Failure of the test area was due to punching at the tire closest to the edge
in the interior span of the bridge deck. After failure occurred, pictures of the
failure surface were taken (Figure 5-15 through Figure 5-17). The bottom failure
involved a large area of the bridge deck (Figure 5-15). The inside edge of the
failure crack ran parallel to the deck edge, about 2 2 feet into the deck, except at

the west girder where it curved toward the edge of the deck.
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(i) East side of interior span, facing south

(i) West side of interior span, facing south

Figure 5-15: Interior span failure at bottom of deck
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Figure 5-16: Interior span failure at side of deck, interior span, facing north

Figure 5-16 shows the failure surface on the side of the deck. Major
failure cracks extended from the edges of the load plate to the girder flanges. The
failure surface on each side of the load plate formed at different angles in order to
reach the girders. The major failure crack on the west side of the load plate

branched near the top of the deck, resulting in two main cracks.
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Figure 5-17: Interior span failure at top of deck
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5.2.2.4 Load vs. strain response

Load versus strain plots were prepared for all loading configurations at all
load steps. Again, a representative selection of strain gauges in tension (bottom
mat of rebar at the positive moment location and the top mat at the negative

moment location) have been included in Figure 5-18 through Figure 5-21.

5.2.2.4.1 HS-25 load step

Figure 5-18 shows load versus strain plots for the three loading
configurations at the HS-25 load step. The strain gauges located in the bottom
mat of steel at the positive moment location (Figure 5-18, 1, iii and v) all behaved
linearly and remained elastic during the HS-25 load application. The maximum
strain measured at the positive moment section was 80E (4% of yield strain of
the steel), caused by the tandem loading configuration. The truck axle-front
loading configuration created a maximum strain of roughly 66% of the maximum
tensile strain caused by the tandem loading at the positive location.

The largest strain reached at the negative moment section was 87HE (4%
of yield strain of the steel), due to the truck axle-front loading configuration
(Figure 5-18, iv). The truck axle-back loading configuration (Figure 5-18, vi)
resulted in the gauge farthest into the thickened edge being strained more than the
other gauges, however, all strains induced by the truck axle-back loading

configuration were small.
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All of the load versus strain plots for the HS-25 load step show gradually
decreasing strain readings from the edge gauge into the section, except the truck
axle-back loading configuration at the negative moment section (Figure 5-18, vi).
The strains caused by the applied loads were well below yield strain of the
reinforcing steel, with a maximum strain of 90pE (4% of yield strain of the steel).
The residual strains measured at the negative moment section were insignificant.
In short, the behavior of the IBTS detail in negative bending at HS-25 loading can
be considered elastic. Reinforcing bar strains measured at this load level were
very low and the slab end detail remained undamaged during the load tests.

Naturally, at the HS-20 load level the strains were even smaller.

5.2.2.4.2 1.2xHS-25 load step

In Figure 5-19, the load versus strain plots for the 1.2xHS-25 load step
begin at the origin, since only small residual strains, if any, were created in the
reinforcing steel at the HS-25 loading. The general shape of the plots for the
1.2xHS-25 load step were similar to the HS-25 load step. The magnitude of the
loads and strains increased proportionally. The strain gauges located in the
bottom mat of reinforcing steel at the positive moment location (Figure 5-19, i, iii
and v) indicate essentially linear reloading behavior. The 20% increase in loading

magnitude increased the strain readings roughly the same amount.
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The gauges in the top mat of steel at the negative moment location (Figure
5-19, ii, iv, and vi) showed some non-linearity for the tandem and truck axle-front
loading configurations. At this location, the strains increased more than 50%
compared to the 20% increase in load magnitude. However, the magnitude of the
strains remained reasonably small in comparison to the yield strain of reinforcing
bars. It is important to appreciate that most of the “nonlinear” increases in strain
readings occurred when the tests were stopped to measure crack widths and
lengths. Loads applied in the truck axle-back loading configuration again created
small strains.

The response of the IBTS detail to the 20% overload test was elastic. The
largest strain induced by this loading was 150ug, about 7% of yield strain of the
rebars, caused by the truck axle-front loading configuration. As in the HS-25 load
step, the strain magnitude decreased from the edge of the deck into the section,

except when loaded by the truck axle-back loading configuration.

5.2.2.4.3 1.75xHS-25 load step

Figure 5-20 contains plots of load versus strain for an applied loading of
1.75xHS-25. The gauges on the bottom mat of steel at the positive moment
section (i, iii and v) showed linear behavior throughout the load test. The
maximum tensile strain reading from the SB81+ gauge was 124i€, caused by the
tandem loading configuration.

The tandem and truck axle-front loading configurations strained the
reinforcing bars close to the edge at the negative moment section up to 348ue and
380ue, respectively (Figure 5-20, i1 and 1v). In addition, the load versus strain
plot for the tandem loading configuration shows a noticeable slope change at
about 19kips (1.2xHS-25). This change in stiffness indicates cracking in the

vicinity of the gauge.
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The truck axle-front loading configuration (Figure 5-20, iv) caused a
higher strain in the ST82- gauge than the tandem configuration. However, the
truck axle-front vehicle did not induce further cracking as the plot does not show
a sudden change in stiffness. This plot shows the edge bars were strained
significantly whereas the interior bars were very lightly strained due to the fact
that the large axle load was located at the edge of the bridge deck. The truck axle-
back loading configuration produced very small strains in relation to the other
loading arrangements, especially at the negative bending moment location (Figure
5-20, vi).

The load versus strain plots for this load step show small residual strains
as well as initiation of cracking at the negative moment section. The strains at the
positive location were small compared to the negative location since the load was
applied to maximize negative moment. Overall, the section appears to be

relatively undamaged at the 1.75xHS-25 load level.

5.2.2.4.4 Loading to failure

Figure 5-21 (i) illustrates the strain history of the SB81+ strain gauge, the
gauge closest to the edge of the bridge deck, located in the bottom mat of
reinforcing steel at the positive moment section. The plot includes residual strains
caused by inelastic loading cycles during previous load tests. The residual strains
induced by the HS-25, 1.2xHS-25, and 1.75xHS-25 load steps were very small,

and therefore, were not included in the plots in Figure 5-21.

91



Load per tire (kips)

Load per tire (kips)

100

80

60

40

20

100

80

60

40

20

Strain (10 in/in)

(ii)ST82- strain gauge, tandem loading configuration

16
+5
1 4
Negative Positive F3
Looation Location
N Q;i ;C i
T D i P F2
e || O i
11 ! [
) i i o
e | e, ! B
oft &> > 3
+—>
: : : ‘ il 0
500 1000 1500 2000 2500
Strain (10 infin)
(i))SB81+ strain gauge, tandem loading configuration
7
+6
+5
+ 4
Negative Positive 3
L Logsation Location
S N P 2 i
t e -2
e e || O P
7 i i P
e @ 11 i I
11 : I F1
o i o |
oft > > 3
1 1 : : 8t 0
500 1000 1500 2000 2500

Load per tire (X HS-25)

Load per tire (X HS-25)

Figure 5-21: Load vs. strain, loading to failure, negative moment loading,

southeast test area

92



The maximum strain in the SB81+ gauge was 1670g, approximately 81%
of yield strain in the steel, at failure of the test area. Based on the strain readings,
the reinforcing steel was close to, but not exactly at the yield point when the
specimen failed. This is reasonable since the bridge deck failed due to a punching
failure, not a flexural failure. The stiffness displayed by the SB81+ strain gauge
gradually reduced as the loading cycles became larger.

As in the load versus deflection plot for loading to failure (Figure 5-11), at
the envelope of the load versus strain plots, three different slopes can be observed
by fitting lines as shown in Figure 5-21 (1). The first stiffness change occurred at
a load of approximately 45kips per tire (2.9xHS-25) and indicated substantial
cracking of the slab end detail. The other abrupt stiffness change occurred just
prior to failure, at a load of approximately 91kips per tire (5.8xHS-25), when the
slope reduced almost to zero indicating yielding of the flexural reinforcement.
Soon afterwards, a punching shear failure occurred at an ultimate load of 94kips,
six times the HS-25 tandem design loading.

Figure 5-21 (ii) shows the load versus strain plot for the ST82- gauge, a
critical strain gauge at the negative moment section. The plot shows a change in
stiffness at a load of approximately 30kips (2xHS-25), due to initiation of
cracking. This matches a slight stiffness change shown on the initial failure
loading cycle plot for the SB81+ strain gauge (Figure 5-21, 1) at a load of 31Kkips.
The crack maps in section 5.2.2.2 identify first visible cracking occurring at an
applied load of 2.1xHS-25, which substantiates the stiffness change visible in the
load versus strain plots for loading to failure. The stiffness displayed by the
ST&82- strain gauge at large failure loading cycles remained relatively constant to a
strain of 1300pE.

Beyond 1300pe in the ST82- strain gauge, the experimental results

indicated some minor increase in stiffness. However, the test section cannot
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stiffen under increasing load; therefore, the strain gauge readings were verified by
plotting the load versus strain results for other strain gauges at this location. The
other gauges verified the occurrence of this slight amount of stiffening. The strain
gauges in this location were situated over the centerline of the girder; however,
the location of maximum strain was at the edge of the beam flanges based on
recorded crack widths. The development length of the reinforcing steel (#5 rebar)
in the section is 14.5inches based on ACI 318-02, section 12.2.3. Therefore, in
the distance from the edge of the girder flange to its centerline (6.4in), the strain
could change by as much as 44%. Since the measured strains were large in
relation to yield strain at the centerline of the girder, near the edge of the flanges
the rebar was most likely yielding when this apparent stiffening took place. The
girder flanges together with the shear studs provide rotational restraint to the
bridge deck, creating a region that is controlled by complicated mechanics. The
ST82- gauge appears to reach the reinforcing steel’s yield strain of 2070p€ at an
applied load of 82kips; however, there is no distinct effect on the section’s
stiffness. In short, the complicated nature of the mechanics in the joint region
may be the cause of this otherwise insignificant stiffening. In addition, the strain
readings from the centerline of the girder are not greater than those measured over
the flange, however, they are useful in showing trends and overall ideas about
strain levels.

The bridge deck failed at the edge tire on the interior span at a load of
93.75kips per tire (6xHS-25 or 7.5xHS-20). After failure, the punched tire
continued to carry an applied load of 45kips per tire, approximately 300% of the
design load. Then, the two tires located in the bridge deck’s exterior span were
loaded in order to determine the capacity for this section. Under this loading, a
punching failure occurred at the edge tire at an applied load of 90.47kips
(5.8xHS-25 or 7.25xHS-20) (Test No.17, Table 5-1)
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5.2.2.5 Strain profiles

Strain profiles were created for all load steps applied at the location to
maximize negative moment. As stated in section 5.2.1.3, the strain profiles were
used to compare the effect of the loading configurations on the strain distribution

across the edge detail.

5.2.2.5.1 HS-25 load step

The strain magnitudes created by the tandem loading configuration at the
HS-25 load step, applied in the location to maximize negative moment, are more
critical for the maximum positive moment section than the negative location
(Figure 5-22, 1 and ii). The largest strain of 90pE (SB85bu+) was caused by the
tandem loading configuration and occurred at the positive moment section.
However, the strains measured in the HS-25 load step were small at both
locations. With increased applied load, larger strains were measured at the
negative moment section.

In addition, the strain gauges at the negative moment section are located at
the centerline of the girder. As discussed previously, the maximum strain over
the girder was at the edge of the flange. The maximum strain at the edge of the
flange could be 44% higher than the readings obtained from the strain gauges
located at the centerline of the girder, based on the development length of the
reinforcing steel.

The truck axle-front loading configuration imposed larger strains at the
negative moment section (Figure 5-22, iii and iv). These two figures show a
different variation in the strain across the section. The profile for the positive
moment section (Figure 5-22, iii) is close to uniform across the thickened edge
whereas the strain profile at the negative moment section (Figure 5-22, iv) shows

a significant decline in strain readings from the edge of bridge deck to the interior.
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This behavior is also evident in the tandem loading configuration strain
profiles. The strains induced by the truck axle-back loading configuration (Figure

5-22, v) are the smallest of the three loading configurations.

5.2.2.5.2 1.2xHS-25 load step

The maximum strain induced by the tandem loading configuration again
occurred at the positive moment section (Figure 5-23, i and ii). However, the
strain readings from the two sections were much closer in magnitude than at the
HS-25 load step.

The maximum strain at this load step was caused by the truck axle-front
loading configuration in the SB81bu+ strain gauge (Figure 5-23, iv). The strain
magnitudes in the edge bars at the maximum positive moment section (Figure
5-23, iii) are now much smaller in magnitude than in the negative location. The
truck axle-back loading configuration again induced insignificant strains at the
maximum negative moment section (Figure 5-23, vi) and larger strains at the

positive location (Figure 5-23, v).

5.2.2.5.3 1.75xHS-25 load step

Figure 5-24 shows the strain profiles obtained at the 75% overload level.
At this load step, strains measured on top of the girder are higher than those
measured at the positive moment section. The largest strain of 370pe (18% of
yield strain of the steel) was caused by the truck axle-front loading configuration
in the ST82- gauge; however, the average of the strain readings in the thickened
edge are larger for the tandem loading configuration. The truck axle-back loading
configuration again resulted in insignificant strains at both the positive and

negative moment sections (Figure 5-24, v and vi).
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For the tandem and truck axle-front loading configurations (Figure 5-24, ii
and 1v), the strains in the reinforcing steel near the edge of the bridge deck (bars 1,
2 and 3) substantially increased at this load step. In addition, the strain in these
three bars was much greater than the strain in the other bars in the thickened edge.
Considering the strain level of the reinforcing steel (250-350p€), the increased
strain measurements in the three edge bars indicate crack formation in the vicinity
of these bars. This can be verified by the crack maps in section 5.2.2.2 which
show a 12-inch long crack forming at this location soon after the 1.75xHS-25 load

step, at 2.11xHS-25 (Figure 5-13, 1).

5.2.2.5.4 Loading to failure

Figure 5-25 shows strain profiles for loading to failure. The bridge deck
was loaded to failure in the tandem loading configuration as it created the largest
cumulative strains across the thickened edge. The strain profiles for the loading
to failure (6xHS-25) (Figure 5-25, vii and viii) are from strain readings obtained
just prior to the punching shear failure.

At the 2.92xHS-25 load step, the strains in the three bars closest to the
edge at the negative moment section (Figure 5-25, ii) were significantly larger
than the strains in the rest of the reinforcing steel in the thickened edge.
However, tracking the strain profiles for the maximum negative moment section
at increasing load steps (Figure 5-25, iv, vi and viii) shows the strains across the
IBTS detail becoming more uniform. This is due to cracks propagating into the
deck longitudinally in the vicinity of the gauged negative moment section.

At the 2.92xHS-25 load step, the strains across the thickened edge at the
positive moment section are significantly lower than those at the negative moment
section (Figure 5-25, i and ii). However, just prior to failure of the test area,

strains across the IBTS detail are comparable at these two sections. In fact, the
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largest strain induced at the loading to failure (6xHS-25) was in the SB82+ strain
gauge, located in the positive moment section (Figure 5-25, vii). This is likely
attributable to redistribution of stresses between the positive and negative moment

sections prior to failure.

5.2.2.6 Moment calculations

The strain gauge readings were used to calculate moments induced in the
four-foot thickened edge at the applied load steps. At the positive and negative
moment sections, the average strain from the top and bottom gauges was used in
conjunction with the “plane sections remain plane” principle to establish linear
strain profiles through the depth of the sections. Figure 5-26 shows two examples
of the constructed linear strain diagram for the tandem loading configuration at
the HS-25 load step.

The average strain readings were converted to stresses in the concrete and
rebar. The in-plane forces and moments were calculated. Since the shape of the
concrete stress diagram is parabolic, a method to convert the diagram to a
rectangle was used to simplify the calculation. The compression force in the
concrete was calculated by stress block factors o, and 3, (Figure 5-27).

The moment calculations were performed both with and without tension in
concrete. The concrete tension force was determined by assuming a triangular

stress distribution (Figure 5-27). The concrete tensile strength, 0., of 570psi was

determined from the split cylinder tests performed on the deck concrete. yi, the
depth of the concrete tension block, was adjusted as cracking stress was reached

in the section.
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Figure 5-28 shows a sample of the spreadsheet calculation used to
determine the force and moment in the section. The moments and in-plane forces
at the positive and negative moment sections were plotted versus applied load
(Figure 5-29 and Figure 5-30). The moment calculations were prepared for the
tandem loading configurations only since they typically create the most critical
behavior in the bridge deck as well as being the loading configuration used to fail
the specimen.

Figure 5-29 (i) shows the moment calculated from the strain gauges at the
positive moment section in the deck for all tandem vehicle loadings performed
(the 0.8xHS-25 data point is HS-20 loading). When tension in concrete, Tc, is
ignored, the relationship of moment to applied load is approximately linear.
When Tc is included, for the same applied load, the moment is larger prior to
cracking. However, once the extreme tensile fiber cracks, both analyses yield
very similar results. By the 2.92xHS-25 load step, tension in concrete does not
effect the moment.

At the negative moment section (Figure 5-29, ii), the plot without tension
in concrete is very close to linear. The difference caused by Tc is smaller in
magnitude than at the positive moment section. The negative section cracks
earlier than the positive moment section. The moment created at the two sections

was very close when the bridge deck punched.
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Figure 5-29: Moment calculated from strain gauge readings, tandem loading
configuration only
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The calculated in-plane force for the positive section is shown in Figure
5-30 (i). The in-plane force is in tension when Tc is included in the sectional
force calculation, prior to cracking in the thickened edge. This is because the
deck had a large area of uncracked concrete in tension. However, this tension
force is small in relation to the in-plane compression force created at failure of the
bridge deck. Once the section cracks, the in-plane force goes into compression.
At failure, the maximum in-plane compression is 140kips. This is due to lateral
restraint of the bridge deck, caused by arching action and the lateral rigidity of the
steel girders. The two plots (with and without Tc) gradually approach each other
as the section becomes cracked more extensively, until failure, when there is only
nine kips between them.

Figure 5-30 (i1) shows the in-plane force at the negative moment section.
The plot including Tc is similar to the in-plane force plot for the positive moment
section, initially going into tension, then switching to compression after initial
cracking. The two plots again approached each other as load was increased and
cracking became more extensive. The maximum in-plane force in the negative

moment section is 110kips.

5.2.2.7 Elastic moment comparison

Elastic moment diagrams were created for a three-span continuous beam,
using point loads and point supports for the HS-25 and 1.75xHS-25 load steps.
These load steps were chosen because the section had not cracked, and therefore,
the elastic assumption still held. Two loads were applied to the model, each
representing two tires. The moments from the strain gauge readings are plotted
for comparison. For the continuous beam analysis, the negative moment at the

girder reaches a high value because of the point support. The elastic moment at
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the edge of the flange was used across the full width of the flange, as the actual
variation of moment over the girder is not known.

The moment from the strain gauges is slightly larger than the elastic
analysis for the HS-25 load step at the positive moment section (Figure 5-31, 1).
This is likely due to the large variability in the strain gauge readings at low
strains. At the 1.75xHS-25 load step, the experimentally calculated moment
matches the elastic analysis at the positive moment section (Figure 5-31, 11).

The moments from the strain gauges match the elastic analysis very well
at the positive moment section. At the girder, however, the experimentally
calculated moments are roughly half of the continuous beam analysis moments.
This is due to the specific location of the strain gauges, which are at the centerline
of the girder. The cast-in-place concrete bridge deck is restrained at the girder by
the shear studs and the girder itself, reducing the strains measured at the centerline
of the girder. The maximum strains over the girder flange were located at its edge
as shown by the crack maps in Figure 5-13.

The #5 rebar used for primary reinforcement in the bridge deck can
develop large strains in a very short length. A calculation using ACI 318-02,
section 12.2.3 gives a development length of 14.5in for a #5 rebar. Algebraically
modifying the development length equation to determine the stress change in 6.4
inches, the distance from the centerline of the girder to the edge of the flange,
results in a stress change of 26.3ksi. This change can alter the forces in the
tension reinforcement in the IBTS detail by 65kips, which would drastically
increase the moments calculated in the section. There is a clear uniformity
between the elastic analysis and the experimental results before cracking of the

bridge deck.
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5.2.2.8 Failure of the exterior span

Since only the interior span of the southeast test area initially failed, the
two tires located in the exterior span of the test area were subsequently loaded to
failure. This span also failed by punching of the edge-most tire at a load of
90.5kips (5.8xHS-25 or 7.2xHS-20) per tire. Pictures of the failure in the exterior
span are shown in Figure 5-32 through Figure 5-34.

The bottom failure surface was closer to elliptical around the load plate
than the interior span failure (Figure 5-32). The side cracks once again extended
from the load plate to the girders (Figure 5-33). The top failure surface was
different from the interior span failure, with the major failure cracks occurring

further from the

e

edge of the load plate (Figure 5-34).

o

Figure 5-32: Exterior span failure at bottom of deck, facing south
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Figure 5-33: Exterior span failure at side of deck, facing north
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(ii) Facing east

Figure 5-34: Exterior span failure at top of deck
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5.2.3 Southeast test area summary

The southeast area of the bridge deck specimen tested the IBTS detail and
an eight-foot deck span. It was loaded in the tandem, truck axle-front and truck
axle-back loading configurations for typical design loads and overload levels.
The test area was then taken to failure in the tandem loading configuration. The
test area behaved superbly from a serviceability standpoint. Measured deflections
were very small at all design loads as well as overload levels. In addition, first
cracking occurred at an applied load of 33kips (2.1xHS-25) per tire. This is a
substantial reserve strength for serviceability concerns.

The bridge deck was very stiff based on the small relative deflections that
were measured at various load steps. The relative midspan deflection increased at
a rate proportional to the load increase. The strain profiles showed that the
distribution of strain across the thickened edge was different for the positive and
negative locations, regardless of the loading configuration applied. The strains
dropped quickly moving from the edge of the IBTS detail to the interior at the
negative moment location. However, the strain magnitudes were almost uniform
across the section at the maximum positive moment section. This is caused by the
difference in support conditions of the two locations. The girder at the negative
moment section did not allow the deck to deflect significantly, which also reduced
the measured strains in the interior of the bridge deck.

The deck sustained large loads and extensive cracking prior to failing by
punching of the edge-most tire in the interior span. Near failure, the bridge deck
was deflecting with almost no increase in applied load. This behavior typically
indicates an impending flexural failure. However, prior to a ductile flexural
failure, the inclined cracks opened significantly and a punching shear failure was

experienced by the bridge deck.
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The test area has a factor of safety of six times the HS-25 design loading.
However, the punching failure was non-ductile, which is typically avoided as the
critical failure mechanism in structural design. The large factor of safety and the
residual capacity after the punching failure (300% of the design load) show this is
a very conservative design. Overall, the southeast test area of the bridge deck

performed very well under the applied loadings and also displayed the benefits of

arching action.
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5.3 SOUTHWEST TEST AREA

The southwest test area contained the IBTS detail, spanning 10ft. As
reported in section 5.2, the interior span of the IBTS side of the test specimen had
been loaded to failure before this area was tested (southeast test area). This
changed the boundary conditions at the interior girder of the southwest test area.
The punching shear failure in the middle span of the deck necessitated a change in
the test protocol. As opposed to using loading locations determined using
influence lines, which were based on linear elastic analyses and continuity at
supports, the test area was loaded at its midspan.

The positive moment section strain gauges were located three-feet from
the centerline of the exterior girder, based on the linear elastic influence line
analysis described in section 4.3.2. For positive bending, the critical section in
the bridge deck is at the load point. Figure 5-35 shows an elastic analysis for a
three-span continuous beam on point supports. This simplified analysis shows the
strain gauges were at approximately 60% of the strain magnitude at the critical
section in the linear elastic range. In addition, the negative moment section strain
gauges are not at the critical location for negative bending, as they are not placed
at the face of the support. Therefore, the load versus strain plots, strain profiles,
moment calculations and elastic moment comparisons have not been included
herein. However, they are presented and discussed in Appendix A.

The loading to maximize negative moment could not be applied since the
interior span of the south edge was damaged. Based on influence lines presented
in Figure 4.7, the loading to maximize positive moment places a tire one-foot
from the centerline of the interior girder. This tire’s load will go directly into the
supporting girder and not significantly affect the bridge deck behavior.

Therefore, it was only necessary to apply one tire load per axle. Since the
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Figure 5-35: Critical section shift due to loading location change

rotational restraint of the bridge deck had been reduced by the punching failure in
the southeast test area, the southwest test area behaved similar to a single-span
deck, which shifted the critical section towards midspan. In addition, the tire
location was near midspan and the loading holes needed to be repositioned due to
the larger load plates so it was decided to load this test area at midspan. Table 5-2
shows a list of the load tests performed on the southwest test area.

Loads were applied by hydraulic rams bearing on 15in by 20in load plates
on top of neoprene bearing pads placed on the bridge deck. After obtaining a
punching failure in the southeast test area, the load plate area was increased using
the provisions of section 3.6.1.2.5 in the 1998 AASHTO LRFD Bridge Design
Specification. The larger load plate required coring new holes in the span of the
southwest test area. The concrete was scanned prior to coring in order to locate

the reinforcing steel.
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Table 5-2: Order of testing in the southwest test area

Location | Load Type| Which Load per Load per
Test No. | Pos/Neg | Tan/Truck | axle? tire (kips) | tire (xHS-25)
1 Positive | Tandem Both 31.2 2
2 Positive Truck Front 40 2
3 Positive Truck Back 40 2
4 Positive | Tandem Both 37.5 2.4
5 Positive Truck Front 48 24
6 Positive Truck Back 48 2.4
7 Positive | Tandem Both 54.7 3.5
8 Positive Truck Front 70 3.5
9 Positive Truck Back 70 3.5
10* Positive | Tandem Both 95.6 6.1

*Punching of edge tire

The SB101+ strain gauge was monitored during testing. Due to a
conversion error, the intermediate applied load steps were twice as large as the
load steps used in other test areas (i.e. 2xHS-25, 2.4xHS-25 and 3.5xHS-25). The
plots of load versus deflection are reported at the doubled load steps. However,
readings from all instruments have been collected continuously at the typical load
steps (HS-25, 1.2xHS-25 and 1.75xHS-25), which allowed comparisons between
test areas. The crack widths and lengths are presented for first cracking (HS-25),

regular load steps and failure (6.1xHS-25).

5.3.1 Load vs. deflection response

The relative midspan deflection was calculated in the same manner used in
the southeast test area (section 5.2.1.1). The plots are jagged because string
potentiometers, which give lower resolution than linear potentiometers, were used
to measure deflection at midspan. It is important to note that the bridge deck

deflects continuously with increasing loads and the noise in the data is associated
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to the instrumentation. In addition, the noise level appears very high, as the

deformations being measured are very small.

5.3.1.1 2xHS-25 load step

Figure 5-36 shows plots of load versus deflection for the three loading
configurations applied at the 2xHS-25 load step. The HS-20 and HS-25 load
levels are also shown in the figure. The maximum relative edge deflection
measured at this load step was 0.11in, caused by the tandem loading configuration
(Figure 5-36, 1). The truck axle-front loading configuration induced a maximum
relative deflection of 0.09in, about 80% of the tandem deflection. Figure 5-36
(ii1) shows the small relative deflection (0.02in) caused by the truck axle-back
loading configuration.

The deflections created at this load step are small and compare to the noise
in the readings from the string pot. The behavior of the bridge deck at the 2xHS-
25 load step appears to be linear for all loading configurations. However, first
cracks were visually observed at the bottom side of the deck when HS-25 loads
were applied. It is important to note that the lengths and widths of these cracks
were small and did not cause a noticeable slope change in the overall load versus
deformation response (Figure 5-36). The tandem loading configuration resulted
in a residual relative deflection of 0.04in after unloading, indicating some

inelasticity that is likely due to microcracking around the reinforcing steel.

5.3.1.2 2.4xHS-25 load step

Figure 5-37 shows the relative midspan deflections recorded at the
2.4xHS-25 load step, which were not significantly larger than those of the 2xHS-
25 load step. The maximum edge deflection again occurred under the tandem
loading configuration (0.12in), however, the increase was only about 9%

compared to the edge deflection measured at the 2xHS-25 load step. The truck
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axle-front loading configuration created a maximum deflection comparable to the
tandem configuration while the truck axle-back loading configuration deflected
the edge of the deck insignificantly. The bridge deck’s response to all loads
applied at the 2.4xHS-25 load level was essentially linear.

5.3.1.3 3.5xHS-25 load step

The tandem loading configuration created the largest relative midspan
deflection of 0.25in. Figure 5-38 (i) also shows a slight amount of non-linearity
in the behavior of the bridge deck at a load of approximately 41kips (2.6xHS-25).
The unloading portion of the plot has roughly the same slope as the reloading
portion.

The relative deflection response of the bridge deck was the stiffest for the
truck axle-back loading configuration and the most flexible for the tandem
loading configuration. This indicates the stiffness of the deck where the loadings
were applied and vulnerability of the deck to various loading configurations. The
maximum relative deflections at the 3.5xHS-25 load step increased over 200%

compared to the 2xHS-25 load step, a load increase of 175%.

5.3.1.4 Loading to failure

The loading to failure plot in Figure 5-39 includes the load versus
deflection response of the test area at the 2xHS-25, 2.4xHS-25 and 3.5xHS-25
load steps in the tandem loading configuration. At the envelope of the plots, four
distinct slopes are evident as shown by the fitted lines. The first stiffness change
was slight and occurs at a load of approximately 3 1kips (2xHS-25) per tire. This
corresponds with the crack map for the bottom of the bridge deck (Figure 5-41).
First cracking of the bridge deck occurred at the HS-25 load level, however, the
cracks did not cross the slab end detail until the 2xHS-25 load level. The cracks

that formed at the HS-25 load level were not significant enough to change the
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stiffness of the slab end detail. The second stiffness change occurs at a load of
approximately 62kips (4xHS-25) per tire, indicating significant deterioration
within the thickened edge as the slope change is large. The final slope of the plot,
just prior to failure, is nearly horizontal, indicating yielding of the flexural steel.
The relative deflection measured at a load of 2xHS-25, during the loading
to failure (Figure 5-39), is nearly the same as that at the 2xHS-25 load application
(Figure 5-36). Therefore, the section had not been significantly deteriorated after
being loaded to the 2xHS-25, 2.4xHS-25 and 3.5xHS-25 load steps. Overall, the
slab end detail behavior was relatively stiff up to failure carried large applied

loadings prior to punching.
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5.3.2 Crack maps

Section 5.2.2.2 describes the process used to produce the crack maps
presented herein. The crack maps in Figure 5-40 through Figure 5-42 were
created for first cracking and all load steps after that including failure. First
cracking at the bottom and side of the bridge deck occurred at the HS-25 load
level in the southwest test area. However, the cracks did not propagate
significantly until the 2xHS-25 load step. The top of the deck cracked much later,
at a load of 3.5xHS-25. The three cracks present on the bottom of the deck
extended across the thickened edge at this load step (Figure 5-40, i1).

The load versus deflection plots show a change in stiffness at a load of
about 41kips (2.6xHS-25) per tire, however, the stiffness change due to first
cracking is not clear (Figure 5-38, i). This is because the crack widths remained
small until the 3.5xHS-25 load step, at which point they began to increase
significantly. The deck must be significantly cracked in order to identify the
stiffness change it causes on the load versus deflection plots.

At failure, the bottom of the deck was extensively cracked (Figure 5-40,
v). The cracks initially propagated perpendicular to the edge of the bridge deck.
Close to failure, they began to branch toward the flanges of the supporting girders
in the interior of the deck. This cracking pattern shows the preliminary formation
of a yield-line pattern, extending from midspan near the edge of the deck, and
then, branching toward the girders in the interior of the deck. This behavior is
verified by the crack maps for the top of the bridge deck (Figure 5-41), which
show negative moment yield lines forming at the girders. It is important to note
that failure occurred due to punching of the edge tire rather than formation of a
collapse mechanism through fully developed yield lines.

The top of the deck cracked at a larger load level than the bottom and side.

The crack widths remained very small until failure. The cracks on the top of the
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Figure 5-40: Crack maps for the bottom of the bridge deck
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Figure 5-40, cont’d: Crack maps for the bottom of the bridge deck
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Bl H 14 Bl [ 0003 68 Bl [ 0005 71 Bl | 0008]9221)] Bl [ 0.033[92(25)
B2 H 14 B2 | 0002 62 B2 | 0005 65 B2 | 0008 66 B2 | 001 102
B3 H 6 B3 [ 0002 48 B3 | 0004] 62 B3 [ 0006 62 B3 | 0014] 62
B4 H 17 B4 | 0004 | 68 B4 | 0003] 60
B5 H 40 B5 [0003| 53 B5 | 0008] 53
B6 H 43 B6 | 0016] 13
B7 H 45 B7 | 0009 65
B8 | 0009 43
B9 | 0005] 33
BI0 H 40
Bl1 H 58
B12 H 41
B13 H 30
Bl4 H 59
BI15 H 65
B16 H 46

(vi)Key of widths and lengths of cracks for i, ii, iii, iv and v
*H = hairline crack, parenthesis measurement refers to the branch of crack B1

Figure 5-40, cont’d: Crack map and key for the bottom of the bridge deck
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(i)3.5xHS-25 load step (first cracking)

Failure Pictures, Figure 5-45 (i)

Failure Pictures, Figure 5-45 (ii)

(ii)6. IxHS-25 applied load (failure)
*Reference (iii) for crack widths and lengths
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Figure 5-41: Crack maps for the top of the bridge deck



Load=3.5xHS-25 Load=4.5xHS-25
Crack | Width | Length | Crack | Width | Length
Name | (in) (in) | Name| (in) (in)

T1 H 26 T1 | 0.002 30

T2 H 23 T2 H 118

T3 H 48 T3 | 0.004 73
T4 | 0.004 87

(iii) Key of crack widths and lengths for i and ii
*H = hairline crack

Figure 5-41, cont’d: Crack map and key for the top of the bridge deck

Lood Plate

sg 4 8
1

] REE

())HS-25 applied load (first cracking)

Load Plate

sel § is3
] st ]
(1)) 2xHS-25 load step
= S!:]‘ 313 ‘Ss
(iii) 2.4xHS-25 load step

*Reference (vi) for crack widths and lengths

Figure 5-42: Crack maps for the side of the bridge deck
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(iv)3.5xHS-25 load step

Load Plate
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(v)6.1xHS-25 load step (failure)
Load=HS-25 Load=2xHS-25 Load=2.4xHS-25 Load=3.5xHS-25 Load=6.1xHS-25

Crack | Width | Length | Crack | Width | Length | Crack | Width [ Length | Crack | Width [ Length | Crack | Width [ Length
Name | (in) (in) [ Name| (in) (in) [ Name | (in) (in) | Name [ (in) (in) [ Name| (in) (in)
S1 H 5 S1 ]0.003 6 S1 |0.005 6 S1 | 0.009 8 S1 0.05 8.5
S2 H 3.5 S2 | 0.003 6 S2 [0.004] 7.5 S2 | 0.008 8 S2 ] 0.007 8

S3 H 4 S3 [0.003] 5.5 S3 10.004f 6.5 S3 1 0.008 7 S3 ] 0.009 7
S4 H 4.5 S4 [0.004] 4.5 S4 10.005] 4.5
S5 H 4 S5 [0.004] 7.5 S5 0.01 9

S6 H 6 S6 0.03 9.5
S7 H 5.5 S7 _[0.004 9
S8 ] 0.029 8
S9 H 1
S10 H 4.5
S11 ]0.002 13
S12 H 6
S13 H 8

(vi) Key of crack widths and lengths for i, ii, iii, iv and v
*H = hairline crack

Figure 5-42, cont’d: Crack map and key for the side of the deck

deck initially formed at the edge of the girder flanges, verifying that the flange
and shear studs restrain the concrete over the girder. The midspan loading created
more extensive cracking in the bottom of the deck near midspan than in the top of

the deck over the girder. As mentioned previously, the cracks began to open
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significantly at the 3.5xHS-25 load step. At failure, the cracks in the deck span
are centered under the load plate (Figure 5-42). In addition, they are very

concentrated at midspan showing the initiation of a yield-line.

5.3.3 Failure Pictures

Failure of the southwest test area occurred due to punching of the edge tire
at a load of 96kips (6.1xHS-25 or 7.6xHS-25). The failure surface was
documented with failure pictures discussed herein. Figure 5-43 shows the failure
surface at the bottom of the deck. The failure surface was very similar to the
interior span failure in the southeast test area, which formed roughly 2.5ft into the
deck, parallel to the edge of the deck. In addition, both test area’s major failure
cracks curved toward the edge of the deck at the girder on the west side of the test
span.

The side of the bridge deck after failure is shown in Figure 5-44. The
shear cracks formed at different angles on each side of the load plate, with a
steeper inclination on the west side (i.e. the shear crack on the left side of the
loading plate in Figure 5-44). The failure crack on the west side of the loading
plate did not extend to the girder flange, but reached the bottom surface of the
deck a few inches from the edge of the flange. Whereas, the shear crack on the
east side of the plate extended to the girder flange. By comparing the failure
pictures to the crack maps, it can be seen that the shear cracks defining the
punching core formed in a location where there was no previous visible flexural
or shear cracks.

The failure surface extended diagonally from the north side of the load
plate to deck edge (Figure 5-45). The failure surface was again flush along the
north side of the load plate.
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(i) East side of test span, facing south

(ii) West side of test span, facing south

Figure 5-43: Southwest test area failure pictures at bottom of deck
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Figure 5-44: Southwest test area failure picture at side of deck, facing north
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(i) East side of interior span, facing south

(i) West side of test span, facing east

Figure 5-45: Southwest test area failure pictures at top of deck
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5.3.4 Southwest test area summary

The performance of the IBTS detail on a deck span of 10ft was tested in
the southwest test area of the bridge deck specimen. It was loaded at midspan
with 15in by 20in load plates. One tire load per axle was applied to the deck
because the loads from the other two tires were directly on top of the supporting
girder. Three loading configurations were applied at load steps of 2xHS-25,
2.4xHS-25 and 3.5xHS-25. Then, the test arca was taken to failure in the tandem
loading configuration.

The deflections for the southwest test area were small in relation to the
span of the deck. At failure, the slope of the load versus deflection plot was
nearly horizontal; indicating steel in the thickened edge was yielding. The
southwest test area reached an ultimate relative midspan deflection of 1.4in.

The IBTS detail cracked at the bottom and side of the deck at the HS-25
load level. If minor cracks at service loads are to be avoided, the performance of
the IBTS detail spanning 10ft could be unacceptable. Early cracking (HS-25 load
level) occurred on the bottom of the deck, which is a less critical location for
corrosion issues than the top of the bridge deck. Top cracks did not form until an
applied load of 3.5xHS-25. In addition, the bottom cracks did not become
significant, both in number and in width, until the 200% overload as evidenced by
the stiffness change shown in the load versus deformation plots. The relative
edge deflections were small at the service load levels.

The southwest test area failed by punching of the edge tire at a load of
96kips (6.1xHS-25 or 7.6xHS-20). The shear cracks extended to the girder on
one side of the load plate and within inches of the girder on the other side. The
deck deflected a small amount compared to the span length while sustaining large

overloads. Significant flexural cracking occurred prior to the punching failure.
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5.4 NORTHWEST TEST AREA

The first test on the UTSE detail was performed in the northwest test area.
In this test area, the girder spacing was 10ft. In order to provide a basis for
comparison with the southwest test area, the deck was loaded at the midspan. In
this way, the performance of the UTSE detail was tested for positive bending.
Table 5-3 shows a summary of the load steps performed in the northwest test area.
The typical load steps (HS-25, 1.2xHS-25, 1.75xHS-25 and 3xHS-25) were
applied to be consistent with other test areas, prior to loading the specimen to
failure.

During the first test, conducted at the southeast test area, a punching shear
failure occurred in the interior span of the test specimen. Damage associated with
this failure had an impact on the loading configuration of the second test, in the
southwest test area. As discussed earlier, the load points were moved to midspan
(i.e. five-feet from the centerline of the girders) in the southwest test area. Due to
the change in loading location, the strain gauges in the southwest and northwest
test areas were not at the locations of maximum positive and negative moment. In
other words, strains at critical locations were not measured in this test area.
Therefore, the load versus strain plots, strain profiles, moment calculations and
elastic moment comparisons are presented in Appendix A. As can be observed in
Table 5-3, after carrying out design load and overload tests, the slab end was
loaded to failure in the tandem loading configuration. As in the southwest test
area, 15in by 20in load plates were used to apply loads to the deck. The strain
gauge on the rebar at the edge of the deck in the positive moment section

(NB101+) was monitored during the load testing.
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Table 5-3: Order of testing in northwest test area

Test No. Loading| Load Type | Which | Load per| Load per
Location| Tandem/Truck | axle? | tire (Kips) |tire (xHS-25)
1 Positive Tandem Both 15.6 1
2 Positive Truck Front 20.0 1
3 Positive Truck Back 20.0 1
4 Positive Tandem Both 18.8 1.2
5 Positive Truck Front 24.0 1.2
6 Positive Truck Back 24.0 1.2
7 Positive Tandem Both 27.3 1.75
8 Positive Truck Front 35.0 1.75
9 Positive Truck Back 35.0 1.75
10 Positive Tandem Both 46.9 3
11 Positive Truck Front 60.0 3
12 Positive Truck Back 60.0 3
13 Positive Tandem Both 81.3 5.2

*Punching of edge tire

5.4.1 Load vs. deflection response

In this section, load versus deflection behavior of the test specimen is
discussed. Since the strain measurement locations were not at the critical
locations, the strain readings were not especially useful and are presented in
Appendix A. Therefore, the load versus deflection plots, crack maps and failure
pictures were used as the primary evaluation of the test area performance at
service loads and overloads. The relative deflection measurement and calculation

1s discussed in section 5.2.1.1.

5.4.1.1 HS-25 load step

The deflection readings obtained at the HS-25 load step were small
compared to the resolution of the displacement transducers. Hence, the plots of
the load versus deflection response of the bridge deck are jagged and they show
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considerable noise at the HS-25, 1.2xHS-25 and 1.75xHS-25 load steps.
However, it is important to appreciate that such small deformations are
indications of very stiff deck behavior and superior structural performance under
service load and overload conditions. The behavior of the bridge deck at the HS-
25 load level was linear elastic. The tandem loading configuration created the
largest relative deflection (approximately 0.07in) at this load step (Figure 5-46, 1).
The relative deflection caused by the truck axle-front loading configuration was
about 0.045in while the deflection caused by the truck axle-back loading
configuration was within the noise in the data (less than 0.005in). For this reason,
the load versus deformation plot for the truck axle-back loading configuration is

not presented.

5.4.1.2 1.2xHS-25 load step

The tandem and truck axle-front loading configurations caused roughly
the same maximum relative deflection of 0.07in. The applications of tandem
loading configuration resulted in a slightly larger maximum midspan deflection at
the 1.2xHS-25 load step compared to the HS-25 load step. However, the
maximum relative deflection due to the truck axle-front configuration increased
by 40% compared to the 20% increase in load. This seemingly large difference
stems from small deflections and noise levels that were comparable to measured
deflections. The truck axle-back loading configuration again caused insignificant
deflections (Figure 5-47, iii). The behavior of the bridge deck was linear elastic at
the 1.2xHS-25 load step. The residual deformations measured at the HS-25 and
1.2xHS-25 load steps were comparable to the resolution of the displacement

measurements and hence can be assumed to be zero for all practical purposes.
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5.4.1.3 1.75xHS-25 load step
Figure 5-48 shows the load versus deflection plots for the 1.75xHS-25

load step. The relative deflections measured at this load step are significantly
larger than those recorded in the previous load steps. The maximum relative
deflection caused by the tandem and truck axle-front loading configurations at
this load step is over twice as large as those measured at the HS-25 load step.
This indicates a reduction in stiffness within the section and it can be attributed to
cracking in the slab end detail. The crack maps in Figure 5-51 through Figure
5-53 show the initiation of cracking near midspan and over the girders at 1.2xHS-
25 and 1.5xHS-25, respectively. The maximum relative deflection measured at

this load step was 0.14in (Figure 5-48).

5.4.1.4 3xHS-25 load step

The bridge deck performed well at the 300% overload. Its response was
linear except for a slight non-linearity caused by the tandem loading
configuration. The slope of the loading portion of the tandem plot gradually
decreases and there is a residual deflection of 0.07in after unloading (Figure 5-49,
1). The change in slope begins at a load of approximately 27kips (1.75xHS-25),
the largest load applied at the previous load step.

During this load application, at the HS-25 load level, the relative
deflection at midspan was 0.07in. It is interesting to note that the bridge deck had
a relative midspan deflection of 0.07in due to the tandem loading configuration at
the HS-25 load step as well (Figure 5-46). This indicates that the previously
applied loads did not significantly damage the thickened edge. Once again, the
truck axle-front loading configuration created a maximum relative deflection

comparable to that caused by the tandem loading configuration. The truck axle-
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back loading configuration created a maximum midspan deflection of

approximately 0.1in (Figure 5-49).

5.4.1.5 Loading to failure

Figure 5-50 shows the load versus deflection response of the bridge deck
in the northwest test area. The load versus deflection plots for the tandem loading
configuration at the design and overload load steps have been included in order to
show the full behavior of the slab end detail. On the reloading curve, the bridge
deck reached a relative midspan deflection of 0.08in at the HS-25 load level
during the loading to failure. This is greater than the relative edge deflection
caused by the initial loading to the HS-25 load level, indicating a slight amount of
damage was created by the overloads.

The stiffness changes caused by the design loadings and overloads are
reflected in the loading to failure plot (Figure 5-50). The envelope of the load
versus deflection plots shows a gradual deterioration of the thickened edge,
however, four distinct slopes can be discerned shown by the fitted lines. The first
stiffness change is small and occurred at an applied load of approximately 11kips
(0.7xHS-25) per tire, which is not reflected in the crack maps. However, the
second stiffness change is more substantial and occurs at a load of 45kips
(2.9xHS-25) per tire. This is verified by the crack map in Figure 5-51 (i1), which
show extensive cracking occurred before the 3xHS-25 load step. The stiffness of
the bridge deck when the edge tire punched was substantial. The deck reached a

maximum relative deflection of 1.17in just prior to failure.
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5.4.2 Crack maps

Crack maps for the bottom and side of the bridge deck are included for
first cracking (1.2xHS-25), just prior to failure (5.2xHS-25) and an intermediate
load step (3xHS-25). First cracking on the top of the deck occurred at a slightly
higher load, 1.5xHS-25.

The northwest test area cracked relatively early. At a load of 19kips
(1.2xHS-25) per tire, crack B1 had already propagated nearly across the width of
the UTSE detail (Figure 5-51, 1). However, the crack widths did remain small
(0.002in) and they are located on the bottom of the deck where there is less of a
corrosion risk. As discussed in section 5.4.1.3, the load versus deflection plot for
the tandem loading configuration at the 1.75xHS-25 load step (Figure 5-48)
shows a slight stiffness change at a load of approximately 22kips (1.4xHS-25) per
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tire. This agrees well with visual observations of cracks, which occurred near
midspan at a load of 1.2xHS-25. At failure, there was widespread cracking in the
span and the maximum crack width measured was 0.04in.

Figure 5-52 shows crack maps for the top of the bridge deck during the
northwest load tests. First cracking occurred slightly later on the top of the deck
(1.5xHS-25) than on the bottom (1.2xHS-25). The first crack on the top of the
deck (T1) formed at the centerline of the girder and then branched to the edge of
the flange. At failure, there were a total of six cracks, however, the cracks were
small in width (maximum crack width was 0.005in). At a load of 19kips
(1.2xHS-25), the cracks at the bottom of the deck could be observed at the side as
well. The visual observations conducted at the side of the deck indicated that
cracking was centered under the loading plate and curved towards the plate near
failure (Figure 5-53, ii1). Just prior to failure, the cracks at the bottom of the deck
near midspan were relatively wide, whereas the cracks at the top of the deck were

much smaller in width.
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Figure 5-51: Crack maps for the bottom of the bridge deck
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-« Failure Pictures, Figure 5-54
B6 B7 Bl2

A)
B10 \613

B11

B8

BS

T
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

______l___________________
______I.__________________

N
I B —t———————= Ft———————= ==

I I |

I I |

| I |

| ! !

(iii) 5.2xHS-25 load step (failure)
Load=1.2xHS-25 Load=3xHS-25 Load=5.2xHS-25
Crack Name W.ldth Dcpgth Crack Name Wldth Length Crack Name Wldth L@gth

(in) | (in) (in) | (in) (in) | (in)
Bl 0.002| 40 Bl 0.007 | 85 Bl 004 | 74
B2 H 5 B2 0.002 | 68 B2 0.005 | 68
B3 H 87 B3 0.004 | &7
B4 0005 | 45 B4 0015 | 65
B5 004 | o4 B5 0.01 64
B6 H 72 B6 00041 72
B7 0004 |1 60 B7 0.008 | 62
B8 0.002 | 41 B8 0.005 | 41
B9 0003 | 46 B9 0.01 46
B10 H 54 BI10 0.005 ] 59
BI11 0.003 9 BI1 0.006 | 55
BI12 0.006 [ 3
BI13 0002 15

(iv)Key of widths and lengths of cracks for i, ii and iii
*H = hairline crack, parenthesis measurement refers to the branch of crack B1

Figure 5-51, cont’d: Crack map and key for the bottom of the bridge deck
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(i) 1.5xHS-25 applied load (first cracking)

(ii)3xHS-25 load step
*Reference (iv) for crack widths and lengths
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Figure 5-52: Crack maps for the top of the bridge deck



«— Tailure Pictures, Figure 5-56
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(iii)5.2xHS-25 load step (failure)
Load=1.5xHS-25 Load=3xHS-25 Load=5.2xHS-25
Grack Nane Widrh L CGrack Nanre Width L Crack Nare Wldth B
() | (n) (i) | (in) (i) | (n)
TI H | 6 Tl 0003 | 87(21) TI 0005 | 87(24)
v 0.002 48 T2 0.004 58
13 0.004 36
T4 0.004 62
T5 0.004 32
T6 0.004 77

(iv)Key of crack widths and lengths for i, ii and iii

*H = hairline crack, parenthesis measurement refers to the branch of T1

Figure 5-52, cont’d: Crack map and key for the top of the bridge deck
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(iii) 5.2xHS-25 load step (failure)

Load=1.2xHS-25 Load=3xHS-25 Load=5.2xHS-25

Crack Name W,idth Le?gth Crack Name W.idth Lepgth Crack Name Width Léngth
(n) | (n) () | (o () | (n)

S1 0.002 3 S1 0.006 5.5 S1 0.03 7.5
S2 H 2.5 S2 0.003 3.5 S2 0.005 3.5

S3 0.003 4 S3 0.004 4

S4 0.005 5.5 S4 0.006 5.5

S5 0.006 2 S5 0.004 9

S6 0.002 5 S6 0.006 5

S7 0.003 5 S7 0.004 7

S8 0.002 3 S8 0.005 3

S9 H 5.5 S9 0.005 7.5

S10 0.005 5

S11 0.01 14

S12 0.01 6

S13 0.008 4

S14 0.005 4

S15 0.005 2

S16 0.005 8

S17 H 3

(iv) Key of crack widths and lengths for i, ii and iii
*H = hairline crack

Figure 5-53: Crack map and key for the side of the deck
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5.4.3 Failure Pictures

The northwest test area failed due to punching of the edge tire at a load of
81kips (5.2xHS-25 or 6.5xHS-20) per tire. Figure 5-54 shows the underside of
the bridge deck and the extent of the failure surface. The bottom surface of the
punching cone was similar to the ones observed in other test areas in that it ran
parallel to the edge of the deck near midspan and curved toward the deck edge at
the girders. Inclined shear cracks on both sides of the loading plate can be seen in
Figure 5-55. Some of the wide shear cracks on the west side of the load plate
extended to the girder flange. On the east side, however, the shear cracks formed
at a steeper angle and did not reach the girder. Some of the shear cracks that are
mapped in Figure 5-53 (iii) widened and contributed to the formation of the
punching cone at failure. The failure surface on the top of the deck followed the
back of the loading plate on the south side and moved slightly away from the
sides of the loading plate towards the edge (Figure 5-56). In addition, wide cracks

encircling the load plate formed at failure.
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Figure 5-54: Northwest test area failure at bottom of deck, facing north

Figure 5-55: Northwest test area failure picture at side of deck, facing south
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Figure 5-56: Northwest test area failure at top of deck, facing north
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5.4.4 Northwest test area summary

The positive bending behavior of the UTSE detail, spanning 10ft, was
evaluated in the northwest test area. The bridge deck was loaded at midspan, as
in the southwest test area. In addition, the 15in by 20in loading plates were used.
The tandem, truck axle-front and truck axle-back loading configurations were
applied at the HS-25, 1.2xHS-25, 1.75xHS-25 and 3xHS-25 load steps. The
bridge deck was subsequently loaded to failure in the tandem loading
configuration. Load versus deflection plots, crack maps and failure pictures for
the northeast test area are discussed in this section.

First cracking in the northwest test area occurred at the bottom and side of
the bridge deck at the 1.2xHS-25 load step. The top of the bridge deck cracked
slightly later, at an applied load of 1.5xHS-25. This test area had a low cracking
load in relation to the design loadings. The crack at the top of the deck may be of
concern since corrosion of the reinforcing steel could potentially be more critical
at the top. There was a significant amount of cracking at failure; however, the
crack widths were small at the support.

The relative midspan deflection at failure of the northwest test area was
1.05in. The edge deflection for this test area was large because it contained the
UTSE detail, which was 8in thick and spanned 10ft. Even though the deflections
were noticeable and numerous flexural cracks formed, the bridge deck did not fail
in flexure.

The northwest test area failed in punching shear at the edge tire under an
applied load of 82kips (5.2xHS-25) per tire. The test area had a large reserve
strength compared to the design loadings, however, the failure mechanism was
non-ductile. The northwest test area performed well in relation to ultimate
capacity, however, early cracking may not be desirable for serviceability

requirements of the bridge deck.
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5.5 NORTHEAST TEST AREA

The northeast test area containing the UTSE detail, spanning eight-feet,
was the final area tested. As in the southeast test area, 10in by 20in load plates
were used to apply loads to the bridge deck. The test area was first loaded to
maximize positive moment at the HS-25 load level, and then, the load frame was
shifted to maximize negative moment. In this way, behavior of this test area
could be compared to that of the southeast test area (i.e. the performance of the
IBTS detail can be compared to that of the UTSE detail). At the location to
maximize negative moment, the deck was loaded to the same design loads and
overloads as the southeast test area (HS-25, 1.2xHS-25 and 1.75xHS-25). In
addition, the three loading configurations were applied at the 3xHS-25 load step.
Then, the bridge deck was loaded to failure in the tandem loading configuration.

Table 5-4 shows a summary of the loadings applied to the northeast test
area. The NB81bu+ strain gauge and the linear potentiometer at the edge were
monitored during loading. Load versus relative deflection, crack maps, failure

pictures, load versus strain and strain profiles are presented for this test area.

5.5.1 Loading to maximize positive moment

The performance of the IBTS and UTSE details in negative bending was
the primary objective of all the tests performed in the southeast and northeast test
areas. However, positive bending tests were also performed at the HS-25 load
level in the southeast test area. Due to hydraulic pressure conversion problems,
the loads to maximize positive moment were applied at the 0.5xHS-25 load level

1n this test area.

157



Table 5-4: Order of testing in northeast test area

Test No. Loading Load Type Which Load per Load per
Location | Tandem/Truck| axle? | tire (kips) | tire (xHS-25)
1 Positive Tandem Both 7.8 0.5
2 Positive Truck Front 10.0 0.5
3 Positive Truck Back 10.0 0.5
4 Negative Tandem Both 15.6 1
5 Negative Truck Front 20.0
6 Negative Truck Back 20.0 1
7 Negative Tandem Both 18.8 1.2
8 Negative Truck Front 24.0 1.2
9 Negative Truck Back 24.0 1.2
10 Negative Tandem Both 27.3 1.75
11 Negative Truck Front 35.0 1.75
12 Negative Truck Back 35.0 1.75
13 Negative Tandem Both 46.9 3
14 Negative Tandem Front 60.0 3
15 Negative Tandem Back 60.0 3
16* Negative Tandem Both 76.6 4.9
17** | Negative Tandem Both 81.5 5.2

*Punching of edge tire in exterior span; **Punching of edge tire in interior span

5.5.1.1 Load vs. deflection response

The load versus deflection plots for the 0.5xHS-25 load step at the positive

loading location are not presented herein as the deformation measurements

compared to the noise levels.

0.005in.

5.5.1.2 Load vs. strain response

The largest relative deflection measured was

All measured strains were small. The tandem loading configuration was

the first loading applied to the deck. When the maximum load was held constant,

very small (approximately 20u€) creep deformations were recorded for one of the
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gauges. This is due to microcracking in the concrete occurring around the rebar.
The UTSE detail behaved linearly under all the truck loading configurations.

The maximum strain measured at this load step was 80ue (4% of yield
strain of the steel) at the positive moment section during application of the tandem
loading configuration (Figure 5-57, 1). The truck axle-front loading configuration
caused strains that were comparable to strains from the tandem loading
configuration. The strains caused by the truck axle-back loading configuration
were about 40% of the strains created by the tandem loading configuration. At

the negative moment section, the strain readings were less than 10U€ in all cases.

5.5.1.3 Strain profiles

Figure 5-58 shows strain profiles for the 0.5xHS-25 load step in the
location to maximize positive moment. As shown in the load versus strain plots,
the strain magnitudes at the negative moment section are very small relative to the
positive section. The largest strain at the negative moment section is 10LE,
caused by the truck axle-front loading configuration (Figure 5-58, iv). All strains
measured at this load step were very small compared to the yield strain of the
rebar.

At the positive moment section, the location of the tire loads for the
different loading configurations can be inferred from the strain gradient in the
profiles. The tandem loading configuration created a uniform strain profile
whereas the truck axle-back profile has a gradient with increasing strains going
into the deck. Likewise, the truck axle-front loading configuration has a strain
gradient that reduces going into the deck as it has tire loads at the edge of the
deck.
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5.5.2 Loading to maximize negative moment

The load frame was shifted to the location to maximize negative moment
for the design loading, typical overloads and loading to failure. As stated in
section 5.2.2, the two loading locations are separated by 21 inches. The loads
were applied by hydraulic rams at each load plate. At the location to maximize
negative moment, the northeast test area was loaded to design loads (HS-20 and
HS-25) and typical overloads (1.2xHS-25, 1.75xHS-25 and 3xHS-25) in the three
loading configurations. Then, the bridge was loaded to failure in the tandem

loading configuration.

5.5.2.1 Load vs. deflection response
The HS-25 and 1.2xHS-25 load versus deflection plots have not been

included herein, as the deflections were very small and compared to the accuracy

level of the displacement transducer used.

5.5.2.1.1 1.75xHS-25 load step

The maximum edge deflection at the 1.75xHS-25 load step was 0.05in,
created by the tandem loading configuration (Figure 5-59, 1). The truck axle-front
loading configuration created a very similar relative edge deflection. The truck
axle-back loading configuration caused relative deflections that were
indistinguishable from the noise in the data (approximately 0.005in) and are not
presented herein.

The tandem loading configuration created a non-linearity at the 1.75xHS-
25 load level and a residual deflection of 0.06in was recorded after unloading.
The overall behavior of the bridge deck at the 1.75xHS-25 load step is essentially
linear up until the application of the maximum load. Initiation of cracking was

noted on top of the girder and at midspan at the maximum load applied in this
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load step. All relative deflections measured at the 1.75xHS-25 load step are small

relative to the eight-foot span.

5.5.2.1.2 3xHS-25 load step

Figure 5-60 shows plots for the three loading configurations applied at the
300% overload level. The load versus deflection plot for the tandem loading
configuration has two distinct slopes with an abrupt change in stiffness at
approximately 30kips (1.9xHS-25) per tire. The residual deflection caused by this
non-linearity was four times that of the residual deflection measured at the
1.75xHS-25 load step. The crack maps (i.e. visual observations) substantiate this
stiffness change, as cracks near midspan initiate at the 1.75xHS-25 load step (a
few hairline cracks) and extend across the UTSE detail by the 3xHS-25 load step.

At the 3xHS-25 load step, the maximum relative deflection of 0.13in was
caused by the truck axle-front loading configuration. The maximum relative
deflection caused by the tandem loading configuration (0.12in) was slightly less
than this. The deflections measured at the 3xHS-25 load step increased
approximately 100% compared to the 1.75xHS-25 load step while the load
increased 70%. This indicates the test area deteriorated somewhat by the 3xHS-
25 load application. However, the UTSE detail was still relatively undamaged
after the 3xHS-25 load step.
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5.5.2.1.3 Loading to failure

Figure 5-61 shows the load versus deflection response of the bridge deck
when loading to failure as well as the response to the 1.75xHS-25 and 3xHS-25
load steps. During loading to failure, at the HS-25 load level, the relative
deflection was approximately 0.03in if the residual deflections caused by the
previous loadings are ignored. The relative deflection during the 3xHS-25 load
step, at the HS-25 load level, was about 0.02in. This shows that some
deterioration occurred within the UTSE detail during the 300% overload. In
addition, small residual deflections were created by the 3xHS-25 load step.

On the reloading portion of the loading to failure curve the slab end detail
behaved linearly up to a load of approximately 28kips (1.8xHS-25), then, its
stiffness abruptly reduced. This agrees with the crack maps in Figure 5-62, which
show cracks formed in the exterior span at the 1.75xHS-25 load step. The
envelope curve in Figure 5-61 clearly indicates cracking and yielding points as
well. Just prior to failure of the test area, the stiffness of the deck had reduced
significantly. The ultimate relative deflection of the northeast test area was

0.36in.
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5.5.2.2 Crack maps

First cracking in the northeast test area occurred at a load of 1.75xHS-25.
At this load step, the hairline cracks were 2-14in long (Figure 5-62, 1). However,
by the 3xHS-25 load step (Figure 5-62, ii), the cracks opened wider and extended
across the slab end detail. The change of slope in the load versus deflection plots
(Figure 5-61) for these load steps agrees with the crack maps. By the 3xHS-25
load step, cracks had formed in both the interior and exterior spans. Just prior to
failure, the cracks on the bottom of the deck elongated substantially, reaching the
midpoint of the bridge longitudinally (Figure 5-62, iii). The crack widths
remained relatively small at failure of the test area.

First cracking on the top of the bridge deck occurred at the 1.75xHS-25
load step, as on the bottom of the deck (Figure 5-63, 1). The top cracks initially
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(i)1.75xHS-25 load step (first cracking)
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*Reference (iv) for crack widths and lengths

Figure 5-62:

Crack maps for the bottom of the bridge deck

168



Failure Pictures, Figure 5-65—
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(iii)4.9xHS-25 load step (failure)

Load=1.75xHS-25 Load=3xHS-25 Load=4.9xHS-25

Crack Name W.l dth Lepgth Crack Name W.l dth Lepgth Crack Name W.l dth Iﬁpgth
(in) | (in) (in) | (in) (im) [ (in)

Bl H 11 Bl 0.004 | 63 Bl 0.005 | 110
B3 H 2 B2 0.002 | 68 B2 0.003 | 108
B3 0.003 | 62 B3 0.005 | 102

B4 0.003 | 54 B4 0.004 | 98

B5 H 1 B5 0.003 | 85

B6 0.003 | 71

B7 H 12

B8 H 38

B9 0.002 | 44

B10 0.003 [ 14

B11 H 65

B12 0.004 | 12

B13 H 56

(iv)Key of crack widths and lengths for i, ii and iii

*H = hairline crack

Figure 5-62, cont’d: Crack map and key for the bottom of the bridge deck
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T2

(i) 1.75xHS-25 load step (first cracking)

T2 Ty

(ii)3xHS-25 load step
*Reference (iv) for crack widths and lengths
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Figure 5-63: Crack maps for the top of the bridge deck



Failure Pictures, Figure 5-67 ——
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(iii)4.9xHS-25 load step (failure)
Load=1.75xHS-25 Load=3xHS-25 Load=4.9xHS-25
Crack Name Wldth Lepgth Crack Name W,ldth Lﬁpgth Crack Name W,ldth Le?‘gth
(in) (in) (in) (in) (in) (in)
T1 H 3 T1-T2 0.003 | 108 (21) T1-T2 0.009 | 108 (21)
T2 H 13.5 T3 0.008 23
T4 0.004 52
T5 0.003 81
T6 0.002 6
T7 H 16
T8 0.002 48

(iv)Key of widths and lengths for i, ii and iii

*H = hairline crack, parenthesis measurement refers to branch in crack T1-T2

Figure 5-63, cont’d: Crack map and key for the top of the bridge deck

171



Lood Plates

SL, S2

S3

-

]

(i)1.75xHS-25 load step (first cracking)

Load Plates

SS¢ Sy, S7 s8 186
S3 S22 sS4
(ii)3xHS-25 load step
Load Plates
- S) S15
{ (34 52\ SIS 77 /388659 S1I7=2_©I4
SSS3T812 S4 ~S10

-

-

]

(iii)4.9xHS-25 load step (failure)

-

Load=1.75xHS-25

Load=3xHS-25

Load=4.9xHS-25

Crack Name W.idth Lepgth Crack Name W.idth Lepgth Crack Name Wﬁdth Lepgth
(in) (in) (in) (in) (in) (in)
S1 H 2 Sl 0.005 4 Sl 0.006 5
S2 H 1.5 S2 0.002 1.5 S2 0.005 5.5
S3 H 2 S3 0.004 2 S3 0.005 5
S4 H 2 S4 0.009 9
S5 0.003 7 S5 0.006 9
S6 H 3 S6 0.004 4.5
S7 H 2 S7 0.004 4
S8 H 2 S8 0.004 2
S9 0.004 3
S10 0.003 3
S11 0.003 5.5
S12 0.003 3
S13 H 4
S14 H 2.5
S15 H 1.5
S16 0.01 11.5
S17 0.002 6

(iv)Key of crack widths and lengths of for i, ii and iii

Figure 5-64: Crack map and key for the side of the bridge deck

*H = hairline crack
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formed at the edges of the flange of the interior girder. Under increased load,
they branched together and followed the girder. Top cracks also formed over the
exterior girder near failure. Immediately before failure, crack T8 formed around
the load plate, signaling imminent punching of this tire (Figure 5-63, iii). Cracks
T1-T2 and T3 were the widest cracks on the bridge deck at failure.

The side of the deck showed cracking in the exterior span at the 1.75xHS-
25 load step. Cracks were visible over the girder at the 3xHS-25 load step (Figure
5-64, ii). At failure of the test area, cracks (S14, S15 and S17) had formed over
the third girder from the east side of the bridge as well (Figure 5-64, iii). The
cracks observed on the side of the bridge deck, underneath the load plates, were
similar in length at failure. However, the widths of the cracks under the load plate

in the exterior span were larger.

5.5.2.3 Failure pictures

The northeast test area failed in punching shear at the edge-most tire in the
exterior span at an applied load of 76kips (4.9xHS-25) per tire. The bridge deck
specimen contained voids at the bottom of the deck in the exterior span due to
insufficient vibration of the concrete during casting. Grout was injected into the
voids as shown in Figure 5-65. The voids caused little difference in the flexural
behavior of the specimen as they were in the tensile zone of the section. In
addition, the voids did not affect the punching shear capacity significantly.
However, it is believed that the concrete contribution to punching shear strength
was slightly lower in the exterior span in comparison to that in the interior span.
Hence, a punching shear failure was experienced in the exterior span. The failure
surface again formed parallel to the edge of the deck and curved towards the deck

edge near the girders.
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Figure 5-65: Exterior span failure at the bottom of the deck

At the side of the deck, the major shear cracks on the west side of the load
plate extended to the interior girder (Figure 5-66). The shear cracks on the east
side of the load plate opened less and did not reach the exterior girder. The
failure surface formed where no previous shear cracks had occurred. The failure
surface at the top of the bridge deck formed flush along the interior edge of the
load plate (Figure 5-67). Wedges of concrete at the sides of the load plate broke

away.
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Figure 5-66: Exterior span failure at the side of the deck, interior span, facing

south

Figure 5-67: Exterior span failure at the top of the deck
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5.5.2.4 Load vs. strain response

5.5.2.4.1 HS-25 load step

The plot of load versus strain for the tandem and truck axle-front loading
configurations at the negative moment section (Figure 5-68, ii and iv) show a
change in stiffness during loading to the HS-25 load step. The loading portion of
the tandem loading configuration plot shows a slope change at approximately
6kips (0.4xHS-25) per tire, however, the unloading portion of the plot has a
steeper slope and ends with virtually zero residual strain. Both the loading and
unloading portions of the truck axle-front plot show a gradual stiffness change,
recording zero residual strain after the load test. This type of behavior can be
classified as nonlinear elastic behavior, likely influenced by the complicated load
transfer mechanisms in the connection region.

The maximum strain of 94pe (4% of yield strain of the steel) occurred at
the negative moment section due to the tandem loading configuration (Figure
5-68, ii). The strain magnitudes caused by the truck axle-front loading
configuration were comparable to those from the tandem configuration. The
strain magnitudes at the negative moment section are larger than at the positive
moment section for the tandem and truck axle-front loading configurations.
However, the truck axle-back loading configuration created larger strains at the
positive moment section. The largest strain measured during the application of
the truck axle-back loading configuration was smaller than 40pLE.

Typical of load-controlled tests, minor creep deformations were
experienced by the deck when the load was held constant at the HS-25 load level.
However, all the plots returned to zero residual strain after the load application.
The strains created by the HS-25 load step were small in relation to the yield

strain of the reinforcing steel.
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Figure 5-68: Load vs. strain, HS-25 load step, negative moment loading,
northeast test area; (i), (iii) and (v): bottom mat at positive location; (ii), (iv) and
(vi): top mat at negative location
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5.5.2.4.2 1.2xHS-25 load step

At the negative moment section, the load versus strain plots for the tandem
and truck axle-front loading configurations again show a change in stiffness
during loading, which is also shown in the unloading portion of the plot (Figure
5-69, i1 and iv). At the positive moment section, the strain magnitudes increased
proportional to the 20% load increase. However, at the negative moment section,
the strain magnitudes increased by more than 50%, indicating non-linear behavior
in the bridge deck. No residual strains were recorded at this load step. The
strains are again larger at the negative moment section than the positive section
for the tandem and truck axle-front loading configurations. All load versus strain
plots show elastic response to the 20% overload.

At the side of the deck, the major shear cracks on the west side of the load
plate extended to the interior girder (Figure 5-66). The shear cracks on the east
side of the load plate opened less and did not reach the exterior girder. The
failure surface formed where no previous shear cracks had occurred. The failure
surface at the top of the bridge deck formed flush along the interior edge of the
load plate (Figure 5-67). Wedges of concrete at the sides of the load plate broke

away.

5.5.2.4.3 1.75xHS-25 load step

Figure 5-70 shows the load versus strain plots for the three loading
configurations applied at the 1.75xHS-25 load step. The strain magnitudes in the
negative moment section are significantly larger than those in the positive section.
However, at the HS-25 load step, the strains at the two moment sections were

comparable.
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The maximum strain measured at the 1.75xHS-25 load step was 310u€E
(15% of yield strain of the steel), due to the tandem loading configuration. The
load versus strain plots in Figure 5-70 show linear elastic behavior with no
significant residual strains at the 1.75xHS-25 load step. The strain magnitudes in
the gauges at the positive moment section have increased proportional to the 75%
load increase. However, the gauges at the negative moment section have
increased about 300% during the same increase in loading, indicating non-linear
behavior. This agrees with the crack maps, which show initiation of cracking

over the girder initiating at the 1.75xHS-25 load step.

5.5.2.4.4 3xHS-25 load step

The 300% overload created a significant non-linearity at the positive
moment section during application of the tandem loading configuration (Figure
5-71,1). Ataload of approximately 31kips (2xHS-25) per tire, the stiffness of the
slab end detail reduced noticeably. After unloading, a residual strain of 215u€E
remained in the edge rebar. This rebar reached a maximum strain of 610pE (29%
of yield strain of the steel), the largest strain at this load step.

The tandem loading configuration created non-linear behavior at the
negative moment section as well, where a residual strain of 55ue was recorded
after the 3xHS-25 load application (Figure 5-71, ii). The load versus deflection
plot for the tandem loading configuration at the 3xHS-25 load step (Figure 5-60,
1) confirms this response. The truck axle-front loading configuration also caused
inelastic behavior in the bridge deck at the positive moment section (Figure 5-71,
ii1)). The stiffness of the section began to reduce at an applied load of
approximately 37kips (2.4xHS-25) per tire. The truck axle-back loading
configuration created insignificant strains compared the other loading

configurations.
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Figure 5-71: Load vs. strain, 3xHS-25 load step, negative moment loading,
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5.5.2.4.5 Loading to failure

Figure 5-72 shows the load versus strain plots for the NB81bu+ and
NT82- strain gauges. The load versus strain response of the bridge deck during
the 3xHS-25 load application is included in the plots as it created significant
residual strains in the reinforcing steel. At the positive moment section, the load
versus strain plot for the 3xHS-25 load step shows an abrupt stiffness reduction
(Figure 5-72, 1). The stiffness of the section remains relatively constant following
this abrupt change at a load of approximately 30kips (1.9xHS-25) per tire. The
ultimate strain reached at failure was 1600ue (77% of yield strain of the steel), at
the positive moment section (Figure 5-72, 1).

The ultimate strain in the NT82- strain gauge was significantly less than in
the NB81bu+ strain gauge. Even though the strains in the negative moment
section were larger than those in the positive section at the 1.2xHS-25, 1.75xHS-
25 and 3xHS-25 load steps. As explained earlier, the location of the strain gauges
(at the centerline of the girder) and complicated mechanics involving the girder-
shear stud-deck concrete interaction is responsible for the behavior illustrated in
Figure 5-72. The widths of the cracks at the flange faces (Figure 5-63, iii)
indicate that top reinforcing bars were likely yielding at failure. In fact, this is the

main reason for the slight stiffening shown in the load versus strain plots.
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5.5.2.5 Strain profiles

5.5.2.5.1 HS-25 load step

Figure 5-73 shows strain profiles for the three loading configurations
applied at the HS-25 load step. The strain profiles for the positive moment
section are relatively uniform across the slab end detail. At the negative moment
section, the strain profiles show a gradient across the UTSE detail of varying
shape. At both moment sections, the largest strains are created in the middle of
the slab end detail, except at the negative moment section under the truck axle-
back loading configuration (Figure 5-73, vi).

The maximum strain of 95pE (4.6% of yield strain of the steel) occurred
simultaneously at the two moment sections due to the tandem loading
configuration. The NB88+ and NT87- strain gauges, located in the interior of the
slab end detail at the positive and negative moment sections, respectively, reached
identical maximum strains. The average strain across the slab end detail is
roughly the same for the tandem and truck axle-front loading configurations. The
truck axle-back loading configuration created strains at the positive moment

section that were smaller than those measured at the other loading configurations.

5.5.2.5.2 1.2xHS-25 load step

The shape of the strain profiles for the 1.2xHS-25 load step are very
similar to the profiles for the HS-25 load step. The largest strain magnitudes are
again located in the middle of the slab end detail. At this load step, the tandem
loading created larger strains across the UTSE detail than the truck axle-front
configuration. The largest strain in the slab end detail at this load step was 160pE
(8% of yield strain of the steel) at the negative moment section, due to the tandem

loading configuration (Figure 5-74, ii).
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Figure 5-73: Strain profiles, HS-25 load step, negative moment loading,
northeast test area; (i), (iii) and (v): bottom mat at positive location; (ii), (iv) and
(vi): top mat at negative location
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Figure 5-74: Strain profiles, 1.2xHS-25 load step, negative moment loading,
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(vi): top mat at negative location
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5.5.2.5.3 1.75xHS-25 load step

At the 1.75xHS-25 load step, the strain readings from gauges in the
negative moment section are significantly larger than those from the positive
moment section (Figure 5-75). The shapes of the strain profiles are once again
very similar to the HS-25 and 1.2xHS-25 strain profiles. From the 1.2xHS-25
load step to the 1.75xHS-25 load step, the strain magnitudes increased faster at
the negative moment section than the positive section. The strain profiles are

nearly uniform at the positive moment section.

5.5.2.5.4 3xHS-25 load step

The strain profiles changed considerably at the 3xHS-25 load step (Figure
5-76). The maximum strain at this load step remained in the middle of the slab
end detail, however, the strains in the edge rebars increased considerably
compared to the 1.75xHS-25 load step. As shown in the load versus deflection
plots, the edge deflection increased significantly between the 1.75xHS-25 and
3xHS-25 load steps. The substantial increase in strain magnitudes at the edge
bars are closely related to the relative deflection increase. The strain gradient
across the slab end detail is nearly uniform at the negative moment section for the

tandem loading configuration (Figure 5-76, ii).

5.5.2.5.5 Loading to failure

Strain profiles for the positive and negative moment sections, just prior to
failure, are shown in Figure 5-77. At the positive moment section, the rebar
strains decreased from the edge of the deck to the interior. The largest strain of
1830ue (88% of yield strain of the steel) occurred at the NB84+ strain gauge.
The strain profile for the negative moment section has smaller strains at the edge

of the deck than in the interior (Figure 5-77, i1). The largest strain magnitudes
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occurred in the 7™, 9™ and 10" rebars from the edge. It is believed that the strain
magnitudes at the two critical sections (of which, the section at the face of the
flange was not instrumented) were comparable at failure due to redistribution of

stresses.

5.5.2.6 Moment calculations

Figure 5-78 shows the moments and in-plane forces calculated using the
strain gauge data. The calculated moment in the UTSE detail increases
approximately linearly proportionally to the applied loads at both moment
sections. At the positive moment section, the inclusion of tension in concrete
effects the moment calculation until the 3xHS-25 load step. Including tension in
concrete in the moment calculation has a significant effect prior to cracking. At
the HS-20 and HS-25 load levels, the calculated moments at the positive moment
section are approximately doubled when tension in concrete is included. From
the 3xHS-25 load step to failure, the moment calculations with and without
tension in concrete are almost identical. The in-plane force, P, calculated using
the strain gauge data, is shown for selected load steps in Figure 5-78.

The plot of the moment calculated at the negative moment section is
approximately linear. The effect of tension in concrete ends at the 1.75xHS-25
load step. The inclusion of tension in concrete doubled the calculated moments at
the negative moment section prior to cracking. This section reached an ultimate
moment of 965k*in. The moments calculated at the positive moment section are

smaller, yet comparable to those at the negative section.
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5.5.2.7 Elastic moment comparison

Section 5.2.2.7 describes the comparison of the experimentally calculated
moments with the linear elastic three-span beam analysis. The northeast test area
cracked at an applied load of 1.75xHS-25, therefore, the moments calculated from
the strain gauges are compared to the elastic analysis at the HS-25 and 1.75xHS-
25 load steps. The HS-25 load step comparison shows relatively close agreement
between analysis and experiment (Figure 5-79, i). However, the comparison at
the 1.75xHS-25 load step does not have as close an agreement. At the negative
moment section, the experimentally calculated moment is about half the elastic
moment (Figure 5-79, i1). This is due to the following two reasons:

* the location of the strain gauges (at the centerline of the girder
rather than at the face of the support)

e a greater portion of the bridge deck (larger than four-feet)
contributing to supporting the externally applied loads
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5.5.2.8 Failure of the interior span

After the northeast test area failed in punching shear at the edge tire in the
exterior span, the two tires in the interior span were loaded to failure. The interior
deck span punched at a load of 81.5kips (5.2xHS-25) per tire. Figure 5-80 shows
the failure surface at the bottom of the bridge deck. This failure surface was
similar to the others that occurred on the bridge deck.

At the side of the deck, the shear cracks on the east side of the load plate
were wide and extended to the flange of the girder (Figure 5-81). The shear
cracks on the west side of the load plate were not as wide and they were shallow-
angled (approximately 20°-30°) crack extending to the girder flange. The shear
cracks during loading to failure formed at locations where no previous cracking

had occurred. The failure surface at the top of the deck formed close around the

east side of the load plate but ran adjacent to the deck edge on the west side of the
load plate (Figure 5-82).

Figure 5-80: Interior span failure at bottom of deck, facing south
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Figure 5-81: Interior span failure at side of deck, facing south

Figure 5-82: Interior span failure at top of deck, facing north
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5.5.3 Northeast test area summary

The northeast test area contained the UTSE detail, spanning eight-feet.
The deck was loaded with 10in by 20in load plates, as in the southeast test area.
In addition, the northeast test area was loaded to the same design loads and
overloads as the southeast test area (HS-25, 1.2xHS-25, 1.75xHS-25). The three
loading configurations were applied at the 3xHS-25 load step as well. Then, the
deck was loaded to failure in the tandem loading configuration at the location to
maximize negative moment.

The bridge deck behavior was linear elastic during the HS-25 loading,
applied at the location to maximize negative moment. The northeast test area was
undamaged by the design loading applications (HS-20 and HS-25). The relative
midspan deflection of the deck was not distinguishable from the noise in the data
until the 1.75xHS-25 load step. At this load step, the maximum relative
deflection was 0.05in. The relative deflection remained small at the 3xHS-25
load step, and at failure the relative midspan deflection was 0.33in, the smallest
ultimate deflection of the four test areas. The UTSE detail was very stiff at the
overloads and loading to failure.

From a serviceability standpoint, the northeast test area’s behavior was
excellent, with first cracking occurring at 175% of the HS-25 design load. By the
3xHS-25 load step, the bottom cracks had propagated across the slab end detail
(maximum crack width of 0.004in). Just prior to failure, extensive bottom cracks
formed in both deck spans, however, their widths were very small (0.005in). The
largest crack widths at failure occurred in the top of the deck, over the interior
girder (0.009in).

The top and bottom surfaces of the bridge deck cracked extensively prior
to failing. The bridge deck failed by punching shear at the edge tire in the

exterior span. The ultimate capacity of the northeast test area was 76.6kips
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(4.9xHS-25 or 6.1xHS-20) per tire. The two tires in the interior span were then
loaded to failure. The edge tire in this span punched at a load of 81.5kips
(5.2xHS-25 or 6.5xHS-20) per tire, a slightly larger load than the initial failure
load. At failure, the stiffness of the slab end detail is significant in both the
positive and negative moment sections as evidenced by the load versus strain
plots.

The strain profiles for the negative moment section show larger strain
readings in regions close to the tire loads. At the positive moment section, the
strain profiles are nearly uniform. The average strain magnitudes across the slab

end detail at the two moment sections is comparable at failure.
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5.6 TEST AREA COMPARISON

Table 5-5 and Table 5-6 summarize the deflections and strains measured
in the southeast and northeast test areas, respectively. The variable tested in the
two test areas was the slab end detail. The girder spacing in these test areas was
eight-feet. Both details were very stiff at design loads and overloads. The
maximum rebar strain readings measured at service loads are comparable for the
southeast and northeast test areas. In general, strains in the UTSE detail were
slightly smaller than comparable strains in the IBTS detail. The ultimate relative
deflections measured in the two test areas were similar. The response of the IBTS
detail was slightly stiffer as evidenced by the relative deflection measurements
shown in Table 5-5 and Table 5-6. In addition, both slab end details were very
stiff as evidenced by the large span-to-deflection ratios. Reinforcing steel was
yielding in tension at the negative moment section of the IBTS detail at failure of
the test area. The strains measured in the rebar in the UTSE detail did not
approach the yield strain of the steel prior to punching.

For the southwest and northwest test areas, only the deflection readings
have been summarized, as the strain readings were not taken at critical locations.
Table 5-7 shows the maximum relative deflection measured at each load step for
the two test areas. The positive bending performance of the IBTS and UTSE
details can be evaluated by comparing the behavior of the bridge deck specimen
in these test areas. The maximum relative deflections measured in the southwest
and northwest test areas remained similar up to the 1.75xHS-25 load step. The
span-to-relative deflection ratios calculated for the UTSE detail were slightly
higher than those measured at the IBTS detail. At failure, the relative midspan
deflection of the UTSE detail was smaller than that measured at the IBTS detail.

The punching shear failure in the UTSE detail was experienced at a load of
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Table 5-5: Summary of southeast test area results

IBTS detail (Southeast test area)
Deflections Strains
Maximum Clear span to Maximum strain
relative Cracked relative Moment section
deflection | (Yes/No) deflection Positive | Negative
Load step (in) ratio (% of steel yield strain)
Negative HS-25 0.02 No 4800 4 4
Negative 1.2xHS-25 0.03 No 3200 5 6
Negative 1.75xHS-25 0.04 No 2400 6 18
Negative 3xHS-25* 0.09 Yes 1067 15 44
Negative Failure 0.39 Yes 246 81 108

* 2.9xHS-25 load level

Table 5-6: Summary of northeast test area results

UTSE detail (Northeast test area)
Deflections Strains

Maximum Clear span to Maximum strain
relative Cracked relative Moment section

deflection | (Yes/No) | deflection | Positive | Negative

Load step (in) ratio (% of steel yield strain)
Negative HS-25 <0.01 No NA 4 4
Negative 1.2xHS-25 <0.01 No NA 6 8
Negative 1.75xHS-25 0.05 No 1920 9 15
Negative 3xHS-25 0.13 Yes 738 34 37
Negative Failure 0.36 Yes 267 88 71

Table 5-7: Summary of southwest and northwest test area results

IBTS detail (Southwest test area) UTSE detail (Northwest test area)
Deflections Deflections
Maximum Clear span to] Maximum Clear span
relative Cracked relative relative Cracked to relative
deflection | (Yes/No) | deflection | deflection (Yes/No) deflection
Load step (in) ratio (in) ratio
Positive HS-25 0.05 No 2400 0.07 No 1714
Positive 1.2xHS-25 0.06 Yes 2000 0.07 No 1714
Positive 1.75xHS-25 0.08 Yes 1500 0.14 Yes 857
Positive 3xHS-25 0.16 Yes 750 0.34 Yes 353
Positive Failure 1.40 Yes 86 1.18 Yes 102
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81.3kips (5.2xHS-25) per tire. The IBTS detail carried a load of 95.6kips
(6.1xHS-25) per tire before punching. Hence, the smaller maximum load carried
by the UTSE detail was accompanied by a smaller relative deflection. Overall,
the UTSE detail was only slightly less stiff than the IBTS detail.

Table 5-8 compares the applied load at first cracking and failure as well as
the punching shear capacities obtained from additional tests. In the eight-foot
span, the IBTS detail in negative bending cracked at a 20% higher load than the
UTSE detail. The top of the bridge deck cracked at applied load levels of
1.75xHS-25 and 2.1xHS-25 in the northeast and southeast test areas, respectively.
The top cracks are critical for corrosion of the reinforcing steel and the minimum
reserve strength for top cracking in the eight-foot span was 75% of the HS-25
design load.

During the positive bending tests conducted in the 10-foot span, the IBTS
detail cracked at a lower load than the UTSE detail. This is because the interior
span of the south edge of the bridge deck had failed prior to positive moment
testing in the southwest test area. The discontinuity in the deck reduced the
restraint and associated moment at the interior girder, thereby increasing the
moment at midspan of the test area due to static equilibrium. The increased
moment at midspan implies increased strains and early cracking. In short,
boundary conditions in these two test areas were not identical due to failure
experienced in an earlier test. However, it is reasonable to assume that, with
comparable boundary conditions, the IBTS detail would crack at a higher load
than the UTSE detail. Although the underside of the deck cracked under lower
overloads, cracks underneath the deck are far less critical than those on the top of
the deck.

The bottom cracks were relatively wide and were concentrated underneath

the load plates in the southeast and southwest test areas, which test the IBTS
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Table 5-8: Test area loading comparison

First cracking load Failure load Alternate failure load
Test area | Variables (kips, xHS-25) (kips, xHS-25) (kips, xHS-25)
Negative bending tests
Southeast |  8ft span, IBTS detail 33.0,2.1 93.8,6.0 90.6, 5.8
Northeast | 8ft span, UTSE detail 27.3,1.75 76.6,4.9 815,52
Positive bending tests
Southwest | 10ft span, IBTS detail 15.6, 1.0 95.6, 6.1 NA
Northwest | 10ft span, UTSE detail 18.8,1.2 81.3,52 NA

detail (Figure 5-83, i). In the northeast and northwest test areas, which contain
the UTSE detail, the cracks are narrower and they are distributed across the deck
span. The top cracks were focused around the girders in the southwest and
northwest test areas, whereas, the southeast and northeast test area’s top cracks
branched into the span of the slab end details (Figure 5-83, ii).

The failure loads for the two slab end details correspond well, with the
IBTS detail withstanding approximately 20% larger loads than the UTSE detail.
After the initial failure of the southeast and northeast test areas, the span that was
undamaged was loaded to failure. These tests are not compared to each other as
the failure in the adjacent span altered the boundary conditions of the test area.
The secondary failure loads were useful in providing data for the punching shear
strength of the bridge deck slab end details. These results are discussed in-depth
in section 5.7.

Overall, when spanning eight-feet, the IBTS detail and the UTSE detail
performed very well for both serviceability and strength criteria. Both details
cracked at relatively low loads when spanning 10-feet. However, the relative
deflections were small and the ultimate strength was sufficient for the 10-foot
deck span. Both slab end details were very stiff at service load levels. The IBTS
detail withstood larger ultimate loads than the UTSE detail due to the 10-inch

deep section’s larger punching shear capacity. All test areas showed significant
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reserve strength, with the smallest failure load being 4.9 times the HS-25 design
loading.
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5.7 EXAMINATION OF PUNCHING SHEAR STRENGTH OF BRIDGE DECK

SUBJECTED TO CONCENTRATED FORCES USING DESIGN PROVISIONS

The punching shear strength of bridge decks is handled in section 5.13.3.6
of the AASHTO LRFD Bridge Design Code. This section specifies the nominal

shear resistance as the minimum of the terms in Equation 5-1:
v, =min{4,/ f, ; (% + %)41/]‘;} Equation 5-1

These equations are the same as those proposed by ACI 318-02 in section §11.12
for a uniform shear distribution (Equation 5-2). However, ACI 318-02 has one
additional equation to check. For slabs subjected to concentrated loads, the
critical perimeter located d/2 away from the loaded area is used to compute
punching shear strength of the slab. According to this critical perimeter approach,
punching shear strength can be computed as the minimum of the terms in
Equation 5-2:

wommintafs (O I Grpaiy Bqation 52

where f.’ is the concrete compressive strength, b, is the critical perimeter length

as shown in Figure 5-84, d 1s the effective depth of the slab, a, is 40 for interior

loading cases and 30 for edge loading cases, and B is the ratio of the length of the
longest side of the loaded area to the shorter side. Then, the ultimate punching

load carrying capacity of the slab is computed as follows:

V., =v b d Equation 5-3

Table 5-9 compares the punching shear capacities obtained from the
bridge deck tests discussed in section 5.2 through 5.5 against predictions of the
ACI 318-02 provisions (Equation 5-2 and Equation 5-3), assuming a uniform

shear distribution at the critical section. It can be observed that the assumption of
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Figure 5-84: Critical perimeters used in punching shear strength calculations

Table 5-9: ACI 318-02 predictions using concentric punching shear capacity

Test Information ACI 318-02 Predictions
Test No| fe' (psi)| ¢4 (in) [ca(in.)| d (in.) | Viest (K) JVe (PSI)| by (in.) | Vaci(K) | Vexp/Vaci
1 6000 10 20 6.1 77 309.8 52.2 98.4 0.78

2 6000 10 20 6.1 81 309.8] 52.2 984 0.82
3 6000 15 20 6.1 82 309.8] 62.2 117.3 0.70
6 6000 15 20 8.1 96 309.8] 66.2 165.8 0.58
4 6000 10 20 8.1 94 309.8] 56.2 140.8 0.67
5 6000 10 20 8.1 91 309.8] 56.2 140.8 0.64

Mean : 0.70

St. Dev:] 0.09

a uniform stress distribution results in unsafe predictions of punching shear
strength. The punching capacity of the bridge deck, when loaded at the edge, is
approximately 60-80% of that predicted by ACI 318-02 and AASHTO LRFD
expressions, assuming a uniform shear stress distribution.

A detailed resisting mechanism for the edge loading area is shown in
Figure 5-85. According to this figure, the location of the critical section
centroidal axis and the centroidal axis of the loaded area do not coincide for edge
loading cases. Therefore, unbalanced moments resulting from this eccentricity
naturally occur at loading areas at edges. In punching shear strength predictions,

the correct use of the code expressions would necessitate the use of the eccentric
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Figure 5-85: Shear stress resistance mechanism at edge loading areas

shear stress model, which is suggested for design of slab-column connections
transferring moment.

The eccentric shear stress model in ACI 318-02 assumes that a portion of
the unbalanced moment is carried by the eccentricity of the shear around the
loading area. In the case of combined shear and unbalanced moment, occurring
due to the eccentricity of the applied load, shear stress at a critical perimeter
located d/2 away from the column face is computed using the following equation:

—_— Vu + yV(Vue)

v, = Equation 5-4
bod (J/CCD)

where V, is the gravity shear, b, is the length of the critical perimeter, e is the

distance between the centroidal axis of the critical section and centroidal axis of
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the column as shown in Figure 5-85. The term J is analogous to the polar moment

of inertia and is given as follows for edge loading areas:

d(c, +9.) (¢, +4.)d’
J= ‘64 — ? +d(c,

+ d)CjB +
Equation 5-5
d (Cl + %) ’ q

2(c, + A)d T_CAB

in which c; is the side length of the loading area perpendicular to the free edge, c,
is the side length of the loading area parallel to the free edge, and d is the effective
depth of the slab. According to Figure 5-85, the critical shear stress occurs at the
free edge of the loading area and this shear stress needs to be checked against the
concrete strength.

The y, factor, to compute the portion of the unbalanced moment

transferred by eccentricity of shear, is given by the following equation for edge
loading cases:

1
2/3+(c, +d/2)/(c, +d)

v

Equation 5-6

Punching failure is assumed to occur when the critical shear stress, vy,
computed from Equation 5-4 exceeds the shear strength, v, given in Equation 5-2.
Rearranging Equation 5-4, the ultimate punching shear strength of an edge
loading area can be calculated as follows:

v

[— C

v =
! 1 A Equation 5-7
bd Jlcg

Punching shear strength predictions based on Equation 5-4 through
Equation 5-7 are presented in Table 5-10. Comparisons of code predictions for

two cases, neglecting the effect of unbalanced moment and considering its effect
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Table 5-10: ACI 318-02 predictions considering unbalanced moments

TestNo | ¢1(in.)| c2(in.) | d (in.)| bo (in.) | A (inz) cag (in.) | cep (in.) | J (in’) Ve (psi)| Vv |e(in.)]| Vaci (k)| Vexp (K) | Vexp/Vaci

1 10 20 6.1 52.2 | 3176 3.3 9.8 6119.5 | 309.8 [0.27] 4.8 59.3 77.0 1.30
2 10 20 6.1 52.2 | 317.6 3.3 9.8 6119.5 | 309.8 [0.27]| 4.8 59.3 81.0 1.37
3 15 20 6.1 62.2 | 3785 5.2 12.8 14141.2] 309.8 |0.33] 5.3 73.1 82.0 1.12
6 15 20 8.1 66.2 | 535.2 5.5 13.6 ]22842.2] 309.8 |0.33] 6.1 101.5 95.6 0.94
4 10 20 8.1 56.2 | 454.3 3.5 10.5 10571.8] 309.8 [0.27| 5.5 83.7 93.8 1.12
5 10 20 8.1 56.2 | 454.3 3.5 10.5 10571.8] 309.8 [0.27{ 5.5 83.7 90.5 1.08

Mean: 1.16

St. Dev: 0.15

on punching shear strength are given in Figure 5-86. According to the predictions

of ACI 318-02, when the effect of unbalanced moment is considered, ultimate

strength predictions are in general agreement with the experimental results and

they are conservative.
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Figure 5-86: Comparisons of ACI 318-02 predictions with experimental results

The shape of the critical section assumed in the ACI 318-02 provisions for

punching shear was found to be somewhat inaccurate for edge loading areas in

bridge decks. The shapes of the actual failure surfaces were similar for the six

punching failures. Figure 5-87 shows a plan view of a typical failure observed at

the top of the bridge deck during this research.

Edge of bridge deck

Loading plate

e

Failure surface

Figure 5-87: Typical bridge deck failure surface
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CHAPTER 6

Conclusions and Recommendations

6.1 CONCLUSIONS

The TxDOT IBTS detail for the edge of bridge decks at expansion joints
has performed satisfactorily in the field; however, its origin as well as ultimate
capacity is unknown. The IBTS detail thickens a four-foot wide section of the
deck at the expansion joint from eight-inches in the typical deck to 10-inches.
The UTSE detail, which does not thicken the deck at the edge but increases the
reinforcement ratio, was tested with the aim of increasing construction economy.
A full-scale, four-girder, zero-skew, simple-span bridge deck specimen was
constructed and tested in order to determine the effects of applying AASHTO
design loading configurations to the edge of the deck. The test variables were the
slab end detail (IBTS and UTSE) and the girder spacing (eight and 10-foot deck
spans). The following conclusions can be drawn based on the research
conducted:

* Serviceability performance

0 The IBTS detail, spanning eight-feet, exhibited excellent
serviceability performance (i.e. cracking and deflections)
when loaded in the positive and negative moment locations.

0 When subjected to positive moment loading and spanning
10-feet, the bottom surface of the IBTS detail cracked at
HS-25 loading. However, the top of the deck did not crack
until 3.5 times the HS-25 load level was reached.
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0 The Uniform Thickness Slab End (UTSE) detail was also
tested and performed similarly to the IBTS detail at service
loads.

0 The top surface of the UTSE detail cracked at a load 75%
greater than the HS-25 loading in the eight-foot span and
50% greater than the HS-25 loading in the 10-foot span.

0 Both slab end details behaved linear elastically and no
visible deterioration was evident up to a load 75% greater
than the HS-25 load level, when spanning eight-feet.

0 When spanning 10-feet, the IBTS detail remained linear
elastic until the HS-25 load level and the UTSE detail
cracked at a load 20% greater than HS-25 load level.

0 The UTSE detail was slightly more flexible than the IBTS
detail.

* Ultimate capacity

0 The ultimate load capacity of both slab end details, for both
deck spans tested, was a minimum of 4.9 times the HS-25
load level.

0 At failure, the midspan edge deflection remained small for
all test areas.

0 The critical failure mechanism for all test areas on this
bridge deck was punching shear.

ACI 318-02 and AASHTO LRFD provisions were examined to determine
the punching shear strength of the bridge deck loaded flush at the slab edge.
Then, the experimental results were compared to the code predictions. The

following conclusions based on punching shear can be drawn:
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The UTSE detail had about a 20% lower load carrying capacity than the
IBTS detail due to the 20% difference in section depth between the two.
However, the reserve strength of the UTSE detail was much higher than
that typically expected in bridge design (4.9xHS-25 in eight-foot span and
5.2xHS-25 in 10-foot span).

Unbalanced moments naturally occur at loading areas near the edge of
bridge decks due to eccentricity between the centroidal axis of the critical
section and the centroid of the loaded area.

ACI 318-02 expressions considering the effect of unbalanced moment
should be used to compute the punching shear strength of edge loading
cases. The maximum shear stress, located at the free edge, should be
checked against the permissible concrete shear stress to compute the
ultimate strength of the loading area.

ACI 318-02 and AASHTO LRFD provisions for concentrated loads do not
provide safe estimations of punching shear strength for edge loading cases
when unbalanced moments are neglected.

The AASHTO LRFD Bridge Design Specification’s prediction for
punching shear is unsafe at the edge of bridge decks.

Additional eccentricities caused in the direction perpendicular to the free
edge need to be considered if significant unbalanced moments are

transferred in this direction.

RECOMMENDATIONS FOR FUTURE RESEARCH

The behavior of a zero-skew, cast-in-place bridge deck has been discussed

in this thesis. The main variables tested were the girder spacing (eight and 10-

foot) and the slab end detail (IBTS and UTSE). A zero-skew bridge deck was

chosen as it simplifies the boundary conditions and provides vital baseline
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information needed to explain the behavior of skewed slab end details. On a
skewed bridge deck, the effective span is increased and load transfer from deck to
girders becomes more complicated. A full-scale, 45°-skew bridge deck is
currently being tested.

The behavior of the UTSE and IBTS details need to be evaluated for
skewed boundary conditions. This evaluation should be done at service load and
overload levels. In addition, the reserve strength of the edge detail needs to be
evaluated for critical and commonly used skew angles. The presence of the
armored joint at the deck edge may change the response of the edge detail to
externally applied loads. This may result in reduced deflections and increased
punching shear strength at the edge. These effects need to be quantified to
evaluate the exact reserve strength of edge details in as-built conditions.
However, if current reserve strength levels are experienced in the ongoing tests,
there would be no need to evaluate the reserve strength accurately, as the reserve
strengths of all test specimens were substantially higher than the AASHTO LRFD
Bridge Design Specification loadings.

All the test areas failed at the edge tire, indicating the edge of the deck is a
more critical location than the interior. The punching shear capacity of the bridge
deck, predicted by the AAHSTO LRFD Bridge Design Specification, is
inaccurate and unconservative for edge loading locations. By including the effect
of unbalanced moments, as specified in ACI 318-02, the predicted punching shear
capacity is both accurate and conservative. The results of the six tests performed
on this bridge deck edge must be verified by additional testing as very few edge

tests have been performed and there are many variables involved.
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APPENDIX A

Supplemental Test Data

A.1 INTRODUCTION

After casting the bridge deck specimen, the loading location for the
southwest and northwest test areas was changed. The loading location was
shifted two-feet to the east, changing the critical location for strains (Figure 5-35).
In addition, the negative moment section strain gauges were not at the critical
section; therefore, the strain data from the southwest and northwest test areas is of
limited use. The load versus strain plots, strain profiles, moment calculations and

elastic moment comparisons for these two test areas are presented herein.

A.2 SOUTHWEST TEST AREA
A.2.1 Load vs. strain response

A.2.1.1 2xHS-25 load step

Figure A-1 shows load versus strain plots for the three loading
configurations applied at the 2xHS-25 load step. The strains created by the
loading at midspan induced much larger strains at the negative moment section
than at the positive section. This contrasts the crack maps, which show cracking
at midspan well before cracking at the girder. However, the strains are relatively
small at this load step for both moment sections. As discussed in section 5.3.1.1,
the residual strain created by the tandem loading configuration is due to
microcracking within the section. The response of the bridge deck to all loading

configurations at the 2xHS-25 load step was linear elastic.
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and (vi): top mat at negative location
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A.2.1.2 2.4xHS-25 load step

The strain readings for the negative moment section are again significantly
larger than the positive section at this load step, even though the loads are applied
at midspan. The shape of the load versus strain plots in Figure A-2 are identical
to the 2xHS-25 load step. The magnitude of the strains increased by 30-50%
between the 2xHS-25 and 2.4xHS-25 load steps, a load increase of 20%.

The maximum strain reached at this load step was 475ue (23% of yield
strain in the steel) caused by the tandem loading configuration. A slight residual
strain of 95€ remained in the reinforcing steel after unloading. However, the
unloading portion of the plot has the same slope as the loading portion, indicating
the deterioration was insignificant. The behavior of the bridge deck is linear

elastic at the 2.4xHS-25 load level.

A.2.1.3 3.5xHS-25 load step

the critical section for strains switched at this load step as the strains
induced in the positive moment section were significantly larger than in the
negative section. The maximum strain of 1255pe (61% of yield strain of the
steel) occurred due to the tandem loading configuration after significant non-
linear behavior. The strain magnitudes recorded in the positive moment section at
this load step increased by 700% compared to those at the 2xHS-25 load step,
while the load increased by 175%. This is due to the non-linear behavior of the
concrete after cracking.

The tandem loading configuration created a non-linear response in the
bridge deck at the positive moment section (Figure A-3, 1). At a load of 43kips
(2.8xHS-25) per tire, there is a drastic reduction in the slope of its plot. The

stiffness drops to nearly zero and then the section begins to carry more load. This
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deterioration is also evident in the negative moment section (Figure A-3, ii),
which shows a more gradual stiffness reduction during the load application. The
load versus deflection plots for this load step also show a stiffness reduction at
this load level. In addition, the crack maps show the surface crack widths started
to increase significantly at the 3.5xHS-25 load step after the stiffness reduction
around the reinforcing steel.

The amount of deterioration caused by each loading configuration is
evident by the shape of the loop created by the loading and unloading portion of
the load versus strain plots. In other words, the proximity of the loading and
unloading portions of the plots indicates the damage caused during the load
application. The tandem loading configuration plot has the largest loop, and
therefore, created the most damage at the 3.5xHS-25 load step. The truck axle-
back loading configuration plot is nearly a single line, indicating very little

damage due to this loading.

A.2.1.4 Loading to failure

Figure A-4 shows load versus strain plots for the three representative
strain gauges at the positive and negative moment sections. The load versus strain
plot for the 3.5xHS-25 load step is also plotted in order to include residual strains
induced in the reinforcing steel. The gauge closest to the interior of the bridge
deck (SB108+) shows a change in stiffness at a load of about 61kips (3.9xHS-25)
per tire (Figure A-4, 1). The other two strain gauge readings shown do not imitate
this stiffness change, however, their stiffness is already reduced significantly.
The crack maps show that the previous load steps deteriorated the edge of the slab
end detail.

The ultimate strains at the positive and negative moment sections were

very similar in magnitude due to redistribution of stresses near failure. The
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maximum strain created in the southwest test area was 2300p€ in the edge-most
rebar at the negative moment section (Figure A-4, ii). This rebar is yielding since
the yield strain of the reinforcing steel is 2069ie. In addition, the stiffness of the
this reinforcing bar changes to nearly zero at a strain magnitude of approximately
2000pe, showing yielding of the rebar. The shape of the load versus strain plots
in Figure A-4 (ii) for the three representative strain gauges are similar. A stiffness

change is mirrored through the three representative strain gauges.

A.2.2 Strain profiles

A.2.2.1 2xHS-25 load step

Figure A-5 shows strain profiles for the three loading configurations
applied at the 2xHS-25 load step. The average strain at the negative moment
section is approximately three times larger than at the positive moment section,
even though the load is being applied at midspan. The tandem loading
configuration created a larger average strain across the section than the truck axle-
front configuration.  The truck axle-back loading configuration -created
comparable strains to the other loading configurations, however, the magnitude of
all the strain readings at this load step were insignificant.

The largest strain created at this load step was 355u€ (17% of yield strain
in the steel), caused by the tandem loading configuration. However, the truck
axle-front loading configuration created a comparable maximum strain of 304ue
(15% of yield strain in the steel). The largest strain readings obtained at the
positive moment section (Figure A-5, 1, iii and v) were from the SB104+ gauge,
located in the middle of the thickened edge. However, at the negative moment

section, the strains decline moving into the thickened edge.
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A.2.2.2 2.4xHS-25 load step

The strain profiles for the tandem and truck axle-front loading
configurations at the negative moment section (Figure A-6, ii and iv) show a large
strain gradient across the thickened edge. The strain profiles for these two
loading configurations at the positive moment section are much more uniform
(Figure A-6, 1 and iii). Although the strain profiles at the positive section are
close to uniform for all loading configurations, the most critically strained gauges
are in the middle of the thickened edge.

The maximum strain created in the thickened edge due to the 2.4xHS-25
load step was in the ST102- strain gauge, which was plotted and discussed in the
load versus strain section. The strains in the bars near the edge of the deck at the
negative moment section are much more critical than at any other location in the

test area.

A.2.2.3 3.5xHS-25 load step

The most critically strained moment section switched from the negative
section to the positive section at this load step. All the strain profiles in Figure
A-7 show a reduction in strains from the edge of the slab end detail to the interior.
The largest strain was again created in the SB102+ strain gauge. The strains
caused by the tandem loading configuration were more critical than those caused
by the truck loading configurations. Therefore, the southwest test area was taken

to failure in the tandem loading configuration.

A.2.2.4 Loading to failure

The SB105bu+ strain gauge recorded bizarre strains during the loading to
failure, and therefore, was removed from the failure strain profiles in Figure A-8.

Residual strains are not included in the failure strain profile as there were only
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small residual strains induced at the lower load steps. Just prior to failure of the
bridge deck, the strain magnitudes at the negative moment section slightly
exceeded those at the positive moment section. However, strains at the two
sections had similar magnitudes due to redistribution of stresses near failure. In
addition, the strain profiles are relatively uniform at failure due to redistribution.
The maximum strain induced in the southwest test area was 2600U€ in the #4
rebar. Three strain gauges in each moment section recorded strains greater than
2069, the yield strain of the reinforcing steel. This indicates substantial
yielding of the reinforcing steel in the thickened edge occurred prior to the
punching shear failure of the edge-most tire. This is verified by the load versus
deflection plot for loading to failure, which reduced to zero stiffness just prior to

failure.

A.2.3 Moment calculation

The results of the moment calculation for the southwest test area are
shown in the plots in Figure A-9. As discussed previously, the moments in the
positive and negative moment sections are calculated using the strain gauge data
and “plane stresses remain plane” principle. The moments at the positive and
negative sections are similar up to the 3xHS-25 load step. However, the
maximum moments calculated for the positive and negative moment sections are
750k*in and 1500k*in, respectively. The maximum moment at the positive
section is half the maximum moment at the negative section. This is partially due
to the location of the strain gauges, which is not at the critical section for this
loading location, as discussed in section 5.3.

At the positive moment section, the experimentally calculated moment
plot is nearly vertical. Therefore, a large increase in loading creates a small

increase in the moment induced in the section (Figure A-9, 1). The effect of
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including tension in concrete is significant until the 3xHS-25 load step. At the
1.75xHS-25 load step, the moment when tension is included is over twice as large
as when it is ignored. The in-plane force at the positive moment section results in
a large tension force at failure, after switching between tension and compression
at the lower load steps.

The plot for the moments in the negative section is linear when tension in
the concrete is ignored (Figure A-9, ii). When tension in concrete is included, the
calculated moments are larger prior to cracking. Then, they join with the linear
plot ignoring tension in concrete. The in-plane force is initially in tension when
tension in concrete is included and small compression when it is ignored. At
failure, the in-plane force at the negative moment section is a large compression

force of —115.1kips.

A.2.4 Elastic moment comparison

The moments calculated from the strain gauges are compared to an elastic
3-span beam analysis in Figure A-10. Cracking in the southwest test area
occurred at a load of HS-25, therefore, this load step is compared, as the deck is
uncracked at this load. The experimentally calculated moments are very close to
the elastic analysis at both moment sections. The moments from the strain gauges
are less than the elastic moment analysis. This can be attributed to two-way

action of the deck as some of the load is resisted by the interior of the bridge deck.
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A.3 NORTHWEST TEST AREA

A.3.1 Load vs. strain response

After analyzing the data, three representative strain gauges were chosen to

display in the load versus strain plots in this section.

A.3.1.1 HS-25 load step

Figure A-11 shows plots of load versus strain for the HS-25 load step.
The largest strain occurs at the positive moment section for the tandem and truck
axle-back loading configurations. = However, the truck axle-front loading
configuration created larger strains at the negative moment section. The strains at
the two moment sections are close for all loading configurations.

The maximum strain created at this load step was 335pe (16% of yield
strain of the steel), due to the tandem loading configuration. There is a non-
linearity and residual strain shown in the #1 and #6 rebars during the application
of the tandem loading configuration. This is the first loading applied to the
northwest test area; therefore, the non-linearity is likely due to microcracking
within the thickened edge. In addition, the plots for the truck loading
configurations (Figure A-11, iii, iv, v and vi) showed linear elastic behavior. The
application of the tandem HS-25 loading configuration created some shifting
within the section (i.e. microcracking), however, the overall behavior of the

UTSE detail was elastic and the strain magnitudes were small.

A.3.1.2 1.2xHS-25 load step

The strains induced at the positive moment section during the tandem
loading application are smaller for the 1.2xHS-25 load step than the HS-25 load
step. In addition, all of the plots in Figure A-12 show linear elastic behavior at

the 20% overload. The shape of the load versus deflection plots show a close
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loop indicating no deterioration occurred within the section during the load
application. This supports the microcracking explanation for the non-linear
behavior which occurred at the HS-25 load step.

The maximum strain created at the 1.2xHS-25 load step was 294ue (14%
of yield strain of the steel), due to the tandem loading configuration at the positive
moment section (Figure A-12, 1). The strain magnitudes at the positive and
negative moment sections were relatively equal for all loading configurations.
The truck axle-back loading configuration created strains comparable to the other

configurations at this load step.

A.3.1.3 1.75xHS-25 load step

The strains induced by the tandem loading configuration at the positive
moment section where approximately 26% larger at this load step than at the HS-
25 load step. However, the other loading locations all showed a strain increase
relative to the load increase. The maximum strain created at this load step is
424 (20% of yield strain of the steel), at the positive moment section due to the
tandem loading configuration (Figure A-13, i). The UTSE detail was linear
elastic at the 1.75xHS-25 load step.

A.3.1.4 3xHS-25 load step

Figure A-14 shows that the behavior of the bridge deck was again linear
elastic at the 3xHS-25 load step. In the load versus strain plots, the response of
the bridge deck to the tandem loading configuration (Figure A-14, i) does not
show a distinct change in stiffness. However, there is a slight reduction in
stiffness between the start of the load application and the 3xHS-25 load level.
The slope of the unloading portion of the plot is roughly the same as the initial

loading portion, indicating the section is not substantially deteriorated. However,
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Figure A-13: Load vs. strain, 1.75xHS-25 load step, midspan loading location,
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there is a 100p€ residual strain induced by the tandem loading configuration at the
positive moment section.

The tandem loading configuration caused a maximum strain of 800ue
(39% of yield strain in the steel) in the positive moment section, the largest strain
created at this load step. The strains induced at the 3xHS-25 load step are

relatively close in magnitude for the three loading configurations.

A.3.1.5 Loading to failure

Figure A-15 shows the load versus strain plots for the NB101bu+ and
NT102- strain gauges during loading to failure. The plots include the residual
strains created by the 3xHS-25 load step. The two load steps have the same
stiffness, indicating there was no significant deterioration in the section when
loaded to failure.

The load versus strain plot for the gauge at the positive moment section
(Figure A-15, i) shows no indication of significant cracking or deterioration
within the section even though there were widespread surface cracks. The
readings from the NT102- strain gauge (Figure A-15, ii) show a gradual stiffness
reduction, although just prior to failure, the stiffness is still substantial. The
maximum strain at failure of the bridge deck occurred at the negative moment
section (1500pe, 72% of yield strain in the steel). The reinforcing steel was not

close to yielding when the tire punched.
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A.3.2 Strain profiles

A.3.2.1 HS-25 load step

Figure A-16 shows the strain profiles for the HS-25 load step. The profile
is relatively uniform across the slab end detail for all plots at this load step. Even
the strain profile for the truck axle-front loading configuration, with its loads at
the edge of the deck, has a flat strain profile. The tandem loading configuration’s
strain profile at the positive moment section (Figure A-16, 1) shows the largest
gradient, ranging from 300p€ at the edge or the deck to roughly half that at the
interior side of the detail.

The strains induced across the slab end detail by the truck axle-back
loading configuration at the positive moment section are close in magnitude to the
truck axle-front configuration. At other test areas, the truck axle-back loading
configuration did not create strains this large relative to the other configurations.
The strains induced across the detail at this load step are insignificant compared to

the yield strain of the reinforcing steel.

A.3.2.2 1.2xHS-25 load step

The strains at the positive and negative moment sections are well balanced
at the 1.2xHS-25 load step (Figure A-17). The strain profiles at the positive
moment section are uniform for all the loading configurations. The tandem
loading configuration created the largest average strain across the UTSE detail at
the positive moment section, however, the truck axle-back loading configuration

created a comparable profile at the negative moment section.

A.3.2.3 1.75xHS-25 load step
The shape of the strain profiles at the 1.75xHS-25 load step (Figure A-18)

are similar to the HS-25 and 1.2xHS-25 load steps. The maximum strain at this
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Figure A-16: Strain profiles, HS-25 load step, midspan loading location,
northwest test area; (i), (iii) and (v): bottom mat at positive location; (ii), (iv)
and (vi): top mat at negative location
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Figure A-17: Strain profiles, 1.2xHS-25 load step, midspan loading location,
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Figure A-18: Strain profiles, 1.75xHS-25 load step, midspan loading location,
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load step occurred in the NT109- gauge, located at the negative moment section.
However, the average strain across the UTSE detail is larger at the positive
moment section. The strain magnitudes at this load step are insignificant in

relation to the yield strain of the steel.

A.3.2.4 3xHS-25 load step

The strain profiles in Figure A-19 for the 3xHS-25 load step are a mirror
image of the 1.75xHS-25 strain profiles, with the strain magnitudes increased in
proportion to the load. The strain profiles at the positive moment section are
again uniform across the section. The average strain across the section at the

positive moment section is relatively close for the three loading configurations.

A.3.2.5 Loading to failure

The strain profiles at failure are close to uniform and have comparable
strains at the two moment sections due to redistribution of stresses. The
maximum strain of 1780ue (86% of yield strain in the steel) occurred at the
positive moment section in the NB107+ strain gauge (Figure A-20, 1). The rebar
in the UTSE detail at both moment sections was not yielding when the load plate
punched.

The increase in average strain across the section from the HS-25 loading
to the failure loading was approximately 550% and 900% for the positive and
negative moment sections, respectively. Since the load increased 420% between
the two load steps, there was some non-linear behavior prior to failure. These
results agree well with the load versus strain plots for the loading to failure. The
plot for the strain gauge at the positive moment section (Figure A-15, 1) shows a
small amount of non-linear behavior prior to failure, whereas the strain gauge at
the negative moment section (Figure A-15, ii) shows a larger amount of non-

linear behavior.
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Figure A-19: Strain profiles, 3xHS-25 load step, midspan loading location,
northwest test area; (i), (iii) and (v): bottom mat at positive location; (ii), (iv)
and (vi): top mat at negative location
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A.3.3 Moment calculations

Section 5.2.2.6 describes the method used to calculate the moment in the
slab end detail at the positive and negative moment sections. The moment
increases linearly with the applied load increase at both moment sections. At the
positive moment section, the inclusion of tension in concrete effects the moment
calculated at the HS-20 load level (Figure A-21, i). However, by the HS-25 load
level, the concrete is sufficiently cracked that it does not contribute a significant
tension force. The maximum moment reached at the positive moment section,
according to the strain gauge calculation, was 825k*in.

Also shown on the plot is the in-plane force, P, which was calculated from
the strain gauge readings. The sign of P is positive for tension. The in-plane
force behaved randomly at the positive moment section, switching between
tension and compression as the load increases. This calculation is very sensitive
to the depth of the section; the deck may be thicker than 10-inches at the positive
moment section, increasing the compression zone of the section.

The plot of the moment at the negative section (Figure A-21, ii) is similar
to the positive section both in shape and magnitude. The ultimate moment at this
section is 885k*in. The effect of tension in concrete is present until the 1.2xHS-
25 load step, a slightly larger load than in the positive moment section due to the
different rebar covers at the top and bottom of the detail. The in-plane force
behaves more predictably at the negative moment section. Initially, prior to
cracking, the in-plane force is tension. Then, after cracking, the in-plane force

increases in compression as the load increases.
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A.3.4 Elastic moment comparison

The moments calculated from the strain gauges were compared to results
from a linear elastic, three-span continuous beam analysis as described in section
0. This is only relevant prior to cracking of the bridge deck. For this reason, the
elastic moment comparison was only performed for the HS-25 load step since the
first crack was observed at a load of 1.2xHS-25.

Figure A-22 shows a comparison of the test results to the linear elastic
analysis. The moments calculated using the strain data are lower than the
prediction of the linear elastic analysis. This is reasonable since the model
accounted for a four-foot wide section in the deck while a wider portion of the
deck may contribute. In fact, the finite element analysis conducted to size the
specimen in section 3.3.2 indicated this. These calculations are not aimed at
reproducing the results from the linear elastic analysis. Instead, they can be used
to estimate the percentage of the loads carried within the four-foot wide section of
the bridge deck at the expansion joint. An examination of Figure A-22 indicates
that roughly 41% of the applied loads were resisted by the four-foot wide slab end
detail.
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