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ABSTRACT
Link slabs in bridges can be a cost-effective solution to increase the service life of bridge
structures. The partial continuity condition in link slab bridges, however can be challenging to
quantify. In this work link slab performance is studied by means of a parametric study, a long-term
Structural Health Monitoring (SHM) System, and a detailed finite-element model.
The parametric study was conducted using mathematical and a two-dimensional (2D) finite
element model. The study considers bridge design factors such as number of spans, span length,
span length ratio, girder separation, and temperature settings, in conjunction with the
corresponding girder and support characteristics to explore the relationship between the different
factors that affect link slab performance, as well as develop a simplified expression to represent
Link Slab behavior within a system. The effects of live load and temperature gradient were taken
into account during the analysis and bearing pad support design recommendations were made.
A long-term behavior of a newly constructed bridge was also investigated. Data from a SHM
system installed on the Ouachita River Bridge was used to assess the performance of link slabs
under varying continuity and support conditions. The performance of the bridge was assessed
under live load, temperature gradient and uniform temperature loading conditions. Cracking of the
link slab was observed regardless of whether crack control grooves existed or not. It was found
that the link slab force are directly affected by link slab cracking. By comparing link slab forces
from field data and from a 2D line model, it was found that support conditions are the major factor
affecting the magnitude the link slab forces, and hence its performance. Therefore, special
attention should be given to bearing pad design under link slabs and to avoid unintentional locking
at these location (e.g. due to debris accumulation).

vi

A detailed three-dimensional (3D) finite element model was also developed using commercial
software package ANSYS to better understand the force transfer mechanism and interactions
between the link slabs, the girders and the supports. The results from these analyses contribute
toward having a much better understanding of link slab performance, as well as the aspects of
bridge design that are affected by the presence of a link slab. The 3D model showed that bearing
pads are subjected to higher demands in partially continuous bridges (link slabs) in comparison to
fully continuous bridges.
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CHAPTER 1.

INTRODUCTION

A common practice in bridge construction since the 1960s is to build multiple span bridges as
simply supported spans with expansion joints at the support locations. These expansion joints
simplify design and provide space to accommodate thermal movements in the deck as well as other
short and long-term displacements caused by creep, shrinkage, moisture changes, vehicular traffic
and other loads (Burke 1991; Guthrie 2011). However, the presence of the expansion joints leads
to additional maintenance costs, rider discomfort, and later could also become a source of
deterioration as moisture and the leakage of contaminated water can cause the deterioration of the
supporting substructures through premature corrosion.
Most problems associated with deck joints can be eliminated through the use of deckcontinuous systems while providing the girders in the system with a degree of continuity (Sevgili
and Caner 2009). Depending on the load transfer mechanism over the supports, the degree of
continuity can range from full, partial, to no continuity. Full continuity refers to the case where the
girder ends are connected in such a way to fully transfer forces over supports between girder ends
on consecutive spans, such as could be achieved through full integration of decks and girders
(Cristian-Claudiu 2005). Partial continuity refers to a condition where the straining actions are less
affected by the load transfer mechanism over the joint, as in the case for bridges with link slabs
(see Figure 1), otherwise referred to as deck-only continuity bridges (Okeil and ElSafty 2005). No
continuity refers to the case where the girders in consecutive spans act independently of one
another; i.e. simply supported spans.
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Figure 1. Typical link slab detail
As opposed to Full Continuity, where it can be considered that there is complete rotational
compatibility on both faces of a joint, Partial Continuity is a condition that permits a rotational
difference, but not complete independence, between the ends of the girders that meet at the joint.
This rotational difference and lack of independence is due to the fact that the continuity element;
i.e., the link slab, behaves as an element of a different stiffness that connects girder ends at the
joint. A link slab refers to the continuous deck portion that links two simply supported girders. It
represents a link which has a much smaller stiffness than the girders that cover the spans but which
can still provide, to a degree, some of the benefits associated with continuity. The behavior of a
link slab and the load transfer mechanism it provides is greatly affected by the supports at the
girder ends (El-Safty and Okeil 2008).
It should be noted that the partial continuity that a link slab provides to a bridge has been found
to be strongly dependent on the support conditions of the joined spans(El-Safty and Okeil 2008).
Under the idealized support conditions provided by hinges and rollers, the continuity moment at
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the joint, M1, for a two-span bridge can range between 9-91% of that of a fully continuous system,
MFC, depending strongly in the placement of hinges and rollers within each of the spans. A
parametric study was conducted evaluating the impact the placement of idealized supports had on
the continuity moment at the joint (Okeil and ElSafty 2005). The studied conditions, referring to
the order of the idealized supports in two simple spans joined by a link slab, were Hinge-RollerRoller-Hinge (HRRH) and Roller-Hinge-Hinge-Roller (RHHR). In this study, it was generally
concluded, that the greater the horizontal movement restriction of the supports below the joint
were, the greater the achieved continuity of the joint, separating the ranges of

⁄

ratios as

9-22% for the case with most movement below the joint (HRRH), and 50-91% for the most
restrictive (RHHR).
1.1

Motivation

Bridge expansion joints serve the purpose of accommodating the displacements necessary for
different types of movements that arise during the service life of a bridge superstructure without
exposing the bridge substructure to large demands. However, in many cases these joints can fail
at achieving their designed purpose through their premature degradation or improper
implementation. The Federal Highway Administration (FHWA) conducted a survey that showed
that in a five-year evaluation period, 60% of the evaluated bridge deck joints were allowing for
water leakage, and the remaining 40% were experiencing situations that would lead to their
premature deterioration (Fincher 1983).
Debris accumulation, deicing chemicals, improper selection of materials, or improper
installation can cause the deterioration of expansion joints in bridges (Chang and Lee 2002). This
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deterioration can in turn lead to corrosion through water leakage and girder and pier deterioration,
especially when deicing agents are involved.
Adding to the initial construction costs, the costs that can arise from the necessary maintenance
of deteriorated expansion joints, the possible need for strengthening of damaged substructure
components, and indirect costs associated to traffic delays during the maintenance procedures, can
quickly come to represent a substantial amount. Consequently, reducing the amount of necessary
expansion joints, or eliminating them altogether can be safely regarded as a positive contribution
towards the economic feasibility of a bridge.
Providing bridge decks with a degree of continuity in simple span bridge construction reduces
the need for expansion joints, and can therefore be considered to have a positive impact to bridge
economics when properly implemented (Russell and Gerken 1994). Span continuity can be
achieved either through full or partial integration of the composite girder deck section. It is the
second of these, deck-only integration or a link slab, which is the less intrusive procedure.
Additionally, the construction of fully continuous bridge decks can produce “blowups” in adjacent
pavement through the compounding of the longitudinal pressures generated by pavement growth
with the substantial pressure which can be generated by the restrained expansion that fully
continuous bridge spans can provide (Burke 2004).
Therefore, the use of a link slab can be considered to be a more feasible solution to expansion
joint elimination when taking into account its lower costs, its relative ease of implementation, as
well as its diminished structural impact when compared to full integration. Though the
performance of link slab bridges has been analyzed under idealized support conditions in several
studies (Caner and Zia 1998; Gastal and Zia 1989; Okeil and ElSafty 2005) (Au et al. 2013; Mothe
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2006) including several field studies related to bridges with varying degrees of continuity (Okeil
et al. 2011; Wing and Kowalsky 2005), further studies are needed on the distribution of reactions,
effects on bearing support design, long-term effects, as well as the effects of temperature gradient.
1.2

Objective

The main objective of this work is to understand the interactions of a link slab within a jointless
deck bridge with supports of varying degrees of stiffness corresponding to actual field conditions,
as well as the effects of various structural loading conditions.
A parametric study is conducted to investigate the effects of different variables on the force that
a link slab is subjected to, the reactions the supports must endure as a consequence of the link slab,
as well as the specific characteristics of the system that most contribute to the relationship between
these. An analytical model is developed for this purpose, validated through a simplified finiteelement model.
A field study is conducted on a bridge constructed with link slabs in various configurations
considering live load testing, as well as long-term structural health monitoring, in order to further
investigate the performance of a jointless deck using link slabs under varying configurations and
loading conditions.
Both of these studies are linked together with a three-dimensional (3D) finite-element analysis
to model the interactions between the different structural components.

5

1.3

Organization of Dissertation

In this dissertation, all of these points throughout its multiple chapters will be addressed.
Chapter 2 discusses the existing knowledge and available literature. The third chapter presents a
parametric study, which focuses on analyzing the effects that different parameters have on bearing
support reactions and force on the link slab by deriving an equivalent representation that considers
the effects of bearing horizontal stiffness. Several loading conditions are taken into account,
including the effects of temperature gradient. This grants an insight to the compounded effects that
live load and temperature gradient can have on bearing design when a link slab is present, as well
as an understanding of the structural parameters which hold the greatest influence on this
relationship.
Chapter 4 presents results from a field study using data collected from a structural health
monitoring system on a bridge that has been constructed with link slabs and instrumented with
different types of sensors. In addition to monitoring of strains, displacements, and temperature
readings of different structural components in specific spans over a period of two years, a live load
test was also conducted on the bridge. The instrumented bridge spans include one segment
consisting of a single span; i.e., without a link slab, segments with a link slab linking two spans,
and segments with four spans linked with link slabs.
The fifth part of this work presents the analysis and validation of a finite element model in order
to link the prior two parts of the study. By validating this model with the results from the parametric
study, and the structural health monitoring system, it was possible to better understand the
structural effects that the use of a link slab can have on the design of a bridge span as well as its
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bearings. Chapter 6 summarizes the findings of this research and draws conclusions from all parts
of this study.
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CHAPTER 2.
2.1

LITERATURE REVIEW

Full Continuity

There exists a substantial body of research investigating the benefits and disadvantages of
continuity in bridge design. Loveall (1985) (Loveall 1985)and Wasserman (1987)(Wasserman
1987) made early incursions into the study of continuous deck bridges, laying down the
foundations for further exploration. Burke later explored the limitations of integral bridges, as well
as the implications of such design on the damage caused by pavement forces (Burke 1992; Burke
2004). Thippeswamy and GangaRao (Thippeswamy and GangaRao 1995) would later carry out a
study analyzing the effects of secondary loads such as temperature, creep and shrinkage
(Thippeswamy et al. 2002).
When full integration of both deck and girder is achieved at the joint, large tensile stresses due
to live load will develop in the upper part of the section due to the negative continuity moment. In
addition to the negative moment that can arise at the continuity, certain positive moments can be
generated due to the effects of long-term and temperature loads. When analyzed through the use
of a 3D detailed continuity joint model, it was observed that the tensile force in the joint is only
transferred through the provided positive reinforcement, and overall only the deck, and girder
bottom and top flanges contribute toward resisting stress. Consequently, the web can be seemingly
disregarded during the analysis (Hossain 2012; Hossain and Okeil 2014; Hossain et al. 2014;
Hossain et al. 2014).
Field tests carried out on bridges with continuous girder details have further sustained the
assertions of the 3D model. Tests showed that live loads in general would result in negligible
contributions to positive moment at the joints, but that this detailing could provide a sufficient
continuity so as to be considered for a reduction of the positive moment due to live load at the
8

center of the span. Based on a comparison of the field tests with a validated FE model, it was
determined that a continuity index (with values ranging from 1.0 at full continuity, to 0.0 no
continuity) with a value of up to 0.88 could be estimated (Hossain et al. 2014).
It can be observed that such detailing could significantly improve performance. This is
especially true when considering the fact that a reduction in the positive moment due to live load
at the center of the span will allow for longer spans through better stress distributions, as well as
an increase to load rating of existing simple span bridges that might be enhanced with this detail.
Considering the fact that all the mentioned attributes will act additionally to the elimination of
most of the problems associated with deck joints, then it can be inferred that full continuity can
provide improvements towards deck performance in the scope of maintenance cost reduction,
improvements to durability, and increase to load bearing capacity. However, the construction of
such a system is dependent on several points that must be carefully considered. Perhaps the point
that becomes most difficult or impractical to attain in the improvement of existing structures is in
being able to appropriately provide continuity to the positive moments in the joint. Furthermore,
it is possible that the positive moment that develop due to long-term effects can be detrimental to
the girder performance since it exacerbates the critical positive moments at mid-span sections.
As was mentioned earlier, both 3D modeling and field tests have showed that the tensile force
at the joint is transmitted exclusively thru the positive reinforcement provided between the girders’
ends. For the case of new bridges, this reinforcement is not difficult to provide, however in the
manipulation of pre-existing simple span bridges that will be enhanced with a continuity detailing,
achieving adequate transfer of this tensile force can result in a highly intrusive procedure to the
girder itself requiring careful and detailed work (Okeil and ElSafty 2005). In certain cases, and
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specifically for the case of existing bridges that are desired to be enhanced with a continuity
detailing, perhaps full continuity might not be practical.
2.2

Partial Continuity

In a deck with an applied continuity diaphragm, the tensile force resulting from positive
moment is only transmitted through the positive moment reinforcement (e.g. hairpin bars) that
connect the bottom flanges of the girders to a continuity diaphragm. Considering the fact that
concrete would not be sufficient to address the tensile force under the positive moments that can
arise in the continuity alone, and the fact that the compressive force that can develop at these joints
may be handled through the support conditions at the girder ends, it becomes reasonable to review
a detailing option that examines providing deck only integration.
Deck-only integration can furnish a solution to many of the problems associated with expansion
joints (Alampalli and Yannotti 1998). Eliminating expansion joints can solve problems of
durability arising from debris accumulation, and can significantly reduce water leakage, improving
durability (Attanayake et al. 2009). Though cracks will form at the joint due to tensile stresses
caused by long-term and temperature related effects, these can often be controlled through careful
design of the reinforcement provided to the deck, and through adequate detailing of the deck itself
(Au et al. 2013).
A notable concern that can arise from the elimination of expansion joints is precisely how the
continuous decks will accommodate all the stresses to which it will be subjected (Kunin and
Alampalli 2000). A reasonable concern is that excess cracking might develop in the area directly
in the immediacy of the joint (Burke 1991), however many of the stresses that could cause this
cracking can be eliminated by providing a debonded length between the girder and the deck (Au
10

et al. 2013). By removing said composite action the deflection compatibility between the girder
and the deck is reduced, permitting the debonded portion of the deck to deform freely from the
supporting girders. This allows a much greater length of the deck to absorb the strain, and thus
reducing the stresses to which the deck is subjected (Richardson 1989).
As the debonded length between the deck and girder increases, the composite action is further
reduced. Some research has been carried out on the question of what debonded length should be
used (ElSafty 1994). Zia et al. developed a modified FEM program which was used to determine
that the optimum debonded length would range between 2% and 6% of the girder span, depending
on the support and loading conditions of the system (Zia et al. 1995).
The overall cost of redecking an existing simple span bridge to function with partial continuity
through the use of a link slab can possibly represent an advantage over the use of continuity
diaphragm(Aziz and Ashok Reddy 2012). An argument could be made that designing a bridge
from its inception with the use of link slabs could result in sizeable savings even when compared
to a deck with conventional joints (Chang and Lee 2001; Chang and Lee 2002).
The effectiveness of the link slab in providing continuity has been shown to be highly dependent
on the girder boundary conditions; specifically on the possibility of horizontal displacement at the
support location near the joint (El-Safty and Okeil 2008; Okeil and ElSafty 2005).
Regardless of all the advantages that a link slab can provide, the lack of simplified design
methodologies impedes its wider employment (HanYong et al. 2014).
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2.2.1 Models for Partial Continuity
The unconventional nature of the joint caused by the link slab makes it difficult to apply simple
hand-calculation procedures such as the conjugate beam method, or the classic three moment
equation. Due to the varying stiffnesses, and girder boundary conditions at the support, the use of
the Finite Element Method (FEM) for analysis can be a more thorough option (Belutsky et al.
2013).
2.2.1.1 3D Finite Element Model
Current commercial structural analysis software packages are robust enough to handle this type
of analysis at an appropriate level of detail. However, producing the required models for design
can result time consuming. In terms of the design process, it is in the best interest of the engineering
professional to pursue more simplified and streamlined procedures to obtain adequate results.
Successful and appropriately representative Finite Element modeling of prestressed concrete
girder bridges with partial continuity requires attention to not only construction sequence, but also
continuity conditions between different materials, and different structural elements (Hossain et al.
2014).
2.2.1.2 2D Finite Element Model
It is viable to assemble a 2D finite element (FE) model using an isoparametric beam element
for the girders, and a spring-like truss element for the link slab itself (Gastal and Zia 1989). Though
the link slab will provide the girders with a rotational restriction, it will not be due to its flexural
stiffness, but due to its axial stiffness in combination with its offset position from the centroid of
the composite section. Though the link slab itself will have an actual flexural stiffness, when
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considering the substantial difference between this value and the much larger flexural stiffness of
the girder, it is suggested that it’s contribution may be disregarded with little impact on the
accuracy of the results. Consequently, a spring-like truss element becomes sufficient and
straightforward enough to model the link slab.
When taking into account cracking in this model type, it is important to note the contradiction
that a phenomenon like cracking can create for an inherently discrete model (Chebole 2011). An
acceptable solution to this problem is considering the use of the Smeared Cracking Model while
using two different constitutive relationships for the elements depending on the state of stress they
are subjected to.
Loading or displacement increments can then be applied sequentially using the tangent stiffness
matrix of the system and considering both linear and nonlinear ranges in order to obtain an
instantaneous loading solution.
When developing the FE model, it is important to consider the correct assumption of boundary
conditions. The capacity of a support to provide displacement has been demonstrated to have great
impact on the stresses that may develop on the link slab (Okeil and ElSafty 2005; Richardson
1989). For this reason, it becomes necessary to correctly supply the models with representative
values for support displacements, and temperature variations. Though the long-term effects of
creep and shrinkage can intuitively be considered to have cancelling effects on one another, it
depends on how much of the creep effects take place prior to continuity establishment.
Furthermore, it is also important to consider the consequences of long-term effects, especially
when taking into account the role that the expansion joints being replaced by the link slab played
in the structural system (Chebole 2011).
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Validation of the 2D line model was carried out and results showed an adequate compatibility
with analytical and laboratory measured data (Gastal and Zia 1989). An additional approach
towards this model takes into account the flexural capacity of the link slab (Li et al. 2012). Due to
the substantial difference between the flexural stiffnesses of the girder and deck, it is justifiable to
find that the stresses concentrated at the ends of the debonded lengths of a link slab would be high.
This implies that much reinforcement would be required, however, considering the idea that the
debonded length provides the link slab with a larger length within which to distribute the strains,
the actual stresses that result on the link slab become much more manageable.
2.2.1.3 MASA Microplane FE Model
A fourth option for FE Modeling for analysis of link slabs considers the use of a finite element
code called MAcroscopic Space Analysis (MASA) developed at the Institute of Construction
Materials, University of Stuttgart (Charuchaimontri et al. 2008), MASA is based on the
microplane model, and can be used to analyze structures composed of quasi-brittle materials in
two and three dimensions. In this model, the material is analyzed considering a uniaxial
relationship between the stress and strain components on planes representing damage planes or
weak planes of various orientations.
Similar to the previous FE Models discussed, the microplane model uses the smeared cracking
model to account for cracking, however it uses the constant or secant stiffness method as a system
solver. The basis for the method was first described by Taylor (Taylor 1938) and further developed
in the use for quasi-brittle materials by Bazant (Bazant and Ozbolt 1990) and Ozbolt (Ozbolt et al.
2001). The objective of using this method is aimed at analyzing damage and fracture occurrences
in concrete under a three-dimensional state of stress. When taking into account the way the
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microplane model works, it becomes evident that it can provide an solution that can take into
account details such as contact layers between aggregates and mortar in the concrete. This level of
detail and considerations however, comes at a high computational expense, which would perhaps
limit this analysis procedure as a purely academic endeavor, unfeasible for practical use (Mautz
2013).
Though perhaps the end results between the levels of complexity, modeling procedures, and
consideration or disregard of the flexural stiffness of the link slab through the different discussed
analytical procedures (Robust 3D FE model, 2D FE Model disregarding link slab flexural stiffness,
2D FE Model considering link slab flexural stiffness, MASA Microplane Model), the end results
should all be relatively similar. However, an important point to consider is the fact that for practical
design purposes, it becomes imperative to simplify these analytical responses even further.
Therefore, several different approaches have been taken into account in this study.
2.3

Previous Analytical Solutions for Partial Continuity

Though the body of research on the topic of link slabs is ever growing, the lack of a simplified
design methodology has hindered its wide application. Parting from the models discussed in the
previous section, a series of simplified design approaches have been developed. Each of these
approaches parts from the bases exemplified in the previous models and elaborates upon them to
obtain appropriate parameters in order to attain a design.
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2.3.1 Flexural Approach
One of the earlier techniques derived presented the possibility of deck design by consideration
of a comprehensible flexural approach (Caner and Zia 1998). This method separates the procedure
for designing the link slab between two spans into four steps.
The first considers the design of each span as simply supported. This is taken into consideration
due to the rationalization that the stiffness of the link slab is sufficiently small so as to be
considered negligible at the point of union between the two spans. Disregarding the flexural
stiffness of the link slab, both spans are considered as rotating freely at the joint (Caner et al. 2002).
The second step considers determining a debonded length for the link slab as a value of 5% of
the span length (ElSafty 1994) (Gastal and Zia 1989). Through this analysis it was concluded that
the optimum debonded length oscillated between 2%-6% of the span length depending on the
support and loading conditions. The procedure would affix the value of 5% as generous estimation
of the expected optimum length to be used in a design procedure (Caner and Zia 1998).
The third step involves determining the rotation at the girder ends assuming simply supported
conditions. This consideration can be regarded as being somewhat conservative specially when
taking into account that the principal objective of the link slab is to provide partial continuity.
Disregarding this partial continuity and calculating the rotations as if the ends pivoted freely, will
undoubtedly yield greater rotations than could actually be expected (Zhao et al. 2012).
The fourth and final step involves determining a continuity moment by using the estimated
rotations. This continuity moment can then be used in determining the required reinforcement for
the link slab.
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2.3.2 Revised Flexural Approach
A point that is disregarded in the previous approach is the compatibility between displacements
that could arise between the deck and the girder in the debonded length.
This point arises from the idea that the bending of the deck will be hindered by the girder in the
portion of the span where they are debonded. These concessions are made so as to maintain a
simplified and safe solution. A later study would reevaluate the flexural approach in order to permit
for more realistic consideration of the displacements that would occur due to the compatibility
between the girder and the deck (Au and Lam 2011).
The results provided through the use of this revision provide results that were evaluated thru
scale model results, analytical considerations, as well as field test observations (Au et al. 2013).
Though the results would show a degree of agreement, it should be noted that overall this
delineation would represent a further departure into conservative results as the correction factor
that is considered will always result in a value greater than unity.
2.3.3 Modified Three Moment Equation
Though the procedures derived represent a simplified and straightforward way of estimating
the continuity moment the link slab would work against, it can be viewed as being overly
conservative and contradictory in the fact that it essentially determines the stresses that would arise
at the continuity by disregarding the idea that the joint is continuous in the first place.
The justification considered for this simplification is the idea that the flexural stiffness of the
deck is much smaller than that of the girder and would thus be unable to prevent the girder from
rotating freely (Salmons 1977). However several studies have shown this is not entirely accurate
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(Gastal and Zia 1989; Okeil and ElSafty 2005; Richardson 1989). The flexural stiffnesses should
not be compared directly between both members in terms of the rotational restriction at the joint
given the fact that the link slab does not have its centroid at the same height as the girder. Given
this eccentricity, in reality the rotational restriction arises product of the distance between the
centroids and the axial stiffness of the link slab.
The tension force that can develop on the link slab is directly related to the support conditions
of the girder (Li and Saber 2009). The possibility of lateral displacement at the joint was found to
have large implications on the tension force that could develop in the link slab.
In order to analyze the effects that the girder support configurations might have, two contiguous
girder spans were considered with a link slab providing partial continuity between them. The
considered support configurations of the two girders were Roller-Hinge-Hinge-Roller (RHHR),
Hinge-Roller-Roller-Hinge (HRRH), Hinger-Roller-Hinge-Roller (HRHR), Hinge-Roller-RollerRoller (HRRR) and Roller-Roller-Roller-Roller (RRRR). Though for each of the considered
support configurations different results were obtained, it was observed that the results that perhaps
could be considered to have the most relevance were two (1) RHHR and (2) HRRH. These support
conditions both represent two statically stable spans and could be viewed as the upper and lower
bound of the lateral support displacement possibilities.
Using a modified version of the classic three moment equation an influence line analysis was
performed. By altering the stiffness terms that influence the continuity moment to include the
rotational restriction produced by the axial stiffness of the link slab and its eccentricity, it was
possible to obtain formulae for estimating the moment at the continuity. These formulas permitted
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for an influence line analysis to be performed of both the positive moments at the span midpoints,
as well as on the negative moment at the joint.
From the juxtaposition of the influence line diagrams for the two considered support conditions
(HRRH and RHHR), along with the values of influence line diagrams for a fully continuous girder
and a simply supported girder, it is possible to clearly appreciate the impact that support conditions
have. This can be observed in Figure 2 and Figure 3.

Figure 2. Continuity moment influence line diagrams of a two-span bridge (El-Safty and Okeil
2008)
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Figure 3. Positive moment influence line diagrams of a two-span bridge (El-Safty and Okeil 2008)
Considering the continuity moment that is produced at the joint, it is possible to obtain a tension
force which can be used to design the reinforcement within the link slab. This would essentially
provide a simple and relatively easy way of designing appropriate joints using a link slab.
Through experimental validation it was determined that the roller support configuration
(HRRH) provided less continuity than the hinged configuration (RHHR). This resulted in a smaller
continuity moment and higher positive midspan moment for the roller configuration, and the
inverse for the hinge configuration. It was also determined that even slight lateral displacements
at the support would diminish the continuity moment by large amounts.
2.3.4 Closed Form Analytical Solution
In order to quantify the effects of partial continuity, a modified version of the three-moment
equation was used. This method considers the compatibility of rotations of girder ends in order to
determine the continuity moment at the joint. For the case of partial continuity, the link slab is
used as the compatibility condition. In this study, two and three-span bridge configurations with
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varying span-length ratios were used considering idealized support conditions and bearing pad
support conditions in order to study how partial continuity is affected. The positive moment at the
midspan was calculated using HL-93 loading and Influence Line Analysis in order to gauge the
capacity increase that the link slab can elicit in the overall system.
2.3.4.1 Idealized Supports
There are two extremes possibilities for the idealized support conditions:
(1) The girders joined with partial continuity have both their hinged supports at the joint RHHR.
(2) The girders joined with partial continuity have both their roller supports at the joint –
HRRH.
The third possibility for idealized supports considering that the joint will have one hinged and
one roller condition – RHRH or HRHR - represents an intermediary condition that will have its
value somewhere between the results for the HH and RR conditions. This third condition was not
analyzed, but instead two additional conditions with bearing pad supports were used.
Roller-Hinge-Hinge-Roller (RHHR)
When the supports at the girder ends that meet at the joint don’t have the possibility for
longitudinal displacement, such as in the RHHR case, the resulting tension force on the link slab
becomes considerable. In this case, when there is no possibility for displacement, then as the girder
receives bending action the tops of the girder ends rotate inward towards the girder and outward
from the link slab producing a strong tension force (see Figure 4).
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Figure 4. Roller-Hinge-Hinge-Roller support configuration
This support condition represents the ceiling value for stresses on the link slab given that the
tension force that originates from the rotation is directly balanced between the hinge support and
the link slab without axial interaction from the girder.
This greater interaction from the link slab results in a higher continuity index, given the fact
that the joint stiffness is higher due to the nature of the support.
Hinge-Roller-Roller-Hinge (HRRH)
For the second case where both girder ends have the possibility of longitudinal displacement,
as in the HRRH case, the tension force that is developed at the link slab requires the horizontal
reaction to be transmitted from the opposite end by means of the girder itself (see Figure 5).

Figure 5. Hinge-Roller-Roller-Hinge support configuration
This support condition represents the lower values of stress on the link slab from a simply
supported girder given that the tension force must now also interact with the girder axial stiffness.
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This ultimately reduces the amount of strain the link slab must take, and therefore results in less
stress as well.
Lower values of strain on the link slab also mean a lower continuity index, given that the joint
stiffness is now lower due to the possibility of movement at the support with the only longitudinal
restraint coming from the far support.
2.3.4.2 Bearing pad supports
Both support cases discussed previously represent extreme cases. The actual construction
techniques used would not have neither the zero longitudinal stiffness of the roller support, nor the
infinite longitudinal stiffness of the hinged support, but instead have intermediate values for both
(Muscarella 1995).
In this study, the bearing pad properties defined the support conditions. Special considerations
were made for these Bearing Pad Support cases. The bearing pads have finite longitudinal
stiffnesses and therefore generate both a displacement and a reaction at the support.
The fact that both supports are considered as having a finite lateral stiffness, as opposed to the
infinite longitudinal stiffness that a hinged support can give, the overall stiffness for the system is
lower than that of a simply supported girder (Cook 2009). In this case the tension force that
originates from the girder end rotations is balanced between the link slab and both supports. This
interaction results in a combination of the behaviors in the previous two cases given that part of
the reaction force occurs in the support at the joint, and part of it occurs in the far support.
On account of the interaction with the girder axial stiffness, the portion of the force that occurs
in the far support interacts with the link slab in a similar manner as the HRRH case. The portion
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that occurs in the support at the joint can balance out directly with the link slab, this is similar to
the RHHR case. It should also be noted that the overall combined reaction force will be lower than
that for either case from the simply supported girder (HRRH or RHHR) given that both supports
in the bearing pad case will experience a displacement due to the nature of its stiffness.
In order to complete the analysis, three equivalent spring models were constructed in order to
account for the effects of varying bearing pad stiffness (see Figure 6).

Figure 6. Equivalent spring models
where
is the equivalent spring for the bearing pad stiffness of the far support on the left span of the
joint
is the equivalent spring for the bearing pad stiffness of the support at the girder end on the
joint on the left span
is the equivalent spring for the girder axial stiffness
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is the equivalent spring for the girder axial stiffness and the bearing pad stiffness of the
far support on the left span combined.
is the equivalent spring for the whole system on the left span.
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CHAPTER 3.
3.1

PARAMETRIC STUDY OF PARTIALLY CONTINUOUS
BRIDGES

Introduction

The behavior of a link slab that is a part of a structural system of a bridge will be affected by
several factors. Aside from the physical properties of the girders and link slab itself, a link slab
will also be affected by the support conditions at the girder ends (Okeil and ElSafty 2005).
As stated earlier, girder supports may be idealized as pins and/or rollers, however in practice
bearing pads are often used. Furthermore, some standards call for anchoring girder ends to bent
caps at fixed supports, however there is a growing trend to do without these anchor points in nonseismic regions to avoid highly constrained systems. Anchored supports are typically designed to
resist longitudinal forces that develop in a bridge segment. Conversely, bridge segments where
none of the girders are anchored, which will be referred to as Floating Spans, share in resisting
longitudinal forces. Previous studies have shown that the degrees of restriction that idealized
supports can provide will have a direct effect on the degree of continuity that a link slab can
provide, therefore it can be predicted that a decrease in the restriction of support lateral
displacement will have an opposite effect (Oesterle et al. 1989).
In this research, the focus is on the behavior of floating spans connected using link slabs. Two
main support conditions and two continuity conditions were modeled and analyzed along with
factors that commonly affect behavior of slab on girder bridges. This study focuses on live load
and temperature gradient loading conditions; i.e., seismic loading is beyond the scope of this study.
Furthermore, varying temperature conditions were also taken into account due to their effect on
elastomeric bearing pad material properties, and hence, the horizontal support stiffness.
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3.2

Parametric Study

A parametric study was conducted to illustrate the relationships between the factors that are
known to influence the behavior of partially continuous bridges. The parameters considered in this
study were number of spans, bridge span lengths, span length ratios, girder spacing as well as
temperature conditions. It should be noted that including the temperature in the list of parameters
was deemed necessary due to the fact that it affects the bearing pad stiffness, which influences the
behavior of the link slab system. Table 1 lists the range of parameters considered in the study
presented in this paper.
Table 1. Variables and ranges considered in the parametric study
Variants
Number of Spans
2
Total Length
100ft; 150ft
Span Length Ratio (β)
0.5
Girder Spacing
6ft
Support Bearing Pad Supports - Fixed
Temperature
0°F

3
150ft; 225ft
200ft; 300ft
0.7
1
7ft
8ft
Bearing Pad Supports - Floating
36°F
73°F

A typical set of design cases in the parametric study consisted of a total of 18 combinations for
every girder spacing considered: 2 or 3 span segments, 3 length configurations and 3 span length
ratios. Taking into account the 3 girder spacings resulted in 54 unique design combinations that
could be tested under different support and continuity conditions in order to gauge each of their
effects when subjected to different load types. Though the temperature variant did not affect the
girder design, it did have an effect on the horizontal stiffness of the bearing pad supports, which
was found to alter the results in significant ways.
In addition to these variants for the partially continuous bridges, two other sets of cases; namely
simply supported and full continuity, were considered to serve as a baseline for comparison
purposes. All the analyzed cases are summarized in Table 2.
27

Table 2. Continuity and support conditions
Continuity
Full Continuity
No Continuity

Partial Continuity (link slab)

Support Conditions Considered

No. of Cases

Idealized Supports
Idealized Supports
Bearing Pad Supports – Fixed
Bearing Pad Supports – Floating
Idealized Supports – Roller-Hinge-Hinge-Roller
Idealized Supports – Hinge-Roller-Roller-Hinge
Bearing Pad Supports – Fixed
Bearing Pad Supports – Floating
Total

54
54
162
162
54
54
162
162
864

Given the fact that temperature was only a defining factor in the models that considered bearing
pad supports, and not in the idealized supports, the total number of unique conditions varied
between the continuity cases. For the Full-Continuity (FC) case only idealized support conditions
were considered, resulting in 54 cases that were analyzed. The No-Continuity; i.e. simply support
(SS), condition took into account 54 cases for the idealized support conditions, and 162 cases for
each of the bearing pad support conditions, resulting in a total of 378 cases. Taking into account
the same distribution for the partially continuous case, it resulted in a total of 432 cases.
In total, 864 combinations of variables, and continuity and support conditions were considered
in the parametric study. Each of these combinations was subjected both to live load design
conditions as well as temperature gradient load conditions in order to determine each variables
effects within the overall system. The model used to analyze each case was dependent on the
support conditions considered. A closed form solution for the Continuity Moment Equations were
found for all cases with idealized support conditions (e.g. HRRH and RHHR) using mathematical
models obtained in the MathCAD software environment, which were validated using finiteelement models. However, similar closed form solutions could not be found for the cases with
bearing pad supports. Thus, individual finite-element models were built in STAAD Pro.
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3.2.1 Support Conditions
Within this study various support conditions were taken into account. A total of 6 support
conditions considered, [no continuity with idealized supports, fully continuous with idealized
supports, partial continuity with HRRH idealized supports, partial continuity with RHHR idealized
supports, partial continuity with fixed bearing pad supports, and partial continuity with floating
bearing pad supports], which can be reclassified in two subcategories: Idealized Supports and
Bearing Pad Supports.
3.2.1.1 Idealized Supports
As the name indicates, idealized support condition presumed the use of supports within the
models that followed the general ideal conditions for their classification. In general, two individual
support types were considered (Hinged and Roller), and these were organized within the structures
according to their effect upon it in four different ways:
Simply Supported – No Continuity
The simply supported case refers to the use of one hinged support and one roller support for
each individual and independent span (see Figure 7). Under these conditions there are no
restrictions to rotation at the girder ends, and translation is restricted only on one of the two ends,
allowing for free expansion and producing no horizontal reactions due to gravity (permanent and
transient) as well as temperature loads. Given the fact that this case represents the unrestrained
girder end condition that allowed for unrestricted rotation, this support case served as the base
comparing the effects that the support modeling can have on the performance of the structure.
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Figure 7. Simply supported no continuity support condition
By comparing values such as the positive moment at the girder midspan with those of other
support conditions with varying degrees of continuity it is possible to understand the effects that
continuity at the joints can have on a bridge segment employing link slabs. Whatever moment is
obtained at the girder midspan within this case should always represent the value with the greatest
magnitude when compared with other cases. Every other support condition (with partial or full
continuity) considered will represent a more restrained bridge segment.
Idealized Supports – Full Continuity
The support types considered in this case are a combination of multiple roller type supports and
one hinge support under a fully continuous girder over multiple spans (see Figure 8). In order to
allow for displacement and expansion, only one support is considered as hinged and the rest are
taken as rollers. This case, though it refers to the use of similar restrictions as the previous case in
terms of considered support types, results in a much greater rotational restraint over every joint
when compared to the previous case with no continuity.

Figure 8. Idealized supports full continuity support condition
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However similar it may seem to the simply supported case, it represented results of an upper
bound of typical girder end restraint. Given the full continuity taken into account at the joints, there
is a significant reduction to midspan moments arising from the restraint to girder end rotations,
which produces negative moments at the joint rotation. The results for this case were used as a
comparative ceiling to the reduction to midspan moments that can arise from the continuity of a
girder. It is important to note however, that achieving full continuity in practice requires special
detailing, especially for precast concrete girders, that often introduces construction difficulties or
does not perform as intended.
Hinge-Roller-Roller-Hinge – Partial Continuity
The Hinge-Roller-Roller-Hinge (HRRH) support case represents an idealized case of a partially
continuous bridge span that has two rollers below the location of the link slab over the joint, and
hinges at the ends (see Figure 9). This support case represents one of two idealized extreme
possibilities arising within a partially continuous girder system. In this support configuration,
girder end rotations are not restrained by the supports at the continuity joint, however there is a
restriction arising from the partial continuity that the link slab provides. The restraint offered by
the link slab will be less than the restraint that full continuity provides given that the link slab will
only provide a rotational restraint to the upper part of the composite section.

Figure 9. HRRH partial continuity support condition
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For example, in the case of a gravity load, the girder end restraint due to the presence of the
link slab will generate a tension force at the link slab centroid. Given freedom of the lower portion
of the section to displace in the longitudinal direction without restraint from the supports, the force
in the link slab will have to be balanced by the hinged support at the far end of girder away from
the joint. The compatibility condition that arises between the upper and lower section displacement
due to the girder end rotation with the corresponding axial deformation of the link slab (see Figure
6) will produce the means by which the continuity moment can be determined. In this case, the
girder itself can be represented as an equivalent spring acting at the height of the girder centroid,
balancing the force from the link slab centroid. The moment that forms at the joint is what is
referred to as the continuity moment.
Due to the possibility of displacement at the support, in terms of the girder end rotation, though
this case provides some restriction, it represents the case with the least possible restraint from
partial continuity for idealized supports. By comparing results from this case, the simply supported
case, and the fully continuous case, it becomes possible to isolate the effects of partial continuity
without considering the effects of support stiffness.
Roller-Hinge-Hinge-Roller – Partial Continuity
The Roller-Hinge-Hinge-Roller (RHHR) support case refers to a partially continuous bridge
segment that is modeled with hinges at the location of the link slab over the joint and rollers at the
girder ends far from the joint (see Figure 10). It represents the reverse configuration as that of the
previous support case. As in the previous case, there is a rotational restriction that arises from the
partial continuity provided by the link slab.
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Figure 10. RHHR partial continuity support condition
In the case of a gravity load in this support condition, the tension force that is generated at the
link slab centroid will be balanced by the horizontal reaction at the hinge directly below the link
slab. The longitudinal translational restraint that the hinge support provides is theoretically infinite,
and as such is higher than the translational restriction that the girder axial stiffness could provide
in the HRRH support condition. For the RHHR support condition the compatibility condition no
longer involves the girder axial stiffness, and as a result the restraint to girder end rotations that
this support condition provides can be considerably higher than the HRRH case. However greater
this restriction might be, the RHHR support case will still provide much less restriction than a fully
continuous girder could provide.
It is important to note that the RHHR support case still falls under idealized support condition,
where each support introduces either zero or infinite restraint to longitudinal translations. In terms
of partial continuity, it can be expected that this support condition provides a ceiling value as it
represents the restriction that a partially continuous span will have for girder end rotation when
affected by an infinite translational restriction.
3.2.1.2 Bearing Pad Supports
Two main support conditions were analyzed with stiffness values that were representative of
field conditions. While idealized supports vary between having zero (roller or expansion) and
infinite (pin or fixed) translational stiffness, in practice supports will have translational restrictions

33

that fall somewhere in between if the superstructure is not anchored to the supporting bent.
Considering the effect of realistic translational support stiffness on the degree of continuity is
important for understanding the behavior of link slab bridges as they are built. Two conditions
were considered, namely fixed and floating. They are illustrated in Figure 11.

Figure 11. Bearing pad support model
Fixed
The first of the two considered cases with realistic bearing pad stiffness employs both Fixed
Elastomeric Bearing (FEB) pads as well as Expansion Elastomeric Bearing (EEB) pads in the same
segment (see Figure 12). In this condition, one of the joints in the system is considered to have
higher stiffness values; i.e., FEB, while all the other supports in the system are considered to have
bearing pads with lesser stiffness; i.e., EEB, which is a typical practice in bridge construction. The
higher stiffness of the FEB pads will restrict longitudinal displacement more than the EEB pads
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that allow larger longitudinal translations and expansion as might be needed to accommodate
thermal movement that bridge spans may experience. Hence, bents supporting FEB supports are
typically designed to resist the majority of the longitudinal forces that develop in the system. This
condition, while similar in concept to some idealized pinned and roller conditions, is different due
to the fact that horizontal reactions can form at all supports albeit at different levels. The
distribution of horizontal reactions will affect the overall forces that can develop in the link slab
connection. The stiffness configuration is unique for every individually designed bearing pad, and
as such requires a better understanding of the relationship between support stiffness and degree of
continuity.

Figure 12. Fixed support condition
Of the two considered support cases, the fixed support condition represents larger longitudinal
restraint to longitudinal translations, and hence to girder end rotations at such supports. Though it
can be intuitively assumed that the degree of continuity that this configuration will provide
(intermediate translational restriction) should fall somewhere between the idealized cases of a
Hinge-Roller-Hinge (H-R-H) configuration (zero translational restriction at the link slab support
of a two-span segment) and a Roller-Hinge-Roller (R-H-R) configuration (infinite translational
restriction at the link slab support), it may fall below both idealized cases. The H-R-H case
provides infinite restriction to the force that develops as a reaction to the rotational restriction
provided by the link slab. Conversely, even FEB supports allow translations, resulting in a lower
overall system stiffness in most cases.
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Floating
The second considered support condition is the floating bridge span. This refers to a span for
which all supports are EEB pads (see Figure 13). This condition provides lower translational
restriction with no dominant bent in any given segment. It can be expected that the floating bridge
span can severely diminish any rotational restriction provided by the link slab. This support
condition is the one that is closest to a simply supported case. Though lateral reactions will form
at every support, given the low translational restriction, these will have a tendency to be minimal
and will cause the continuity moment to be significantly lower than in the other conditions. The
fact that bearing pad stiffness is a function of temperature (Roeder et al. 1990) deemed it necessary
to include temperature as an additional parameter in this study.

Figure 13. Floating support condition
3.3

Temperatures

It is a well-known that changes in temperature have a significant effect on the stiffness of
elastomeric bearings. The difference in the shear stiffness that can arise from changes in
temperature can cause serious problems for the bearing as well as the structure (Roeder et al. 1990).
Namely, low temperatures can cause significant stiffening of the bearing (Yakut 2002; Yakut
2002). For the case of a partially continuous structure it can decrease or increase the support
stiffness, and consequently affect the effectiveness of the link slab (Zhan et al. 2013).
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Given the importance of such temperature variations for this study, multiple temperature
conditions were considered. Specifically, three conditions were considered, one at 73°F, 36°F and
0°F. In each of these cases the bearing pad’s shear modulus was altered accordingly. This
parameter sheds light on how the degree of continuity in link slab bridges are affected by typical
temperature variations in any given site.
3.4

Design of Parametric Study Bridges

The composite section that would intervene in each case was composed of a 4ksi concrete slab
of 7.5in of thickness over a precast prestressed 8 ksi concrete girder of AASHTO/PCI Standards
(AASHTO 2012; PCI 2011). The widths of the concrete slab vary depending on the girder spacing
that is considered, which was one variable considered within the study. The AASHTO Type Girder
considered in every case varies in terms of the maximum span length, and the loads considered.
This composite section was represented both within a mathematical model, as well as within a
finite-element model. For the case of the mathematical representation each property was taken
from the corresponding tables within the LADOTD Bridge Design Manual while using the
provisions set within the AASHTO LRFD Bridge Design Specifications and was incorporated
within the equation for the continuity moment for each corresponding support case. For the case
of the finite-element models, these properties were incorporated within the Section Wizard tool
within STAAD Pro.
3.4.1 Girder Section Properties
The focus of this study is on slab-on-girder bridges. A composite section was assumed between
7.5in- thick slab over prestressed concrete AASHTO girders. The concrete strength for the deck
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was taken as 4 ksi concrete for the slab and 8 ksi for the girders. The bridge width was chosen to
accommodate girder spacings considered in this study. The type of AASHTO girder was chosen
based on the maximum span length for each case. This was achieved using design tables from the
LADOTD Bridge Design Manual (LADOTD 2005).
3.4.2 Bearing Pads
The Bearing Pad Supports for each case required an individual design procedure based on the
provisions in Section 14 of the AASHTO LRFD Bridge Design Specifications (AASHTO 2012).
They were designed as Steel Reinforced Elastomeric Bearings. As mentioned previously, two
general categories of supports were taken into account during the design process, one with EEB
designed to accommodate translation and rotation at the support, and one with FEB in which the
bearing pads would have sufficient anchorage to restrict translation at one bent in a segment. The
design procedure followed in this study complies with the requirements of Method B from Section
14.7.5 of the AASHTO LRFD Bridge Design Specifications, which resulted in differently sized
bearing pads to accommodate the variations considered for each case. Once the bearing pads were
designed, their shear stiffness was calculated and modeled as a horizontal spring at the girders’
ends. After considering a few cases, it was decided that the FEB pads which restricted translation
had a shear stiffness value 6 times greater than that of the EEB pads. Equal stiffness values were
assumed for the floating span support condition.
3.4.3 Live Loading
Following Section 3.6.1.2 of the AASHTO LRFD Bridge Design Specifications, the HL-93 live
load design truck and the design lane load were positioned to cause the maximum effect. The rear
axle distance was taken equal to 14ft (Shipman 2014).
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Though dead load was considered during the design process, it was excluded from the rest of
the continuity analysis. The reason behind this decision is that the majority of dead load effects;
i.e. girder self-weight, on the structure would already be in place by the time that the link slab was
constructed. Hence, dead loads do not affect the behavior of the link slab once it comes into service
when its concrete sets. The exception to this would be through the effect of creep, which is beyond
the scope of the current study.
3.4.4 Uniform Temperature
The effect of uniform temperature changes followed Section 3.12.2 of the AASHTO LRFD
Bridge Design Specifications (AASHTO 2012) . For this load case, the design thermal movement
was calculated using Procedure B for a site located in Louisiana. The temperature range was
determined to be 70°F, which was used in combination with the expansion length and coefficient
of thermal expansion in determining the design thermal movement range. The expansion length
was determined for each case individually and depended on whether the case considered
continuity, whether it was a 2- or a 3-span case, and the position of the FEB for the cases where it
was present. The coefficient of thermal expansion for the concrete structure was taken as 6x10-6
(in/in/°F).
3.4.5 Temperature Gradient
The effect of temperature gradient was taken as is recommended in Section 3.12.3 of the
AASHTO LRFD Bridge Design Specifications. The positive temperature values were calculated
considering a Zone 2 classification under table 3.12.3-1 from the Bridge Design Specifications and
the effects of negative temperature were obtained by multiplying the values specified for positive
temperature by 0.30 for plain concrete decks (AASHTO 2012).
39

The temperature change due to the temperature gradient within the section can be calculated
using the requirements specified within the design specifications as is shown in Figure 14. For the
case of this study, the temperature gradient, and the section width were both expressed in terms of
the position along the height of the cross section, y.

Figure 14. Positive Vertical Temperature Gradient in Concrete and Steel Superstructures
(AASHTO 2012)
Using the AASHTO temperature gradient profile in AASHTO-LRFD, thermally induced
stresses could be calculated from basic principles (Ghimire 2014). Thermal gradients cause end
curvature and subsequent moment that could be determined for each design case (Priestley 1978;
Priestley 1984; Priestley 1985). Girder curvature is given by
=

where

∙∫
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∙
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is the thermal expansion coefficient of concrete, ( ) is the temperature change, ( ) is

the net section width at height ,

is the distance between the neutral axis and the arbitrary datum,
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and

is the height at which the net section width is considered. An equivalent end moment that

would cause similar curvature can be expressed as follows.
=

where

∫
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(2)

is the modulus of elasticity of concrete.

The equivalent end moments from temperature gradient were calculated for each case in the
parametric study.
It is important to note that positive moment from temperature gradient would be acting against
the principle effects from the vehicular live load, however negative moment from temperature
gradient could compound with live load effects (Shushkewich 1998). As one of the primary
sources of positive moment during the design, this loading scheme would subject the link slab to
compression rather than tension as is the case for vehicular live loads.
3.5

Analysis Model

There were two methods that were utilized during the analysis phase of this study. For the cases
dealing with idealized support conditions it was possible to obtain closed form solutions for the
continuity moments both for the two and three span cases. The expressions for the continuity
moments were determined by using a modified version of the classic three moment equation.
By expanding on previous work on a two span case for idealized support conditions (Okeil and
ElSafty 2005) and (El-Safty and Okeil 2008), a closed form solution for idealized support
conditions could be achieved. This facilitated the analysis process by allowing an algorithm to be
written that could effectively use these expressions in conjunction with all accumulated data in
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order to determine the maximum midspan and continuity moments for every support case and
system variation.
For the vehicular live load this involved using the expressions within a similar algorithm as the
one used previously for doing an influence line analysis during the bearing pad design, but now
oriented towards moment calculation. The case for temperature gradient was considerably simpler
given the fact that the acting moment had already been determined and it only became necessary
to expand on its relationship with the continuity moment. Given the earlier decision to define all
girders within the spans of each case according to the ruling condition, the element stiffnesses and
areas for each span is the same. This fact significantly reduces the number of variables that
intervene, simplifying the procedure considerably for every case.
3.6

Continuity Moment

In each support condition analyzed, the determined continuity moments were obtained as
follows.
3.6.1 HRRH (Partial Continuity)
This case represented the most complex case out of the idealized support conditions to express
in a closed form solution. This is due to the fact that the horizontal force that balanced the tension
force on the link slab arises on the support on the opposite end of the link slab. This implies that
the girder axial stiffness must also be taken into account to determine the displacement from the
compatibility condition.
Using the equilibrium equations and compatibility conditions that intervene in this case, the
continuity moment can be obtained from the three-moment equation, as follows.
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Where

is the left span,

are the continuity moments at the supports,

and

are the section properties for the left and right spans respectively, and

and

are the central support reactions due to elastic load.
3.6.1.1 Two-Span Segment
For the two-span case the overall system involves only one continuity moment and can therefore
be solved directly after substituting the corresponding values for the end rotations expressed in
terms of the applied loads and the continuity moments. Given the idealized supports, the end
moments (M0 and M2) can be assumed as zero, and an additional term must be considered in order
to account for the effects of the link slab and girder stiffness on the end rotation at the joint. Doing
the corresponding substitutions, the expression results as follows.

=−

Where,

(4)

is the axial rigidity of the composite section,

composite section,

is the flexural rigidity of the

is the axial stiffness of the reinforcement steel in the link slab, ℎ is the

distance from the girder centroid to the deck centroid,

is the length of the link slab, and

are

the span lengths.
3.6.1.2 Three-Span Segment
For the three span case the system becomes more complex. The system now has two continuity
moments (M1 and M2), two end moments (M0 and M3) and three spans to account for. In order
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to use the three-moment equation, it is now necessary to evaluate the system in two parts in order
to obtain two equations, one for each continuity moment.
These two equations arise from the equilibrium and compatibility conditions that arise at the
joints between spans 1 and 2, and between spans 3 and 4. The first three moment equation will be
expressed in terms of M0, M1, and M2. The second three moment equation will be expressed in
terms of M3, M2 and M1. It is also important to note that now it is necessary to consider the
stiffness terms of all three girder spans, as well as both link slabs. By ordering the resulting
equations in matrix form, it is possible to obtain each of the two continuity moments quite easily
through simple matrix algebra. For practical purposes only the first continuity moment expression
is included below. In order to accommodate for the large equation, certain repeating terms have
been separately defined and have been included below for reference.
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The second continuity moment expression will have mirrored terms corresponding to the
conditions within the second joint. In a case with three identical spans, both continuity moment
expressions will be numerically the same.
3.6.2 RHHR (Partial Continuity)
The case for RHHR is significantly simpler than that for HRRH due to the fact that the
horizontal force that balances the tension on the link slab now occurs at the support directly below
the link slab. This implies that the girder axial stiffness no longer plays a part within the expression.
Given the idealized nature of the support, the resulting expressions are as follows.
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3.6.2.1 Two-Span Segment
For the two-span case in RHHR, similar conditions arise as in HRRH. There is only one
continuity moment, and both end moments can be assumed to be zero. The main difference
between both cases is the fact that the girder axial stiffness no longer plays a role within the
compatibility conditions and this simplifies the procedure further. With the force that balances the
link slab tension now occurring directly below the link slab, the equilibrium equations become
more straightforward and easier to solve. The continuity moment is the following.

=−

(6)

where ℎ is the composite section height.
3.6.2.2 Three-Span Segment
Following the same procedure as was followed for the HRRH case, it is possible to obtain an
expression for both continuity moments using matrix algebra. The first of the two continuity
moments is expressed below.
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ℎ

ℎ

ℎ

The second continuity moment can be expected to have the same terms, corresponding to the
spans in a mirrored hierarchy.
Idealized Supports on a Continuous Structure (Full Continuity)
Of the idealized support conditions full continuity represented the simplest to solve. Given the
nature of the three-moment equation, it is possible to use it without modifications to determine the
value of the continuity moment. In the case with full continuity there was no link slab to take into
account, and considering the fact that the girder stiffness was a constant between the spans of every
case, the continuity moment no longer was a function of it. It should be noted that if the stiffness
is different between the spans, then the continuity moment will remain expressed as a function of
the relationship between them.
3.6.2.3 Two Span Segment
For the two-span case the three-moment equation is further simplified due to the fact that both
end moments are zero. The continuity moment for a system with constant girder stiffness in both
spans, is as follows.

=−

(8)

3.6.2.4 Three Span Segment
Following a similar procedure as was outlined in the previous cases and considering girder
stiffness as a constant between the spans, the first continuity moment for the three-span case for a
system with full continuity in both joints is as follows.
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=−

(9)

The second continuity moment can be expected to have the same mathematical structure, with
corresponding exchanged between the span relationships.
Simply Supported (No Continuity)
This model had no continuity and idealized supports. This implied that there was no restriction
to the top or base displacement of the girder on one end and therefore no horizontal reaction.
Without a horizontal reaction, there is also no balancing force, and hence no continuity moment.
For the case of the simply supported girder with no continuity, only the midspan moment was
calculated.
3.7

Positive Moment

In each of the cases, it was possible to derive the positive moment at any location by studying
basic equilibrium based on the continuity moment. The positive moment from the simply
supported case served as a basis for comparison with the other cases, and the decrease in its
corresponding value per case can be associated with the degree of continuity that the specific
support condition provides.
As a support condition provided a more restrictive conditions for displacement at the joint, so
did it also have a larger continuity moment. Given the equilibrium that the system must respect,
this implied that a case with a higher continuity moment, should also represent a lower positive
moment.
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To facilitate comparison between cases independent of the degree of continuity that each case
can provide, the positive moments were obtained at the midspan of each girder, corresponding to
the equilibrium conditions for the resulting continuity moment at the joint.
3.8

Line Models

The models used in this study were batch generated using several input spreadsheets to facilitate
building them and eliminating the possibility of manual errors. A total of 648 unique models were
created to cover all the parameters described earlier in combination with the temperature values
that varied the support stiffness values. Of these models, 324 corresponded to systems with a link
slab, and 324 to systems without a link slab. From each of these 324 cases, 162 corresponded to
systems using an FEB pad support, and 162 using only EEB pads. Every group of 162 consisted
of the same 54 models as each idealized support condition, but with the support stiffness values
modified in accordance to each temperature condition.
The line models used in this study consisted of 6 nodes and 5 elements, for the 2-span case, and
9 nodes and 8 elements for the 3-span case. For the 2-span case, four of the elements represented
the composite girder with a vertical offset from the support level equal to its centroid location. The
link slab element was also vertically offset from the girder’s centroid. Moment resistance was
released at both ends of the link slab element; i.e., it could only resist axial forces. This assumption
was deemed acceptable since the link slab contribution to the system is mainly the result of the
offset rather than its flexural stiffness, which is much lower than that of the connected girders.
Nodes over bearing pads were restrained from vertical movement. However, equivalent spring
stiffness was added between the girder ends and the supporting reference point to represent the
bearing pads. Figure 15 shows a schematic of the models used in this study.
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Figure 15. Finite-element model of a two-span link slab segment
This model had the same characteristics for both the fixed and floating support conditions
except for the fact the fixed configuration had two FEB pads on the supports at the link slab
location and two EEB pads at each end, whereas in the floating configuration all supports were
EEB pads. For the no continuity cases, the main difference was the lack of a link slab element.
3.9

Analysis Output

Based on preliminary runs, the following information was selected for postprocessing, analysis,
and interpretation:


Tension on the link slabs



Vertical and horizontal reactions on all supports



Moment at all girder ends and midspans

The live load case causing the maximum tension in the link slabs was identified, which
corresponded to the case that produced the highest continuity moment in a continuous system
given. The cases with no continuity were loaded with identical load conditions as the
corresponding cases with a link slab and were considered in order to establish a point of reference
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and base of comparison with the cases with the link slab models for the considered loading
conditions. The objective was to study how the presence of the partial continuity can affect the
behavior.
3.10 Equivalent Stiffness Model
The number of variables within this parametric study necessitated the identification of global
parameters that represent the system rather than individual parameters. The parameters that were
varied building the 648 combinations covered by this study were:


Span Length



Span Number



Span Length Ratios



Girder Spacing



Continuity condition



Support type



Temperature

An equivalent system stiffness at the link slab location was defined for that purpose. Each of
the aforementioned parameters affect this global stiffness parameter. Span length, number of
spans, the span length ratios and girder spacings all affected the stiffness properties for the
composite sections and would thus affect the system equivalent stiffness at the link slab location.
The girder spacings would additionally affect the link slab stiffness. The support type, specifically
the characteristics of the bearing pads, and the temperature condition would affect the support
stiffness directly. By modeling these three intervening components (composite section, link slabs
and supports) as equivalent springs, it is possible to establish an equivalent spring model that could
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give a unique numerical stiffness equivalent to the structural system that resulted from each
individual variable combination (see Figure 16). In order to develop the system equivalent
stiffness, a simplified model of the intervening elements at the link slab location is first established.

Figure 16. Equivalent stiffness model
By determining the deformation compatibility and free body diagrams, it is possible to
determine the global equivalent stiffness,

, by studying equilibrium. The forces that act on the

developed model given a general deformation condition are:
3=

∙( ∙ℎ + )

(10)

2=

∙

(11)

1=
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=

∙
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where 1 is the force at the bearing, 2 is the force at the composite section centroid, 3 is the
force at the link slab centroid,

is the rotation of the girder end,

is the elongation of the girder

due to axial force, ℎ is the vertical distance from the bottom of the composite section to the link
slab centroid, ℎ is the vertical distance between the composite section centroid and the link slab
centroid,

is the equivalent spring stiffness of the composite section axial stiffness and the far

bearing support horizontal stiffness combined,
support under the analyzed link slab,

is the bearing horizontal stiffness for the

is the composite section rotational stiffness and

is

the equivalent system stiffness at the height of the link slab. The two relevant equations of
equilibrium are:
Σ

= 2∗ℎ − 1∗ℎ

Σ

(14)

2+ 3− 1=0

(15)

The global equivalent stiffness corresponds to a force capable of causing unit displacement at
the location where it is evaluated. From the compatibility diagram, this yielded:
+

∗ℎ =1

(16)

By solving Eq. (16) for , and substituting it along with Eqs. (11) and (13) into Eq. (14) and
solving for , it is possible to arrive at the following definition for the end rotation in terms of the
intervening stiffnesses.

=

∙

∗
∙

(17)

∙
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Finally, by substituting for , the previously obtained δ, and Eqs. (10) – (12) into (15), it is
possible to obtain the system equivalent stiffness in terms of values that are all known and
dependent of the variables for each case.
∙

=

∙
∙

The term

∙

∙ ∙

∙

∙

−

−

(18)

is a spring equivalent to the composite section axial stiffness and the far bearing

pad support horizontal stiffness as can be seen in Figure 17.

Figure 17. Equivalent spring analysis
In Figure 17, K1 is the horizontal stiffness of the far support bearing, Kg is the girder axial
stiffness and Keg is the equivalent spring that comes from combining the two as springs in series.

=

∙

(19)
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where 1 is the horizontal stiffness of the far support bearing pad,
and

is the girder axial stiffness

is the equivalent spring resulting from combining the two as springs in series.

The global equivalent stiffness (

) simplifies the complex behavior of the system into a single

representative constant at the link slab centroid that encompasses the horizontal displacements at
the supports and section centroid, as well as the rotation at the composite section’s centroid. This
allows for a base of comparison between the different cases, as well as a means for validating the
model. The principles followed for finding this equivalent stiffness model are the same as those
followed while using the modified three moment equation for the idealized support cases in earlier
studies (El-Safty and Okeil 2008; Okeil and ElSafty 2005) . The main difference between earlier
studies and the current study is the inclusion of each of the support equivalent stiffnesses rather
than assuming idealized roller or pin supports.
The derived expression for the Global Equivalent Stiffness,

, was validated using a line

model similar to the one shown in Figure 15. The model was loaded at the link slab location with
a horizontal force. The displacement results obtained from the line model were almost identical to
the displacement predicted by the Global Equivalent Stiffness. Several cases and conditions were
then modeled and tested using this equivalency in order to validate the model. Of the results tested,
the largest error between the predicted value and the STAAD model value was 0.89%. This was
considered to be an appropriate margin of error for the model validation.
3.11 Results
The Global Equivalent Stiffness (

) is a system characteristic that can be used to study the

sensitivity for multiple variables. Many variables were individually compared with
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to identify

how sensitive the system response is for each of the included parameters. After comparing multiple
stiffness values such as the girder axial stiffness (

), or the girder rotational stiffness (

determined that there was minimal influence on

. Conversely, it was clear that the stiffness of

the bearing pad directly under the link slab (

) had a marked influence on the values of

), it was

for

both the Fixed and Floating Support condition bridge spans as can be seen in Figure 18.

Fixed Support

Floating Support

0°F
36°F
73°F

Figure 18. Bearing support stiffness (

) vs Global equivalent stiffness (

The influence that the Bearing Support Stiffness (

)

) has over the values of

is due to its

magnitude and its position in the equivalent spring system. This confirms the results for the
idealized cases from previous studies that showed that a pin support under the link slab subjects it
to the highest tension forces leading to continuity close to fully continuous systems (Okeil and
ElSafty 2005) . Upon inspection of the derived expression for

56

(18), it can be seen that the

influence of the greater values of
Support Stiffness ( 1 and

and

is reduced as these are directly affected by the Bearing

). Figure 18 is a plot of the relationship between

the cases considered in this study. It shows that

is proportional to

and

for all

. It also shows that

is greatly reduced in a Floating Support Condition Bridge Span as a result of the lower bearing pad
stiffness (EEB) when compared to that of a Fixed Support Condition Bridge Span, for which FEB
are typically used.
In order to gauge the effects that the Bearing Support Stiffness would have on the link slab and
bridge deck, various other comparisons were made. Figure 19 shows the relationship between the
force that develops in a link slab and the support stiffness for both temperature gradient and live
load effects.
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0°F

Temperature

Fixed Support

Floating Support

36°F

Live Load

73°F

Figure 19. Bearing support stiffness (

) vs force in the link slab

It is clear from the figure that the force in the link slab increases as the bearing pad stiffness
increases. It can be observed that as temperatures become colder, and the bearing pads become
stiffer, so increases the force that the link slab can develop in both load conditions.
An important observation is that the link slab develops a compression force (positive) for the
Temperature Gradient case, and a tension force (negative) under Live Loads. Furthermore, even
though the resulting forces are not huge and can be easily resisted using typical deck longitudinal
reinforcement, close attention to the tension forces is needed to ensure that deck cracking will be
controlled.
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The partial continuity provided by the link slab results in a negative moment at the joint. The
magnitude of the negative moment is a direct function of the link slab force. The presence of this
negative moment produces a reduction of the positive moment on the girder midspan. The
reduction of the positive moment will come in terms of the magnitude of the rotational restriction
at the joint. In Figure 20, the reduction of the positive moment

corresponds to the

following expression:

= 1−

where

(20)

is the positive moment at the midspan for a girder with a link slab, and

is the

positive moment at the midspan for a simply supported girder under the same loading conditions.

Floating Support Condition

Fixed Support Condition

0°F
36°F
73°F

Figure 20. Bearing support stiffness (

) vs reduction in positive moment for live load
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As can be seen in Figure 20, the link slab affects the positive moment in a similar way to how
the tension force was affected by the bearing support stiffness. The positive moment reduction is
much smaller for Floating Support Condition Bridge spans, which is expected as a result of the
lower bearing support stiffness (EEB) for this case. In all cases, the reduction did not exceed 1%,
which means that the girders should be designed as simply supported for practical purposes.
3.12 Summary
A parametric study was conducted to understand the relationship between different factors
which can influence the behavior of partially continuous bridges. Number of spans, total segment
length, span length ratio, girder spacing, and temperature conditions were among the factors that
were tested. Various support conditions were analyzed, including various idealized support
conditions as well as conditions with supports modeled using spring and pin combinations. A total
of 864 cases were analyzed, as can be seen in Table 2. Loading conditions involved both live load,
as well as temperature gradient.
A closed form solution was found for the Continuity Moment Equation for all idealized support
conditions, however, a simplified finite-element model had to be built to analyze the cases with
bearing pad supports because an acceptable closed form solution was not found using any of the
considered methods. The line model developed for the parametric study was validated by
measuring displacements at the support level, and comparing results using an equivalent stiffness
model that was developed for this continuity condition.
Results showed a close relationship between the System Global Equivalent Stiffness and
bearing pad stiffness. Of all the tested factors, support conditions had the biggest role in the
resulting stress condition at the link slab. Temperature played an important role due to the
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stiffening effects of cold, and extreme cold temperature on bearing pad supports. The composite
section axial and rotational stiffnesses were found to have a weak relationship with the tension
force that develops in a link slab. Figure 21, and Figure 22 show the relationship between axial
stiffness and global equivalent stiffness in floating support conditions.

Figure 21. Axial stiffness vs KEQ in floating support condition

Figure 22. Rotational stiffness vs KEQ in floating support condition
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The relationship between axial stiffness, rotational stiffness and the global equivalent stiffness
in fixed support conditions can be observed in Figure 23 and Figure 24.

Figure 23. Axial stiffness vs KEQ in fixed condition

Figure 24. Rotational stiffness vs KEQ in fixed condition
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4.1

CHAPTER 4.
Introduction

FIELD MONITORING OF LINK SLAB PERFORMANCE

Bridge design efficiency is of great importance since it typically translates into faster
construction, lower construction and maintenance budgets. Due that importance, improving upon
the detailing of one of the most widely used alternatives in bridge construction, the simple span
bridge with expansion joints at both span ends (see Figure 25-a), is paramount. For this reason,
jointless bridge decks have been an interest for structural engineers for a number of decades. By
eliminating expansion joints from the construction process, the design can potentially become less
costly both directly, by reducing the cost of the construction of the joints themselves, as well as
indirectly by reducing the cost of the additional maintenance and strengthening that can be
necessary when the joints fail or cause damage to other elements in their vicinity (Chang and Lee
2002; Fincher 1983).
Precast prestressed concrete girder bridges are considered to be one of the more efficient
designs, which is reflected by the statistics in the National Bridge Inventory (NBI) (Federal
Highway Administration 2016). They offer many advantages over traditional designs, such as,
ease of construction and durability. Prestressed concrete girders are usually precast of site and
transported for erection before pouring composite decks on site. As a result, full continuity
between the girders has generally been sacrificed for the sake of ease of construction. Traditionally
bridge deck joints have gaps of 1-3 inches under operating conditions (LA DOTD 2005). These
gaps within the joints have the disadvantages of causing ride discomfort, debris accumulation, the
need for maintenance as the gap can grow larger over time due to support settlement, shrinkage,
and/or temperature change, concrete deterioration due to larger dynamic impact load from the tire
hitting span adjacent to the gap, in addition to leakage of rain water on the bridge substructure
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which can cause corrosion to the substructure (Saber et al. 2007). Even when strip seal joints are
installed, they are usually worn down by vehicles and often break resulting in the need for
continuous maintenance.

(a) Expansion joint

(b) Deck-only continuous joint
Figure 25. Different joint conditions used in Ouachita River Bridge
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Bridge expansion joints are used to accommodate thermal movements in the deck and other
short- and long-term deck movements caused by creep, shrinkage, moisture changes, vehicular
traffic, and other loads. However, deck joints are costly to construct, install, and maintain. Deck
drainage water, contaminated with chemicals such as deicing salts, leaks through joints and can
damage the bridge superstructure and the pier caps below. This can lead to the damage of vital
bridge parts, such as internal reinforcement, girder ends, caps and bearings. Accumulated debris
in the joints may restrain deck expansion, causing increased pavement pressures in bridge decks.
According to Lam (2011), expansion joints have not performed up to design expectations, in
particular, during winter operations which has compromised the durability of many of these
structures. Water leakage over time has caused premature corrosion damage at girder ends and in
the supporting pier structures below (see Figure 26). In addition, there is a high risk of span
separation for multiple-simple-span bridges due to earthquakes or floods and water surges during
hurricanes. Accordingly, there is a need for reducing or eliminating expansion joints in bridge
decks for thousands of bridges in the United States that are constructed as simple spans (Saber and
Aleti 2012). To alleviate these problems, continuity details can be used to cover the gaps between
every two adjacent deck ends. Such continuity with precast, prestressed girders permits the
elimination of maintenance costs associated with bridge deck joints and deck drainage onto the
substructures, in addition to improving the appearance and the riding qualities. Several projects
have been executed, adopting different continuity details. In Louisiana, the new John James
Audubon Bridge crossing the Mississippi River to connect West Feliciana and Point Coupe
parishes employs a detail recommended in NCHRP Report 519 (Miller et al. 2004). This continuity
detail is not included in the current design standard used in Louisiana, which required long-term
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monitoring of its performance and its impact on the whole bridge structure, especially stresses,
girder ends rotation and relative girder end movement.

Figure 26. Corrosion damage caused by chloride-contamination leaks in bridge deck expansion
joinst (Lam 2011)
Okeil and Elsafty investigated partial continuity in bridge systems with jointless decks; i.e., link
slab (Okeil and ElSafty 2005). The study, which focused on the ﬂexural design, show that jointless
deck systems can be efﬁciently used to eliminate or reduce the number of expansion joints by
replacing them with a link-slab. Link-slabs are used on bridges with superstructures comprising of
simply supported precast pretensioned concrete girders, for instance, super T-girders or I-girders,
and cast-in-situ reinforced concrete deck slabs to achieve deck continuity. In some practices, linkslabs are usually cast after casting of the deck slabs to reduce the stresses in the link slab. Some
researchers suggested that link-slab reinforcement should be debond as well. Results presented in
El-Safty and Okeil show that introducing link-slabs in typical bridges may reduce the live-load
stress range by 4.7% to 19.9% which can increase the fatigue life of the girders (El-Safty and Okeil
2008). A modified three moment equation was also proposed in the study to permit the
development of a simplified procedure that can be used in a design environment. Saber and Aleti
investigated the use of fiberglass-reinforced plastic (FRP) grid for reinforcement in link-slabs
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(Saber and Aleti 2012). The technique would allow lower flexural stiffness of the link-slab
approaching the behavior of a hinge. Okeil and Cai developed a monitoring system for evaluating
the performance of a new NCHRP 519 continuity detail (for positive moment reinforcement to
extend out of girder ends) (Okeil and Cai 2009). Different sensor types (measuring strain, girder
end rotation, relative movement and corresponding temperatures) were employed to monitor and
interpret the structural performance of the detail. Mathematical formulation, for example with the
use of a modified three moment equation, is an objective that can allow developing a design
procedure.
In 2008, the Louisiana Transportation Research Center (LTRC) funded a research project for
long-term monitoring of a bridge constructed with a positive moment continuity detail with major
differences from the continuity detail adopted in the Louisiana DOTD Bridge Design Manual
(LADOTD 2005). The monitored segment is part of Bridge No. 61390613004101 from the John
James Audubon Project, which was contracted as a design-build project. The monitored segment
is a skewed segment that is built using bulb-T girders. The segment was chosen given that the
skewed layouts and bulb-T girders were not part of the scope of the National Cooperative Highway
Research Program (NCHRP) Project 12-53 that recommended the new continuity detail (Miller et
al. 2004). The project was extended in 2013 to continue observing the performance of the hairpin
detailing used in the John James Audubon project. For a period of over five years, a structural
health monitoring system was used to collect data for these two projects (Okeil et al. 2013). The
study confirmed the ability of the continuity detailing to transfer forces from one girder to the
adjacent girder, however, creep and thermal effects were identified as loading conditions that could
lead to positive moments at the continuous girder ends. At girder ends, prestressing effects are
almost nonexistent, which can lead to girder end cracking. Live load tests also revealed that the
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strains from the live load test were lower than long-term effects. Hossain et al. carried out a liveload test and developed a three-dimensional (3D) ﬁnite-element (FE) model of a three-span
continuous prestressed–concrete girder bridge (skewed layout) with a new positive-moment
continuity detail to convert the girders into a continuous superstructure using NCHRP
recommended continuity detail (Hossain et al. 2014). The results show that live loads generated
minimal positive moments, leading to single-digit microstrain levels at these continuity details.
The FE was validated using the field results and was used to study the ability of the new detail to
transfer forces between adjacent girders.
4.2

Description of Monitored Bridge

The Ouachita River Bridge at Harrisonburg, LA aims to greatly improve traffic flow in the
region by replacing a riveted steel truss swing span structure originally built in 1932, which can
be seen in Figure 27. Figure 28 shows the existing bridge alingment and the new alignment.
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Figure 27. Existing LA-8 bridge

Figure 28. Long-Allen Bridge and Ouachita River Bridge at Harrisonburg alignment
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Figure 29 and Figure 30 show the new bridge, which carries a roadway with two 12 ft lanes and
two 10 ft shoulders. The total length is 3,275ft, with a 79ft clearance with the river at pool stage.
The Louisiana Department of Transportation and Development (LA-DOTD) utilized the Ouachita
River Bridge Project as a testbed to evaluate the performance of several variations of the link slab
and continuity diaphragm details with the goal of understanding the behavior of link slabs and
minimizing and controling concrete deck cracking.
The western approach span has a total length of 1,080 ft, divided into one instrumented 540 ft
continuous deck unit with four 135 ft spans linked via link slab, and two 270ft continuous decks
each with two 135ft spans joined with a link slab as can be seen in Figure 31. The main span is a
three-span continuous steel girder segment with two 300 ft spans and a central 380 ft span. This
segment, which can be seen in Figure 32, was not instrumented and is not part of the scope of this
project. Finally, the eastern approach span shown in Figure 33 has a total length of 1,215 ft,
consisting of four 270 ft continuous decks each two 135 ft spans linked via link slab, and a single
simply supported 135 ft span.
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Figure 29. Ouachita River Bridge Project

Figure 30. Ouachita River Bridge Project
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Figure 31. Ouachita River Bridge western approach span

Figure 32. Ouachita River Bridge main span

Figure 33. Ouachita River Bridge Eastern Approach Span
The deck typical cross section in the approach spans consists of an 8.5 in. reinforced concrete
deck supported by 7 AASHTO Bulb-Tee (BT-72) precast prestressed concrete girders spaced 6’8”. A cross section of the approach spans can be seen in Figure 34.
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Figure 34. Typical cross section of the Ouachita River Bridge showing full and partial depth
continuity diaphragms
The monitored segments are: (1) one 4-span 540ft continuous deck segment in the western
approach span, (2) three 2-span 270ft continuous deck segments, and (3) a single 135ft span on
the eastern approach span. The girder span lengths for the monitored segments are all 135ft.
Two different support conditions were considered within the spans. The first considers the use
of elastomeric bearing pads at the joints with no additional horizontal restriction to translation, this
condition is referred to as an expansion support noted as (E) in Figure 31 through Figure 33. Figure
25 shows this support condition for both continuous and non-continuous joint conditions. Figure
35 shows another support condition where the reinforced concrete diaphragm is extended to the
bend cap to restrain horizontal translation at non-continuous joint.
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Figure 35. Fixed support condition on a non-continuous joint
For the cases where link slabs were used; i.e. jointless deck, a crack control detail was provided
for some link slabs to assess its efficiency in arresting transverse crack over the supports. The
crack control detail (see Figure 36-a) consisted of a 0.5 in. x 0.5 in. groove that was filled with a
silicone sealant. Two meshes of steel reinforcement (top an bottom) were provided as can be seen
in Figure 36-b. For the Ouachita Bridge, the longitudinal reinforcement consisted of #6 bars spaced
at 7 in., which were 10-ft long and were staggard by alternating a 2ft-6in. shift as shown to cover
a total length of 15 ft in the longitudinal direction. For some of the link slabs, stainless steel bars
were used instead of typical black bars to assess if their performance will be different in the case
of corrosing initiation.
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(a) Link slab crack control joint (CC)

(b) Additional link slab reinforcement (#6 @ 7in. Top & Bottom)
Figure 36. Link slab details
4.3

Instrumentation

4.3.1 Instrumentation Plan
The sensors and instrumentation chosen for the structural health monitoring system were
designed to capture the following: (1) force in the top and (2) bottom link slab reinforcement,
(2) differential displacements between the two adjacent girders at a joint, (3) displacement of the
girder with respect to its supporting bent, (4) rotation of girder ends, (6) corresponding temperature
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for each of the recorded readings. Sensor placement was selected in order to obtain the necessary
data at key locations within the structure and be able to effectively characterize link slab
performance (see Table 3).
Table 3. Types and number of sensors employed in this study
Sensor Type

Measurement

Location

Number

Sisterbars

Strain in reinforcing steel

Embedded

18

Strandmeters

Strain in reinforcing steel

Embedded

36

Straingages

Strain in reinforcing steel

Embedded

2

Gapmeters

Displacement

Surface mounted

64

Tiltmeters

Rotation

Surface mounted

12

Surface mounted

2

Weather Stations Temperature and humidity
Total:

134

Six types of sensors were employed in the designed monitoring system, namely embedded
sensors (sisterbars, strandmeters, and straingages) and surface-mounted sensors (gapmeters and
titlmeters). All of the selected gages are based on the vibrating wire technology, which is known
to be well suited for long-term monitoring as they do not suffer from drifting with age (Bordes and
DeBreuille 1985; Choquet et al. 1999). Table 3 lists the type and number of each of the employed
sensors. A total of 134 sensors were installed in three phases.
Phase 1: At precast girder fabrication – Embedded sensors within the precast prestressed girder
were installed in the casting yard prior to the concrete casting. During this phase, readings are
taken at the time of installation, prior to, during and after the concrete casting.
Phase 2: During deck construction – The sensors installed during this phase were the sensors
embedded in the reinforced concrete deck. Similar to the sensors from Phase 1, these had initial
readings recorded at the time of installation, prior to, during and after the concrete casting.
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Phase 3: After deck and diaphragm pouring – Surface mounted sensors were installed once
casting of the concrete deck and diaphragms was complete.
Gapmeters were installed at girder bottom flanges between the bent cap and the girders, and at
the bottom and top of girder webs between adjacent spans at Bents 1-5, 14, 16, 17, and 19-21 for
girders G4 and G7. Tiltmeters were placed on the webs at girder ends at bents 14, 16, and 19-21
for girders G4 and G7. Strandmeters were placed within the concrete slab at the bottom and top of
the link slab longitudinal reinforcement over girders G4 and G7, and in the slab between girders
G4 and G5 for Bents 2-4, 15, 17 and 19. Sisterbars were installed within the prestressed girders in
the top and bottom flanges at midspan and within the slab, before each respective casting for
girders G2, G4 and G7 for Spans 19 and 20. Strain gages were installed in the top and bottom
flange of girder G7 in Span 20.
Figure 37 shows the typical sensor arrangement at link slab joints, midpans, and end bents.
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(a) Detail I (partial depth diaphragms –
floating)

(b) Detail II (full depth diaphragm –
anchored)

(c) Mid-span sisterbars for Spans 19 and 20 (d) Tiltmeter and gapmeter at end bent 20
Figure 37. Gapmeter, tiltmeter and strandmeter placement

4.3.2 Sensor Types
Five types of sensors were used:


Strandmeters – Geokon vibrating wire strandmeters were used to measure changes in
deformation in wire strands (see Figure 38). These sensors use a vibrating wire sensing
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element in series with a heat treated, stress relieved spring to determine changes in
deformation by measuring the strain change from the vibrating wire readout (Geokon
2007).

Figure 38. Model 4410 Vibrating wire strandmeter (Geokon 2007)


Gapmeters – Geokon Model 4420 Vibrating Wire Crackmeters were used to measure
movement across joints (see Figure 39). Similar in function to the strandmeter,
displacement is measured as a connecting rod is pulled from the gage body causing a
heat treated, stress relieved spring to elongate and cause an increase in tension on the
wire. This tension is in turn sensed by the vibrating wire readout, permitting an accurate
measurement of the opening of the joint (Geokon 2008).
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Figure 39. Model 4420-1-50/100/150/200/300 Vibrating wire crackmeter (Geokon 2008)


Strain Gages – Geokon Model 4000 Vibrating Wire Strain Gages were implemented for
both long-term and short-term strain measurements (see Figure 40). The vibrating wire
principle is used to measure strains by measuring the resonant frequency of vibration
by means of an electromagnetic coil positioned next to the wire (Geokon 2009).

Figure 40. Model 4000 Vibrating wire strain gage (Geokon 2009)


Tiltmeters – Geokon Model 6350 Vibrating Wire Tiltmeters was employed to monitor
changes in tilt of elements within the bridge section (see Figure 41). The sensor
measures tilt by sensing changes in force caused by rotation of the center of gravity of
a pendulous mass supported by a vibrating wire strain gage and an elastic hinge (Geokon
2007).
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Figure 41. Model 6350 tilt sensor (Geokon 2007)


Sisterbars – Geokon Vibrating Wire Rebar Strain Meters are used for monitoring
stresses in reinforcing steel within concrete structures (see Figure 42). A miniature
vibrating wire strain gage is fitted within a length of high strength steel. It is designed
to be welded between sections of structural concrete reinforcement (Geokon 2007).
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Figure 42. Model 4911A rebar strain meter (Geokon 2007)


Weather Stations were also employed in order to maintain reading of ambient
temperatures as well as other relevant information.

4.4

Data Collection

Data was logged to the system on a constant basis at approximately 3-minute intervals. The
nature of the information collected varied throughout the period in which the SHM system was in
use, but it all could be translated eventually into three types of information:
A Time Stamp – The time stamp recorded the reference time at which each of the readings was
made, recording down to the second.
A Data Reading – Data readings for an early stage of the project logged the information
collected as a frequency reading. The frequency reading could be converted into digits; another
measurement unit for vibrating wire gages, and ultimately into engineering units. The conversion
into engineering units could be referenced to any chosen baseline. Temperature corrections
according to manufacturer recommendation was also applied. Later, as the data logging system
was changed in the early days of 2017, the software in place made was programed to perform
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automatic conversions and the readings were logged as engineering units directly. For some
sensors, this was deemed to have a low accuracy for the purposes of this research and was later
changed to log as a digits reading.
A Temperature Reading – Similar to the data reading, the temperature was collected as a
frequency reading in early collection, as degrees Fahrenheit in later logs, and ultimately changed
to a digits reading to obtain maximum accuracy.
As mentioned earlier, the data collection system underwent several changes throughout its use.
The changes were due to the different construction phases (casting yard vs. bridge site) and system
buildup, which happened gradually as the bridge was erected. Also, temporary data loggers were
initially used before the final system was completed. The next sections describe each phase of the
data collection.
Phase 0: The embedded sisterbars within the prestressed concrete girders were the first sensors
to be installed in the casting yard during girder fabrication. The initial data collected included
information from the original 12 sisterbars only. The information was recorded as frequency
readings from each of these sensors. Data logging for this phase began on Jun 19, 2015 and ended
on Jul 30, 2015.
Phase 1: The weather stations were installed shortly afterwards, these give readings every 15
minutes but are logged separately. Data logging for this phase began Jun 22, 2015, including only
the weather stations. Beginning in Oct 24, 2015 additional sensors were included in these logs as
the construction of the bridge progressed. First, 18 strandmeters in the west spans were installed
and connected to the loggers. Later on, Feb 27, 2016, an additional 18 strandmeters, six additional
sisterbars in the slab, and two strain gages in the east spans were installed and connected to the
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logger. At that point, the total amount of sensors was 58 (18 Sisterbars, 36 Strandmeters, 2 Strain
Gages, and 2 Weather Stations). This phase uses multiple files to log data for different sensor types
and collects the information in different formats. This phase extended until Jan 24, 2017, marking
an overlap with the beginning of Phase 2 when the data logging system is changed.
Phase 2: A new data logging system was employed on Jan 3, 2017, and while installation is
completed information is logged in both systems. Sensor installation was done progressively of
non-embedded sensors in both abutments over the following month. At this point the data collected
was divided according to the sensor’s placement either in the east or west spans of the bridge.
During this phase, sensor installation was completed, accounting for the full roster of 134 sensors
(18 sisterbars, 36 strandmeters, 2 strain gages, 12 tiltmeters, 64 gapmeters and 2 weather stations).
As stated earlier, sensor readings in this phase were initially recorded as engineering units,
however, beginning on Jul 28, 2017 logs are made in digits in order to obtain increased accuracy.
This data collection phase is ongoing.
4.5

Data Processing

The different data collection files and systems required a post-processing and consolidation
before it could be used for interpretation. Early collection files logged sensor data as frequency
readouts, and later, as more sensors were included, the readings were logged as engineering units
obtained through the preprogrammed conversion formulas for each sensor type as per the sensor
manufacturer recommendations. The final format in which data collection was done involved
logging the digit readings from each sensor in order to obtain the greatest level of accuracy. Digit
readings are lower level readings that can be converted into engineering units, thus allowing
control over the accuracy of the recorded values up to the resolution of each sensor.
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Due to the variety of data readings recorded at different stages of the project and the fact that
the number of sensors varied within each stage, a consolidation algorithm was developed to
perform the initial data processing. This algorithm consisted of a series of scripts and functions
that would read input data from the files saved by the different loggers throughout the project and
generate a uniform output file using the sensor index table and timestamps from each file. The
index included information for each individual sensor and the files that contained its logs, complete
with beginning date, end date, and data type collected. This index table would later be used to
generate the output file through a function that would perform the corresponding conversions and
temperature corrections necessary for each sensor type. Temperature corrections for each sensor
differed based on sensor type and even for each type, it also differed based on each sensor’s
individual calibration coefficient that was provided by the manufacturer.
4.5.1 Data Conversion
Each sensor type collected information as a frequency readout based on the physical principles
on which it operated. This frequency readout would be later converted into a digits reading, and
ultimately converted into corresponding engineering units based on corresponding conversion
factors, temperature correction formulas and desired baseline conditions. Though the engineering
units varied based on sensor type (strain, deformation, and rotation), the digits calculation based
on the frequency readout was the same in every case.
=(
Where

) × 10

(21)

is the frequency reading in cycles per second, or Hertz.
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Once the digits value was obtained, it could be converted into its corresponding engineering
units by using the conversion formula and factors provided by the sensor manufacturer.
The general formula was the following:
=(

Where

)×

−

(22)

is the reading in engineering units without temperature correction

(strain for sisterbars, strain gages and strandmeters; deformation for gapmeters; and tilt for
tiltmeters),

is the initial reading or desired baseline reading in digits,

in digits and

is the current reading

is the calibration factor for the specific sensor.

4.5.2 Temperature Correction
The formula for the uncorrected engineering units was consistent for all sensor types. The
difference for each sensor type lays in the way to calculate the thermal coefficient in the
temperature correction formula that would need to be applied.
4.5.2.1 Strain Gauges
In the case of sisterbars, strain gages and strandmeters the following formula for temperature
correction was applied
=
Where

+(

−

)×

(23)

is the temperature corrected strain,

is the uncorrected strain,

is the initial temperature reading or temperature reading for the desired baseline in degrees
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Fahrenheit,

is the current temperature reading in degrees Fahrenheit and

is the thermal

coefficient difference based on the installation material. For the case of sisterbars and strain gages
embedded in concrete, the difference in thermal expansion coefficients is the following,
= 1.2

/℉

(24)

For the case of the strandmeters, the manufacturer has determined that the thermal coefficient
changes with the position of the transducer shaft. In this manner, the first step is determining the
proper thermal coefficient with the following formula,
= (

× 0.00295) + 1.724 ×

(25)

4.5.2.2 Gapmeters
Similar in form to the formula used for temperature correction in strain, the formula for
temperature correction in deformation was the following,
+(

=
Where

−

)×

(26)

is the temperature corrected deformation and

is the uncorrected

deformation. The calculation of the thermal coefficient was done according to the following
formula,
= (

Where

×

)+

×

(27)

is a multiplier that varies based on the model and length of the gapmeter,

constant based on the model and length of the gapmeter, and
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is a

is the linear gage factor from the

corresponding calibration sheet for the specific sensor. Table 4 contains the

and

values for

the models of gapmeters installed in this project.
Table 4 Multiplier and Constants values for Geokon Gapmeters
Model 4420-25mm 4420-50mm 4420-100mm
Multiplier (M) 0.000301
0.000330
0.000192
Constant (B) 0.911
0.415
0.669
4.5.2.3 Tiltmeters
For the case of the tiltmeters, the following formula for temperature correction was applied,
=
Where

+(

−

)×

(28)

is the temperature corrected tilt and

is the uncorrected tilt. The

thermal coefficient was determined by the manufacturer to be the following,
= 0.5 ×
4.6

(29)

Data Analysis and Interpretation

Once an algorithm was determined that could homogenize the data, it was possible to begin data
analysis by relating and comparing information from different sensors.
4.6.1 Strain
For the cases of strandmeters, strain gages and sisterbars the strain values at different slab and
girder depths can be used to determine a compatibility condition and determine forces on the steel
bars. This requires building a free body diagram for the element in question (link slab or composite
section), and determining through equilibrium and the logged strain values the force the bars are
subjected to based on the state of the stress on the element in question (see Figure 43).
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Figure 43. Typical Strandmeter Type I placement (Bents 2-4, 15, 17 and 19)
4.6.2 Deformation
For the case of the gapmeters, using their placement within the girders and a couple of assumptions
it is possible to obtain a relative angle between girder ends at the joint and quantify the deformation
(see Figure 44-Figure 46).
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Figure 44. Typical Gapmeter Type I-A placement (Bents 1,21)

Figure 45. Typical Gapmeter Type I-B placement (Bents 5,20)
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Figure 46. Typical Gapmeter Type II placement (Bents 2-4,14,16-17, and 19)
As can be seen in Figure 46, due to the geometric placement of the gapmeters and the lack of a
horizontal reference point for either of the top two sensors, it was not possible to obtain a relative
angle between girder ends without any assumptions. For this reason, an assumption was made that
both girder ends would have a similar displacement. This assumption, though incorrect for the case
of live load, can be considered true for temperature gradient in cases where the stiffness values
and support conditions for the two connected girders are similar.
Following this assumption, a girder end rotation was calculated in order to quantify deformation
due to temperature gradient and have a reference point which could be used to compare the
different conditions at each bent.
4.6.3 Tilt
The case of the tiltmeters is more straightforward. The results from the tiltmeters can be used to
obtain a deformation for the girder ends directly, however, this information should be reviewed
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carefully as the tiltmeters’ resolution is less than that of the other sensors used in this analysis.
Additionally, only 12 tiltmeters were used in total, and only on the east abutment.
4.6.4 Temperature Data
Temperature data was logged on an individual basis for each of the installed sensors. The data
in this report has all been corrected using the specified baselines in each section. The top-most
strandmeters in the link slab were used to graph the temperature graphs in all link slab forces and
crack width calculations. Temperature gradients were determined by using the average
temperature from strandmeters in the link slab as the top most temperature reading, and the average
reading from the gapmeters installed in each location as the bottom most reading.
4.6.5 Visual Inspections
Deck cracking was monitored in several bents at various points during the construction process
over a period of approximately 15 months prior to being in service. Cracks were mapped visually,
and their widths were recorded using a crack comparator, and at later dates using a crack measuring
scope. Crack widths, location and lengths were logged at four different dates during construction,
as well as during live load tests. The four dates when cracks were logged were 03/24/2016,
05/18/2016, 01/23/2017 and 05/26/2017. The cracks were monitored at Bents 2-4, 6, 12, 14, 16
and 18, which corresponded with link slab locations. These locations included some link slabs
with the crack mitigation details discussed earlier and shown in Figure 36-a.
4.6.6 Live Load
A load test was conducted using two concrete trucks filled with coarse aggregates. The trucks
axles were weighed right before the testing began using portable scales. The gross vehicle weight
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(GVW) for the two trucks used in the testing was 64.35 kip and 64.64 kip. As can be seen in Figure
47 and Figure 48, they were positioned in a truck train (one on each span) and truck tandem (both
trucks on the same span) configurations to cause a maximum negative and positive moment effects,
respectively. The positions were repeated for each instrumented span and two positions of each
configuration were used for each span targeting the middle of the bridge (Girder G4) and the
exterior of the bridge (Girder G7). A total of 23 load cases were executed (11 positive and 12
negative), which are given in more detail in Appendix B.
The live load test was conducted over a period of approximately 7 hours beginning at 9am on
July 11, 2017 and ending before 4pm of the same day. Data was logged separately for the live load
test in order to disregard the hourly averages that are applied to the long-term data. Live load test
data was recorded in 3-minute intervals for the entire set of sensors.
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(a) Side by side truck positioning

(b) Plan view of side by side truck positions
Figure 47. Positive moment truck position
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(a) tandem truck positioning

(b) Plan view of tandem truck position
Figure 48. Negative moment truck position
4.7

Results

4.7.1 Instrumented Segments and Spans
For presentation of results purposes, the instrumented bridge segments were classified in the
following manner based on deck continuity conditions:
Segment A – This segment is the longest jointless unit that has a 4-span continuous slab segment
between Bents 1 and 5 and includes Spans 1 through Span 4 (see Figure 49). All supports for this
segment were ‘Expansion’ bearings, which is will be referred to as a floating segment in this report.
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Segment B – This segment is a 2-span continuous segment between Bents 14 and 16 and
includes Span 14 and Span 15 (see Figure 50). This segment is also a floating segment.
Segment C – This segment is a 2-span continuous segment between Bents 16 and 18 and
includes Span 16 and Span 17 (see Figure 51). This segment is another floating segment.
Segment D – This segment is a 2-span continuous segment between Bent 18 and Bent 20 and
includes Span 18 and Span 19 (see Figure 52). This segment has a diaphragm cast into the middle
support providing the span with anchored fixity at Bent 19.
Segment E – This is a single span segment between Bent 19 and Bent 20 (see Figure 53). This
refers specifically to Span 20. This segment has a diaphragm cast into the western girder support
providing the span with anchored fixity at one end.

Figure 49. Segment A
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Figure 50. Segment B

Figure 51. Segment C

Figure 52. Segment D
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Figure 53. Segment E

4.7.2 Girder End Displacement
The postprocessed data was used to extract readings from the gapmeters installed to measure
the relative movement between the girders and the risers on the bent caps supporting the girder in
question. A special script was developed for the purpose where the readings from gapmeters at
either end of a given segment and determine the total movement. The gapmeters that were
considered for this correspond to those installed between the girder bottom flange and the riser as
can be seen in Figure 37.
Given that not every span has a gapmeter on each end of the girders, this calculation could not
be done for every instrumented span or slab segment. Only Segments A and B have both gapmeters
in place at the beginning and end of the segments, and only spans 1, 2, 3, 4, 16 and 19 have both
gapmeters in place to measure the girder end displacements at each span. Furthermore, the readings
were not complete for the entire period of the project due to sensor malfunctions at several
locations at different times. Since all gapmeters are surface mounted sensors, the cause of the
malfunction could have been due to many reasons (e.g. lightning strikes). Despite having multiple
sensors with unusable data; i.e. out of range readings, further scrutiny of the entire records for
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these sensors shoed that sensor readings were still usable, which made it possible for comparisons
to be drawn.
Figure 54 through Figure 57 show plots of the relative girder end displacements based on from
the gapmeters installed at the beginning and end of each segment. It should be noted that the plotted
deformations are the cumulative deformation recorded at both ends of each segment.
∆= ∆end + ∆beg

(30)

The plotted results are for a period of about two years from March 2017 to February 2019. It
can be seen that seasonal and daily temperature changes are directly correlated to the plotted
relative girder end movements. This is expected as seasonal changes cause a uniform elongation,
or shortening, of the entire segment, which daily temperature changes are more affected by the
temperature gradient, which causes girder camber leading to end rotations. In all cases, the girder
end movements did not exceed 0.5 in. It can also be stated that floating segments experience
smaller girder end movements (~ 0.2 in.) compared to anchored segments. This is true for all but
one 2-span floating segment, which could be attributed to locking of girder bottom flanges with
surrounding shear keys. The observed results indicate that anchoring diaphragms, whether by
design or due to unforeseen locking, leads to more demands on the bearings.

Figure 54. Girder end displacement Span 19 Girder 7 in Segment D (fixed 2 span segment)
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Figure 55. Girder end displacement Span 16 Girder G7 in Segment C (floating 2 span segment)

Figure 56. Girder end displacement Span 2 Girder G7 in Segment A (floating 4-span segment)

Figure 57. Girder end displacement Span 3 Girder G7 in Segment A (floating 4-span segment)
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4.7.3 Relative Angle
Similar to the girder end displacement, it was possible to use the data logged from the gapmeters
to estimate a relative angle between the girder ends at locations where gapmeters were installed.
Information from gapmeters in 4 different positions in the bent were used along with numerical
approximations to obtain a value for the relative angle between the girder ends. The gapmeters that
were considered in this analysis correspond to those installed at the top of the web, at the bottom
of the web, and one at each face of the support between the girder and the riser, as can be seen in
Figure 37.
The gapmeters between the girder ends both give deformation readings that correspond to the
sum of the displacements of both girder ends. The gapmeters between the girder and the riser give
the displacement of each girder end with respect to the support. To obtain a value for the relative
angle between the faces, the bisection method was used in order to obtain a numerical
approximation as follows:
First, the relative angle between the girder ends is assumed to be –2°. This angle corresponds
to the minimum value that will be considered. This value was chosen given the fact that tiltmeters
installed at girder ends never indicated a tilt above 1° or below -1°.
Using the deformation from the bottom-most gapmeters; i.e., those between the girders and the
risers shown in Figure 37, as a base point, the deformations at each of the other gapmeter positions
is calculated for each girder using basic trigonometric relations. The process is then repeated
assuming the maximum angle to be considered, in this case 2°.
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Considering that the sum of the deformations from each girder end should be equal to the
gapmeter reading at that point, it is possible to estimate an error for each of the assumed angles.
By observing the sign of the error, the new range of assumed angles can be selected using the
midpoint and the corresponding extreme as the new minimum and maximums.
This process is followed iteratively until the calculated error is less than 0.03%, at which point
the midpoint for the iteration is selected as the relative angle. Figure 58- Figure 63 show long-term
temperature and relative angle results for several bents.

Figure 58. Average temperature readings from Bent 2 - Girder G7- Segment A (4-span floating
segment)

Figure 59. Relative angle at Bent 2 – Girder G7 –Segment A (4-span floating segment)
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Figure 60. Relative angle at Girder G7 – Bent 3 – Segment A (4-span floating segment)

Figure 61. Relative angle at Girder G7 – Bent 4 – Segment A (4-span floating segment)

Figure 62. Relative angle at Bent 17 – Girder G7 –Segment C (2-span floating segment)
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Figure 63. Relative angle at Bent 19 – Girder G7 –Segment D (2-span fixed segment)
4.7.4 Link Slab Force
Strandmeters installed on the link slab reinforcement were used to estimate the forces in the
instrumented link slabs. In order to calculate the force in the link slab, the digits readings from the
strandmeters in the link slabs were converted into strains. It was assumed that link slabs are
subjected to bending moments and axial forces; i.e., they are not pure flexural members nor are
they pure axial members. A script was developed that could determine the corresponding forces
from the logged data readings by identifying the state of the strains from the sensors in the slab.
Figure 64 shows the 6 main states considered in the force calculation.

Figure 64. Compatibility diagrams in the link slab
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Contributions from concrete to the link slab force were taken into account. These contributions
included compression, as well as tension when the strain in the concrete was below the rupture
strain. However, when analyzing the obtained results, it was found that the values of the link slab
force for different bents resulted in high magnitude forces. Upon close examination of the results,
the majority of the link slab force was being generated by compression and tension forces within
the concrete.
In view of the considerable cracking which had been previously observed it was deemed
necessary to revisit the cracking conditions while determining the forces. It is also important to
note that the strandmeters are located on the link slab directly over the girder, which is the area of
the deck that will be subjected to the highest stress. The strandmeter position over the girder
implies the stress logged will be the highest within the deck, and all other values will be lower as
the distance grows from the girder centerline. Figure 65 through Figure 70 show temperature and
link slab force results for several bents.

Figure 65. Temperature at Bent 2 – Girder G7 Segment A (4-span floating segment)
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Figure 66. Link slab force at Bent 2 – Girder G7 – Segment A (4-span floating segment)

Figure 67. Link slab force at Bent 3 - Girder G7- Segment A (4-span floating segment)

Figure 68. Link slab force at Bent 4 – Girder G7 – Segment A (4-span floating segment)
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Figure 69. Link slab force at Bent 17 – Girder G7 –Segment C (2-span floating segment)

Figure 70. Link slab force at Bent 19 – Girder G7 –Segment D (2-span fixed support segment)

4.7.5 Crack Width
When a reinforced concrete section cracks, the concrete’s contribution in tension should no
longer be considered for the depth of the section that has cracked. Similarly, when a crack opens,
compression stresses within the concrete will not develop until the crack has closed completely.
In order to account for the effects of cracking the recorded strain readings from the strandmeters
can be used in order to estimate stress for crack width and depth calculation.
Several different approaches were considered while determining the width of the crack in
concrete structures. Approaches based on the Gergely-Lutz solution, such as ACI 318-89 and ACI
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318-95 were considered. Additionally, approaches based on Beeby’s solution, and approaches
based on Frosch’s solution were also considered. However, the Gergely-Lutz, Beeby and Frosch
approaches were originally developed to be used principally on flexural members. Although the
link slab will be subjected to a degree of flexure, it is also subjected to substantial axial forces
simultaneously. After careful consideration, the approach used to estimate crack width was that
developed by Broms and Lutz for use with tensile members.

= 0.138
where

1+

× 10

(31)

is the concrete cover for the reinforcing steel,

is the stress in the reinforcing steel,

is the bar spacing.
4.7.5.1 Initial Cracking
In order to obtain an appropriate frame of reference, the crack width calculation was baselined
to a point in time 12 hours after the pouring time for each slab, which was near midnight on the
night after pouring for all slabs. This baseline calculation was independent of the standard
baselining that was used for all other calculations. It is important to note that due to the live load
data being logged in a separate database to the rest of the long-term analysis, it made it difficult to
effectively use the baseline calculation in the same manner as during the long-term analysis. For
this reason, the crack width baseline during the live load test was set to the beginning of the log of
said test. This would have a small impact on link slab Force calculations in the sense that it is
possible that certain points of data would be zeroed when the algorithm found that a strain above
rupture occurred in the concrete. Considering that the forces produced by temperature gradient in
the days before the test could effectively correct this, and in the case that it was not corrected,
would only imply a gap of one reading during a live load test, it was deemed acceptable.
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Crack depth was determined by establishing the depth of the slab that had been subjected to a
strain above the rupture strain, assuming a linear crack surface. Crack widths were logged for every
time step, along with the depth cracked for both the bottom and top surfaces and by comparing
with previous time step results it was possible to keep track of the cracking. Once the slab had
cracked beyond a certain depth, any portion of the slab within the cracked area was disregarded in
subsequent tension force calculations. A similar concept was applied in order to determine points
of contact for compression within the crack.
4.7.5.2 Crack Reversal
The link slab steel reinforcement strains from the strandmeters were used to determine
displacement relative to the crack width established in the previous section and based on using the
crack spacing from the Broms-Lutz equation. This calculation was referred to as the crack reversal.
Crack reversal was determined for every time step, and in the occasions when the reversal was
greater than the logged crack width, contact between both concrete sides of the link slab was
assumed. Once contact is identified, compression from the concrete section was then calculated
considering only the depth of concrete that was within contact.
Disregarding tension from cracked sections, and compressions from sections not within contact
range considerably reduced the link slab forces, resulting in a link slab force much more dominated
by forces in the steel. Figure 71 through Figure 76 show temperature and crack width results for
several bents.
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Figure 71. Temperature at the link sab at Bent 2 – Girder G7 –Segment A (4-span floating
segment)

Figure 72. Crack width at the link sab at Bent 2 – Girder G7 –Segment A (4-span floating
segment)

Figure 73. Crack width at the link sab at Bent 3 – Girder G7 –Segment A (4-span floating
segment)
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Figure 74. Crack width at the link sab at Bent 4 – Girder G7 –Segment A (4-span floating
segment)

Figure 75. Crack width at the link sab at Bent 17 – Girder G7 –Segment C (2-span floating
segment)

Figure 76. Crack width at the link sab at Bent 19 – Girder G7 –Segment D (2-span fixed support
segment)
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4.7.6 Live Load Data
Recorded data for the live load testing was logged separately than the rest of the long-term data.
This was necessary since data for long-term analysis was being averaged on an hourly basis. For
the live load test this would not have been viable given the short duration of the truck placement
in testing positions (approximately 10 min). The average time for the entire system to complete a
cycle is approximately 3 minutes. 10 minutes was selected as an average test time in order to try
and obtain three separate readings per test, however, some sensors presented spikes in the data, or
obtained incomplete readings. One such point is marked in Figure 78 with a question mark. For
practical purposes readings were cleaned using an algorithm that eliminates data that exceeds 3
standard deviations from the average of the previous 30 readings. In cases when a value exceeds
the established limit, the analysis algorithm zeroed the value and would proceed to the next
iteration. In Figure 78 the readings are zero despite P3 being positioned within a span that should
have logged a response. This becomes evident when comparing the plots with results from other
performance indicators using sensors within the same area, such as in Figure 80. The spike in the
data is most likely due to a malfunction of the sensor but could also be an error as a result of the
crack width baseline selected for the live load test data, as was discussed in the previous sections.
The results from the live load testing were used to obtain plots of behioral aspects similar to
those described earlier for the long-term testing. Strandmeter information was used to determine
forces in the concrete and steel within the link slab. Figure 77 shows a plot of the constiuting
forces in the link slab from both reinforcement meshes, concrete in compression and concrete in
tension (if applicable). This information was used to determine a resulting force within the link
slab, which is the sum of these components as can be seen in Figure 78.
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Figure 77. Live load forces in the link sab at Bent 3 – Girder G7 –Segment A (4-span floating
segment)

?

Figure 78. Live load forces in the link sab at Bent 3 – Girder G7 –Segment A (4-span floating
segment)

Information from gapmeter readings of displacements between girder bottom flanges and the
supporting bent cap was used to obtain segment/girder end displacements using readings from
gapmeters at either end of a specific segment or span, as in Figure 79. It can be seen that the shown
plot indicates a direct influence of loading cases P1 and N4 at that location (Girder G7 – Span 1 –
Segment A). It should be noted that these cases involve trucks positioned directly over Girder G7
in Span 1.
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Figure 79. Girder end displacement at Span 1 – Girder G7 –Segment A (4-span floating segment)
Gapmeter readings at specific bents logging displacements between girder ends as well as
supports at the bent were used in order to determine the relative angle at a specific bent as can be
seen in Figure 80. As described earlier, a combination of strandmeter and gapmeter data was used
in order to obtain temperature gradient values. In Figure 80, the loading positions influencing
Girder G7 relative angle at Bent 3 were loading cases P1, P2, N4 and N5. It should be noted that
N5 caused a larger relative angle between the girder ends than the other the other cases.

Figure 80. Relative angle between girder ends at Bent 3 – Girder G7 –Segment A (4-span
floating segment)

4.7.7 STAAD Verification
A STAAD model was developed for a specific bent, under specific temperature conditions to
better understand the observed results. The line model was developed with a focus on modeling
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the interaction between the girders, the slab, the link slab and supports. Spring elements were used
to model the supports and beam elements were used to model a single girder and the link slab;
albeit with end moment release for the link slab. The model can be seen in Figure 81.

Figure 81. Line element model used in STAAD
A timestep was selected from the field monitoring data. Temperature gradient and uniform
temperature information was pulled from the corresponding sensors at the selected bent and loaded
into STAAD using both built-in and custom loading. The effects of uniform temperature were
loaded using the built-in loading within the software. Due to the nature of the composite section,
it was not possible to use built-in loading for Temperature Gradient. Therefore, temperature
gradient effects were custom loaded by determining the beam end moments for the specific
temperature gradient conditions in the composite section using the recommendations within
AASHTO LRFD Bridge Design Specifications (see Figure 82).
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Figure 82. Temperature gradient profile

Figure 82 shows the temperature gradient profile that was used in the calculation. Thermally
induced stresses could then be calculated from basic principles (Ghimire 2014). Thermal gradients
cause end curvature and subsequent moment that could be determined for each design case
(Priestley 1978; Priestley 1984). Girder curvature is given by
=

∙∫

where

( )

∙

( )

∙( − )

is the thermal expansion coefficient of concrete, ( ) is the temperature change, ( )

is the net section width at height ,
datum, and

(32)

is the distance between the neutral axis and the arbitrary

is the height at which the net section width is considered. An equivalent end moment

that would cause similar curvature can be expressed as follows.
=

∫
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is the modulus of elasticity of concrete.
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This moment was then applied to the girder ends within the STAAD model.
Upon comparison between the STAAD results and the data obtained from the Structural Health
Monitoring project an important difference could be observed. The forces at the link slab within
the STAAD model were significantly lower than those calculated from the sensor data. However,
it was also found that the girder ends in the STAAD model were having displacements much higher
than the ones recorded in the SHM System.
The discrepancy between the idealized model and the actual bridge conditions may be due to
differences in support conditions. To test this hypothesis the support stiffnesses were fine-tuned
within the STAAD model and it was found that the link slab force increased as the girder end
displacements decreased accordingly. Results were calibrated on the basis of the displacement at
the girder ends for the support directly below the link slab, and it was found that by increasing the
support stiffness considerably both the girder end displacements and link slab force would coincide
between the STAAD model and the SHM calculations. The support stiffness that produced the
displacement values in STAAD that coincided with the recorded field data was 192 times greater
than the calculated bearing stiffness.
During construction, the research team performed multiple inspections of the bridge. The
condition of the gap between the girders’ bottom flanges and the shear keys surrounding them was
as can be seen in Figure 83. This led to a hypothesis that debris accumulation in this gap may
restrain girder end movements more than what is expected, or even lead to complete locking of
the movement.
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Figure 83. Conditions of the gap between the shear keys and the girder bottom flanges
4.7.8 Transverse Crack Observations
As is typical with cast-in-place decks, transverse cracks were observed at all link slab locations.
Though certain crack mitigation strategies were employed at different bents (see Figure 36-a),
visible cracks were found to propagate transversely in parallel to the saw-cut silicone filled 0.5-in.
grooves that were put in place at these bents. At certain points cracks would disappear into the
saw-cut groove but would reappear as transverse cracks running parallel to the groove
approximately 3 to 6 in away. In other words, the crack control detail was not efficient in arresting
the cracks.
Though crack widths were affected by the support conditions at the girder ends, the prevalence
of cracking in bents that had saw-cut grooves led to the conclusion that this particular strategy does
not mitigate crack forming. In light of this observation, it will not be a requirement in the new LADOTD standard details. Figure 84-a shows one of the cracks next to a link slab saw cut.
Figure 84-b shows the crack pattern at Bent 13 (fixed bearings and anchored diaphragm) and
Bent 15 (expansion bearings with partial diaphragm and no crack control) and 17 (expansion
bearings with partial diaphragm with crack control detail). It can be seen that transverse cracks did

118

not take place within the crack control groove as was intended. Cracks escaped the groove for most
of the deck width. It can be seen that link slabs over bents with fixed supports, and bents supporting
girders whose end diaphragms were anchored to the bent cap experienced wider cracks when
compared to the much narrower crack widths in link slabs over bents that supported girders over
expansion supports. Therefore, it can be stated that a greater degree of restraint at the bent was
noted to affect crack width negatively.
Crack measurement logs were summarized according to the total crack area for each bent (Table
5), as well as the maximum logged crack width at each bent (Table 6). Crack widths were expected
to vary with time as well as the current temperature at the time of measurement due to the
movement of the girders connected to the link slabs. All the reported values took place on sunny
days during day hours between 12:00pm and 3:00pm.
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3 - 6 in.

crack

Siliconefilled

centerline of bent

groove

(a) picture of a typical link slab crack location

(b) link slab cracks at two bents with different configurations
Figure 84. Top view of transverse deck cracking at sample link slab locations
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Table 5. Total cracking area
2

Bent
2
3
4
6
13
15
17
19

Total Crack Area (in )
3/24/2016 5/18/2016 1/23/2017 5/26/2017
2.519
2.519 6.520288 5.707842
10.57
10.57
10.57
13.82
9.405
9.405
9.405
9.596
10.5
10.5
10.5
7.92
6.687
4.752
8.316
5.04
8.946
16.236
17.764
17.764
15.168

Table 6. Maximum cracking width

Bent
2
3
4
6
13
15
17
19

Max Crack Width (in)
3/24/2016 5/18/2016 1/23/2017 5/26/2017
0.020
0.02
0.02
0.035
0.02
0.02
0.02
0.02
0.015
0.015
0.015
0.02
0.025
0.025
0.025
0.016
0.03
0.009
0.009
0.009
0.009
0.016
0.03
0.03
0.03

It should be noted that some bents could not be logged at certain dates given the fact that the
deck had not been poured at that particular date. An increase in total crack area was observed in
most cases, with exceptions observed for the final log date at some of the bents with greater age.
4.8

Discussion of Results

In this section, the results from all approaches described in the Methodology section are
discussed. It should be noted that the results presented herein are the key results that are pertinent
to the objective of the project.
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4.8.1 Thermal Conditions
Temperature readings varied greatly during the day for each of the corresponding sensors.
Seasonal temperature changes also had a substantial impact in the measured response in all bents.
As temperatures reached their peak or floor values during the corresponding summer and winter
seasons, link slab forces, crack widths and girder end movements could be found to respond
accordingly. Figure 85 shows the full range of temperature readings for the strandmeter installed
on the top reinforcement of the link slab at Bent 2 Girder G7. This temperature pattern generally
conformed with that of all other bents and logged sensors. As can be observed from Figure 85, the
lowest recorded temperature readings occurred during the winter months, specifically during the
month of January.

Figure 85. Full range of temperature readings for the link slab in Bent 2 Girder G7
The greatest temperature readings were recorded during the summer months, specifically during
the month of August, with temperatures peaking during the day in the afternoon, usually between
2pm and 4pm. Figure 86-a shows temperature readings over a 48 hour period at the beginning of
the month of August 2017. Figure 86-b shows temperature readings over a 48-hour period in early
January 2018. During the winter months it was found that temperature readings were generally at
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their lowest during the early hours of the morning between 7 and 9am and reaching their highest
values any given day during the winter months in the afternoon, between 4 and 6pm.

(a) Summer

(b) Winter
Figure 86. Temperature readings over a 48 hour period for the link slab in Bent 3 Girder G7
The difference between temperature readings from the top sensor (strandmeter on the top
reinforcement of the link slab) and the bottom sensor (gapmeter between bottom flange and bent
cap) was considered a measure of the severity temperature gradient. It was found that the
temperature gradient follows a similar trend as was observed in the previously mentioned
temperature readings. As can be observed in Figure 87, peak temperature gradient readings were
found during the summer in the month of July, with temperature gradients reaching peak values
between 10° and 20°, and the lowest being negative values found in the month of December, which
is an indication of a negative temperature gradients; i.e. causing downward girder camber, were
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recorded during the winter months, with the lowest values occurring most notably during the
month of December.

Figure 87. Temperature gradient readings for the link slab in Bent 3 Girder G7
Figure 88-a, in the summer temperature gradient variation during the day generally peaks in the
evening, between 4 and 6pm, with the values generally tapering off after this point. The lowest
temperature gradient values in any given day during the summer months generally occurred in the
morning hours around 9am. As can be seen in Figure 88-b, temperature gradient during winter
months can fall within negative ranges with the lowest values being within the range of -10°F and
-20°F. The lowest recorded temperature gradient values during the winter months generally occur
at midday, and the maximum values during a day range around 0°F in the winter, occurring
generally at midnight. As will be seen in later sections, the impact of the temperature gradient as
well as uniform temperature could be observed in all the recorded analyses and will be discussed
in each respective section.
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(a) Summer

(b) Winter
Figure 88. Temperature gradient readings over a 48 hour period for the link slab in Bent 3 Girder
G7
4.8.2 Girder End Displacement
In the specific spans and segments where sensors were installed between the girders’ bottom
flanges and their supporting bent caps, girder ends displacement could be measured. As stated
earlier, it was found that girder ends respond to temperature changes. Additionally, support
conditions and continuity conditions also affected girder end movements. All values of girder end
displacements shown in this section have been baselined to a point in time corresponding to the
lowest temperature gradient in the displayed period. To demonstrate the effect of temperature
conditions on girder end displacements, a 24-hour period corresponding to August 1st 2017, over
Girder G7 is chosen for the plots presented in this section (see Figure 89 through Figure 94).
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Figure 89. Girder end displacement in Segment A (4-span floating segment) in Girder G7 over a
24-hour period

Figure 90. Girder end displacement in Segment B (2-span floating segment) in Girder G7 over a
24-hour period

When comparing the response within the 4-span segment, Figure 89, and a 2-span segment with
similar support conditions, Figure 90, it can be observed that the continuity condition affected the
response with large differences in the range of values recorded. As can be observed by comparing
Figure 89 and Figure 90, the range of displacements in the 4 span continuous segment were much
lower than those recorded within the 2 span segment.
There is also a difference in the nature of the response. A clearer response pattern to temperature
variation was observed in the 2-span segment than was observed in the 4-span segment. This
difference is likely due to the continuity provided by the additional restraint caused by the
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existence of link slabs connecting 4 spans in comparison to the relatively freer to move 2-span
segment. It is important to note that the girder end displacement reflects only the sum of the
displacements between the girder and the bent cap at the corresponding supports. The displacement
at this level will be affected not only by variations in temperature gradient, but also those due to
uniform temperature readings.
Figure 91 shows the girder end displacements of the first span in the 4-span segment, Figure 92
shows the girder end displacements of the second span in the same segment. There is an important
difference in the response pattern observed which is likely due to the difference in continuity at
each end of the corresponding spans. The first span, Figure 91, has continuity in only one end
whereas the second span, Figure 92, has a continuity at both ends. The span with the free end,
Figure 91, displays much higher girder end displacements than the span with continuity at both
ends, Figure 92.

Figure 91. Girder end displacement in Span 1 – Girder G7 – Segment A (4-span floating
segment) over a 24-hour period
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Figure 92. Girder end displacements in Span 2 – Girder G7 – Segment A (4-span floating
segment) over a 24-hour period

In Figure 94, the girder end displacement for one span of a 2-span segment with a fixed support
over a 24-hour period is plotted. When comparing it to the results from one span of a 2 span
segment with floating supports, Figure 93, it can be seen that the range of displacements was lower,
but did not present as dramatic a difference as was observed when comparing two spans in
segments with different continuity conditions such as that which can be observed between Figure
91 and Figure 93.
The fixed support in the 2-span segment whose girder end displacement is shown in Figure 94
is located at the continuity. From the observations in this comparison it can be inferred that a fixed
support at the continuity will not affect the overall displacements that can occur at the extremes of
the spans that conform the continuous segment as much as added continuity can.
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Figure 93. Girder end displacement in Span 16 – Girder G7 –Segment C (2-span floating
segment) over a 24-hour period

Figure 94. Girder end displacement in Span 19 – Girder G7 – Segment D (2-span fixed segment)
over a 24-hour period
4.8.3 Relative Angle
Similar to how girder end displacements could be determined from the analysis of gapmeter
data, this same data can be used to approximate girder end rotations as was discussed in the
previous section of this report. Upon close observation of the relative angle’s response certain
relationships can be identified, which mainly confirm that girder rotations are directly affected by
the change in temperature at the bridge site.
When comparing the relative angle at girder ends in the first bent in the 4 span segment, Figure
95, with that from the middle bent in the same segment, Figure 96, small differences in magnitude
can be observed. The relative angle response to the temperature gradient is similar in both cases,
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staying in phase with the variation of the temperature gradient. The minimum relative angle, or
the point when the section is in its most vertical state, coincides with the lowest temperature
gradient. Similarly, the highest relative angle coincides with the highest temperature gradient. The
comparison of Figure 95 with Figure 97 also shows small variation from a difference in continuity
conditions, however it can be observed that smaller values of relative angle between girder ends
can be observed in the bent that is part of the 4-span segment, Figure 95.

Figure 95. Relative angle at girder ends at Bent 2 – Girder G7 – Segment A (4-span floating
segment) over a 24-hour period in the summer

Figure 96. Relative angle at girder ends at Bent 3 – Girder G7 – Segment A (4-span floating
segment) over a 24-hour period in the summer
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Figure 97. Relative angle at girder ends at Bent 17 – Girder G7 – Segment C (2-span floating
segment) over a 24-hour period in the summer

By comparing the results from the winter months (Figure 98 to Figure 100) with the summer
months it can be seen that the magnitude of relative angle has changed. Like in the summer, the
relative angle behavior in the winter months is directly affected by changes in the temperature
gradient. As before, the same observations can be made with respect to the effect that continuity
can have on the relative angle by comparing these plots for winter months. Span segments with
higher continuity provide more restriction to girder end rotation.

Figure 98. Relative angle at girder ends at Bent 2 – Girder G7 – Segment A (4-span floating
segment) over a 24-hour period in the winter
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Figure 99. Relative angle at girder ends at Bent 3 – Girder G7 – Segment A (4-span floating
segment) over a 24-hour period in the winter

Figure 100. Relative angle at girder ends at Bent 17 – Girder G7 – Segment C (2-span floating
segment) over a 24-hour period in the winter

By comparing results from a bent with a fixed support as in Figure 101, with those from an
equivalent 2 span segment with floating supports, as in Figure 97, a decrease in relative angle can
be observed for the case with the fixed support. A similar relationship can be observed for
temperature gradient profiles during the winter months, as can be appreciated in Figure 100 and
Figure 102.
This is due to the fact that providing fixity by anchoring end diaphragms in the supporting bent
caps reduces one of the girder’s ability to move and rotate. The more restrained girder is the one
connected to the anchored end diaphragm. While this may seem like better outcome because of
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the reduction in movement, it is definitely associated with higher forces in the link slab as was
evident by the larger crack widths in link slabs over these fixed supports.

Figure 101. Relative angle at the girder ends in the middle bent in a 2 span segment with a fixed
support in Girder G7 over a 24-hour period in the summer

Figure 102. Relative angle at the girder ends in the middle bent in a 2 span segment with a fixed
support in Girder G7 over a 24-hour period in the winter
4.8.4 Crack Width
As was discussed earlier, the crack width can have a significant impact on link slab force
calculation. Once the link slab has cracked, tension in the concrete can no longer be taken into
account, affecting link slab force calculation in tension. Furthermore, when the crack has formed
it must close completely before compression in the concrete can be taken into account. Crack
opening and closure occur daily with temperature changes. For these reasons, particular attention
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was given to crack width calculation. As was discussed in the previous sections, crack width was
found to respond closely to variations in temperature, support conditions, as well as continuity
conditions. It is important to note that crack widths in all of these figures refer to the cracks on the
respective tension face, which will vary between the bottom and top of the slab based on the
direction of the girder end rotation (see Figure 103 through Figure 110).
When comparing crack width calculations at two bents in segments with different continuity
conditions; i.e. four spans vs. two spans such as can be observed between Figure 104 and Figure
105, a large difference can be seen in the magnitude of the expected crack width values. The bent
with continuity on both sides, Figure 104, can be found to respond with narrower cracks than the
segment with less restrained girders because of the lack of continuity beyond the two spans
forming the considered segment, Figure 105.
Figure 103 and Figure 105 show crack width calculations at bents in spans with similar
conditions at their individual ends but highly different continuity conditions in their respective
segments. Figure 103 refers to the first bent in a 4-span segment, and Figure 105 refers to the bent
in a 2-span segment. The additional continuity from the 4-span segment affects the expected crack
width displayed in Figure 103. By comparison, the reduced continuity from the 2-span segment in
Figure 105 allows for wider cracks to form.
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Figure 103. Crack width at Bent 2 – Girder G7 – Segment A (4-span floating segment) over a
24-hour period in the summer

Figure 104. Crack width at Bent 3 – Girder G7 – Segment A (4-span floating segment) over a
24-hour period in the summer

Figure 105. Crack width at Bent 17 – Girder G7 – Segment C (2-span floating segment) over a
24-hour period in the summer
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Similar to observation over summer, crack width response is directly affected by temperature
variations during winter as well, albeit under a different response pattern. When observing the
daily cracking fluctuations, it can be seen that a lower temperature gradient in the winter
corresponds to a wider crack, whereas in the summer a lower temperature gradient corresponds to
a narrower crack. This difference is likely due to the fact that the cracking is occurring in different
faces of the slab in both seasons. During winter months, the temperature gradient profile tends to
be negative for Girder G7. As a result, girders camber downward causing the link slab to be
subjected to subjected negative moments; i.e. tensioned face of the link slab is likely to be the top.
Conversely, the temperature gradient profile tends to be positive during the summer leading to
upward girder camber, which subjects the link slab to positive moment; i.e., tensioned face of the
slab is likely to be the bottom one. The observed crack widths are also affected by continuity
conditions and restraints surrounding the link slab in question in the same way during both seasons.
When comparing two bents within a four span segment, one with one free end and one
continuous end, , and one with both ends continuous, Figure 107, larger cracks are observed in the
least restricted bent. Similarly, when comparing the middle bent from a 4 span segment, , and the
middle bent in a 2 span segment, Figure 108, a similar relationship can be identified, with larger
cracks occurring in the 2 span segment.
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Figure 106. Crack width at Bent 2 – Girder G7 – Segment A (4-span floating) over a 24-hour
period in the winter

Figure 107. Crack width at Bent 3 – Girder G7 – Segment A (4-span floating) over a 24-hour
period in the winter

Figure 108. Crack width at Bent 17 – Girder G7 – Segment C (2-span floating segment) over a
24-hour period in the winter

By comparing Figure 105 with Figure 109 it is possible to see the effect that a fixed support
condition can have on cracking in the summer. The cracking is wider in the bent with the fixed
support condition. This could likely be attributed to the increase in stiffness at the joint from the
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diaphragm in the fixed support. An increase in the stiffness at the joint would increase stress levels
and produce wider cracks on the slab. The effect is also present in the winter, as can be observed
by comparing Figure 108 with Figure 110.

Figure 109. Crack width at Bent 19 – Girder G7 – Segment D (2-span fixed segment) over a 24hour period in the summer

Figure 110. Crack width at Bent 19 – Girder G7 – Segement D (2-span fixed segment) over a 24hour period in the winter

From the observations in this research, an increase to support stiffness will likely widen the
cracks in the corresponding bent by concentrating stresses around the joint. Conversely, an
increase in continuity reduces the possibility for cracking as more restrictions exist for the crack
to open. In terms of temperature, it is clear that in all the cases crack formation responds closely
to temperature gradient.
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4.8.5 Forces in the Link Slab
4.8.5.1 Internal Link Slab Force Components
Forces in the link slab were estimated using crack width information based on the approach
described in the previous chapter for the different cross-sectional states illustrated in Figure 64.
By obtaining the strains in the corresponding steel and forming a compatibility condition it
becomes possible to determine the stress state in the link slab cross section, which can be converted
into the respective forces. It should be noted that like in the previous section, all diagrams in this
section were obtained by baselining the results to the lowest temperature gradient within the
graphed period. In this manner, the values that are displayed represent the force variations that
take place within that period.
Figure 111 and Figure 112 represent the first and middle bents respectively within the 4-span
segment. By comparing these two figures it is possible to see that both are responding with tension
on the same face, the bottom one, with larger forces appearing in the middle bent. In this regard it
can be appreciated that the increased restraint to the middle bent, Figure 112, is resulting in the
concentration of higher forces than those in the bent with one continuous end on only one side,
Figure 111. The same behavior is observed when comparing Figure 111 with Figure 113. Figure
111 shows a plot of the forces in the link slab at the bent between a span with a free end and
another with a continuous end within a 4-span segment. Figure 113 represents, similarly, the bent
at the continuous end of a span with both a free end and a continuous end, but within a 2-span
segment. In this comparison it is possible to observe that the bent in the 4-span segment is receiving
larger forces than the bent in the 2-span segment; sustaining the notion that greater continuity
increases restraint, and therefore greater forces develop in the link slab. Though the forces in the
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steel indicate that the tensioned face of the slab remains the same, the main difference is that the
neutral axis has moved downward in the 2-span segment resulting in a greater range of
compression forces in the top steel. The movement of the neutral axis helps explain why despite
seeing greater forces in the 2-span segment narrower cracking was observed.

Figure 111. Forces in the link slab at Bent 2 – Girder G7 – Segment A (4-span floating segment)
over a 24-hour period in the summer

Figure 112. Forces in the link slab at Bent 3 – Girder G7 – Segment A (4-span floating segment)
over a 24-hour period in the summer
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Figure 113. Forces in the link slab at Bent 17 – Girder G7 – Segment C (2-span floating
segment) over a 24-hour period in the summer

When comparing the results obtained for these same bents in the winter, it can be observed that
the tension face has shifted to the top. Consequently, cracks are reversed with the largest crack
width being at the top face of the slab, with the top steel having greater tension forces. Figure 114
shows the internal forces for a link slab at a bent between one span with a free end and one with
continuous end, and Figure 115 shows the same values a link slab at a bent between two spans
with continuous ends. Similar to what has been observed previously, comparing these two figures,
it can be observed that the link slab adjacent to the span with the higher restraint, Figure 115, is
also the link slab receiving the higher forces.
A comparison between the plots in Figure 114, representing a bent in a 4 span segment, and
Figure 116, representing a bent in a 2 span segment furthers the notion of higher continuity leads
to higher link slab forces as can be seen for the case of the link slab over the bent in the 4 span
segment, Figure 114.
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Figure 114. Forces in the link slab at Bent 2 – Girder G7 – Segment A (4-span floating segment)
over a 24-hour period in the winter

Figure 115. Forces in the link slab at Bent 3 – Girder G7 – Segment A (4-span floating segment)
over a 24-hour period in the winter

Figure 116. Forces in the link slab at Bent 17 – Girder G7 – Segment C (2-span floating
segment) over a 24-hour period in the winter

By comparing Figure 113, a link slab within a 2 span segment with floating supports, and Figure
113 for a link slab within a 2 span segment with a fixed support, it is possible to see that the latter
is subjected to compressive forces. This implies that the tension face in the bent with the fixed
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support is opposite to the tension face in the bent with the floating support. This behavior may be
due to the additional stiffness and restraint provided by the anchored end diaphragm.
A similar behavior is observed during winter months. Figure 116 and Figure 117 show the
internal forces for the same bents whose behavior during summer months was discussed earlier.
In this case, the forces are similar for both support conditions, which suggests that there is a greater
restriction in the floating support than is being assumed.
This notion is sustained by the verification done in STAAD. In order to obtain results that were
compatible with the results obtained directly from the sensors, support stiffness had to be increased
substantially in the STAAD model. This additional restriction could be coming from a point of
contact or friction with the support. It should also be noted that this can also explain why there are
higher tension forces in Figure 113 than in Figure 117.

Figure 117. Forces in the link slab at Bent 19 – Girder G7 – Segment D (2-span fixed segment)
over a 24-hour period in the summer
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Figure 118. Forces in the link slab at Bent 19 – Girder G7 – Segment D (2-span fixed segment)
over a 24-hour period in the winter

4.8.5.2 Total Link Slab Force
The total force in the link slab was obtained by algebraically summing the internal forces in the
link slab taking into account the effects of cracking. As in the previous section, all the plots in this
section are based on sensor data that was baselined to the point with the lowest temperature
gradient within the specified period. This implies that the results for link slab force that are
obtained represent the link slab force variation that takes place during a 24-hour period due to
temperature gradient variations.
The magnitude of the total link slab force reinforces the observations of the previous section.
Increased continuity results in higher forces and response to temperature gradient changes remains
evident. Figure 119 represents a link slab with less continuity than the one represented in Figure
120 and therefore is subjected to smaller total link slab force. Similarly, Figure 119 and Figure 121
reveal that the latter, which represents the link slab with the least continuity, is subjected to lower
force values.
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Figure 119. Link slab force at Bent 2 – Girder G7 – Segment A (4-span floating segment) over a
24-hour period in the summer

Figure 120. Link slab force at Bent 3 – Girder G7 – Segment A (4-span floating segment) over a
24-hour period in the summer

Figure 121. Link slab force at Bent 17 – Girder G7 – Segment C (2-span floating segment) over
a 24-hour period in the summer

The winter data reinforces all the observations that have been made for summer months
behavior. The tensioned face being reversed implies a response that looks different than that of the
summer months. By comparing bents with varying degrees of continuity, it becomes evident that
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greater continuity implies greater forces, which can be seen by comparing the plots in Figure 122
through Figure 124.

Figure 122. Link slab force at Bent 2 – Girder G7 – Segment A (4-span floating segment) over a
24-hour period in the winter

Figure 123. Link slab force at Bent 3 – Girder G7 – Segment A (4-span floating segment) over a
24-hour period in the winter

Figure 124. Link slab force at Bent 17 – Girder G7 – Segment C (2-span floating segment) over
a 24-hour period in the winter
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Accordingly, an increase in support restraint also results in higher forces. This can be observed
from the comparison of the final two plots shown in Figure 125 and Figure 126 with the previous
figures.

Figure 125. Link slab force at the center bent in a 2 span segment with a fixed support at Girder
G7 over a 24-hour period in the summer

Figure 126. Link slab force at the center bent in a 2 span segment with a fixed support at Girder
G7 over a 24-hour period in the winter.

4.8.6 Live Load Test
By using the link slab force and relative angle calculations on the live load testing record it is
possible to obtain similar analysis of the performance of the deck for comparison with other effects
considered during the long-term analysis.
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4.8.6.1 Relative Angle from Live Load
When observing the relative angle that forms at a link slab location for different load positions,
such as can be seen in Figure 80, it is observed that the loading is producing a change of
approximately 0.01 degrees. When comparing this to an observation over a 24-hour period for the
same bent and location, such as can be observed in Figure 96, it can be seen that temperature
gradient affects the deck at a greater degree over the course of a day. For the observations of the
24 hours represented in Figure 96, the relative angle is observed to have changed approximately
0.02 degrees over the course of one summer day, which is twice as much as was produced by a
live load at the midspan. Another important observation is that the effects of a live load are opposite
to the effects of temperature gradient during the summer, but in the same direction during the
winter, as can be seen in Figure 99. The effects of temperature gradient during the winter are
generally milder than the effects during the summer, however the importance of the temperature
gradient during the winter is in the fact that its effects will compound with live load effects,
whereas in the summer the effects are contrary to one another.
4.8.6.2 Forces in the Link Slab from Live Load
The forces in the link slab sustain the observations made from the relative angle calculations.
When taking the forces that occur in a link slab due to live load such as in Figure 77, it can be seen
that the tension force in the top and bottom bar changes approximately 20 kip. shows the resulting
link slab force from the corresponding calculation for the live load test. If this is compared to the
effects from temperature gradient on the same bent over a 24-hour period during the summer, such
as can be seen in Figure 112, it can be observed that the effects from temperature gradient are
much higher, producing a change of approximately 20 kip and 40 kip to the top and bottom steel
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reinforcement respectively. Figure 120 shows the resulting link slab force from the corresponding
calculations. Similarly to what was observed from the relative angle calculations, the effects of
temperature gradient during the summer are greater than live load effects, while the effects from
temperature gradient during the winter, as can be seen in Figure 115 and Figure 123, are milder.
4.9

Summary

In 2013 the Louisiana Department of Transportation and Development began construction of
the Ouachita River Bridge at Harrisonburg. This bridge presented a unique environment in which
a study could be developed to test the performance of link slab continuity, as well as quantify the
influence of support conditions on the continuity condition.
A total of 134 sensors were installed, as can be seen in Table 3. These sensors included
sisterbars, strandmeters, straingages, gapmeters, tiltmeters and weather stations; all of the selected
gages are based on vibrating wire technology given its benefits for long-term monitoring. Cracking
was monitored during construction until the point of opening through a series of site visits, as listed
in Table 5 and Table 6. A live load test was conducted, testing the instrumented spans under
positive moment as well as negative moment.
Data was collected over a period of over 3 years, beginning on June 2015, and ending in April
2019. Data collected was processed using MATLAB and corrected for temperature using the
procedures and information listed in each sensor’s operations manual and calibration sheet. Using
the sensor readings several different analyses were done to obtain results of different types. Among
the analyzed results were girder end displacement, relative angle between girder ends, force in the
link slab, cracking at the link slab, and the temperature of different parts of the composite section.
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Cracking was found to have large influence in the performance of the link slab. Several
approaches for cracking calculation were considered, and the Broms and Lutz approach was
selected for use due to its special consideration of tensile members.
The line model developed within the parametric study in this work was used to verify results
using sensor temperature and displacement readings. Readings from the SHM system were
compared with results for a similarly loaded model and a disparity was found in the magnitudes
of the forces at the link slab in the model and in the structural health monitoring project. The
difference in magnitudes, however, also coincided with differences in displacements at the support
level and it was possible to calibrate the model to reflect the SHM system results. The line model
was then tested under several conditions using this adjustment, and results were on par.
Temperature gradient was found to have the potential to create larger stress concentrations than
live load conditions for spans with link slab continuity. Support stiffness was also confirmed to
have a pivotal role in the performance of the continuity condition. Girder end rotations were
controlled by uniform temperature changes, as well as temperature gradient changes in the
composite section. With regards to crack width, it was found that crack width formation is affected
directly by temperature gradient variations throughout the day.
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5.1

CHAPTER 5.
Introduction

3D FINITE ELEMENT MODELING OF BRIDGE JOINTS

The use of jointless decks and continuous girder systems has been studied over several decades
in a number of different approaches. Early work considered simplified computational approaches
to the analysis by creating an analytical model consisting of a two-noded isoparametric beam
element for modeling the girders and deck, and a two noded uniaxial spring-like element for the
deck portion (Gastal and Zia 1989). This approach simplified interaction between the girders and
link slab and limited the stresses within the link slab to those resulting from axial forces. The
considerable stresses that could cause cracking in the immediacy of the joint were addressed by
providing the model with a debonded length between the girder and the deck which would allow
a much greater length of the deck to absorb the strain, and in turn reduce the stresses to which the
deck is subjected (Richardson 1989). This model was explored further through the development
of a modified FEM program which would take into account the support and load conditions to
analyze the effects of the debonded length (ElSafty 1994; Zia et al. 1995).
Principles from these models are later put to the test with the analysis of in-service jointless
bridges in West Virginia, finding that in fact the top of the concrete deck is subjected to high tensile
stress, and that temperature gradient is the major contributor to total stresses within the section
(Thippeswamy and GangaRao 1995; Thippeswamy et al. 2002).
The model is further developed in order to obtain a practical design methodology for link slab
elements, and it is determined that support conditions play an important role within the stress and
strain interactions at the joint (Okeil and ElSafty 2005). Through a parametric study considering
idealized support conditions for two span partially continuous bridges using link slabs, it is
determined that bearing pad stiffness is closely linked to the continuity moment (Mothe 2006).
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Further analysis of the impact of the link slab on overall bridge performance concludes there is a
benefit in considering the partial continuity provided by a link slab through means of its extending
the service life of the bridge (El-Safty and Okeil 2008).
The need to further develop the understanding of link slab behavior by these idealized models
led to a growing number of surveys, field studies, and structural health monitoring systems in
recent years used to evaluate different performance criteria for link slab effectiveness (Okeil et al.
2011) (Okeil et al. 2013) (Hossain et al. 2014). These studies result in availability of information
and data to develop three dimensional finite element models to better describe interactions within
the joint (Hossain et al. 2014) and description of the force transfer mechanism involved (Hossain
and Okeil 2014).
5.2

Continuity

When deciding on an appropriate model to study link slab behavior, it is important to consider
the type of continuity that will be present at the joint. There are two distinct types of continuity
which can be provided: partial continuity, and full continuity. Partial continuity is a broad concept
that can include different degrees of continuity. There are multiple methods for simple span girder
bridges to be made partially continuous; one such method is to cast a continuous deck over the
girders, or link slab. Due to the partial nature of the continuity provided by a link slab, the degree
of continuity that this joint provides to the system will also depend on the supports properties. The
partial continuity provided through a link slab will produce a displacement restriction on the top
of the girders at the joint, but not at the bottom. This means the bottom of the girder is freer to
displace in a way which the supports do not restrict. By pouring concrete in between the girder
ends in the form of a continuity diaphragm, it becomes possible to restrict any compressive
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displacement at the joint product of gravity loads. If additional reinforcement is provided to link
the girders’ bottom flanges to the continuity diaphragm, it also becomes possible to restrict tensile
displacements that can take place at the joint due to temperature gradient and creep. With proper
reinforcement design, cracking of the diaphragm can be controlled and a bridge segment can be
considered to be fully continuous (Hastak et al. 2003).
Several research initiatives have looked at the performance of different design alternatives, and
in recent years the National Cooperative Highway Research Program sponsored Project 12-53 on
positive moment continuity details for continuous prestressed concrete girder bridges. The findings
from this project were published in NCHRP Report 519 (Miller et al. 2004). Figure 127 and Figure
128 show the two forms of detailing that were evaluated in NCHRP Report 519.

Figure 127. Positive moment development at the diaphragm
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Figure 128. Positive moment reinforcement detail alternatives proposed by the NCHRP Report
519 (Miller et al. 2004)
From the results of Project 12-53, both design recommendations were adopted into the
AASHTO LRFD Specifications (AASHTO 2012), however the 180°-hook bar detailing was
recommended over the 90°-hook due to possible interference with the formwork. Despite report
findings, concerns arose due to the asymmetrical reinforcement layout that results from the space
restrictions. The general congestion in the diaphragm area also gave rise to concerns about how
this type of joint can perform prompting additional research.
To address some of these concerns, as well as investigate the performance of this detailing
under varying conditions several research projects were conducted (Okeil et al. 2011). This led to
the development of a detailed finite-element (FE) joint model of a continuity diaphragm with 180°hook bar for positive reinforcement. This detailed model considers two important interactions: the
cold joint between the cast in place diaphragm and the precast prestressed girders and the transfer
of prestressing force (Hossain and Okeil 2014).
This study uses the resulting force transfer model to develop a similar analysis for a joint with
deck-only continuity. Results from a deck-only continuity model allows for the validation of years
of research and theory through robust models that can describe interactions between structural
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components within partially continuous systems. It is through the formulation of a similar threedimensional (3D) FE model that this works seeks to describe the effects of bearing pad support
stiffness over the effectiveness of a link slab, as well as evaluate the effects that temperature
gradient can have on the link slabs performance under these conditions.
5.3

Finite Element Modeling

Accounting for nonlinear behavior is imperative in profiling structural performance. In order to
develop a model that will accurately represent the performance of a continuity detail under
different circumstances, several nonlinear features will need to be implemented. Geometric
nonlinearities can have a large effect on structural performance either through large deformations,
or due to discontinuities in adjacent surfaces (Timoshenko and Gere 2009).
Partial continuity presents several challenges of its own when it comes to modeling. One of
these challenges stems from the fact that the force transfer occurring at the joint does not follow
in the conventional force transfer mechanism at a fully continuous joint. The simultaneous lack of
full continuity and of structural independence makes it particularly difficult to simplify interactions
at the joint.
By creating a line model like the one shown on Figure 15 it became possible to represent
important aspects of the interaction and obtain results that are helpful in the design process. This
type of simplified model, though it can do a moderate job at representing the broad strokes of the
exchange of forces taking place at the joint, fails at showing how this interaction will be affecting
the sections and materials on a more detailed level. The line model does not contemplate any types
of geometric nonlinearities, for instance, or have any considerations for the effects of the prestress
on the concrete girder in combination with temperature gradient or live load.
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In the case a continuity diaphragm is provided to achieve full continuity, the joint will be most
affected by the discontinuity which can occur between adjacent surfaces (precast vs. cast-in-place)
as they separate under tensile forces while still being fully capable of handling large compressive
forces. The AASHTO-LRFD Bridge Design Specification calls for limiting positive moments on
the continuity detail to be under 1.2 times the cracking moment, 1.2

, (AASHTO 2012). The

effects of temperature gradient on a positive continuity moment are equal to approximately 50%
of the cracking moment (Hossain 2012),

. Due to this value falling within the acceptable range

in the specifications, the effects of material non-linearity due to large straining actions will not be
a point of contention for this model. In this model, the principal source of nonlinearity comes from
the separation of adjacent surfaces of interacting materials.
For the case of partial continuity as is provided by a link slab, the importance of the material
nonlinearity does not manifest in the same way. There is no cast-in-place diaphragm which will
take the compressive action at the joint, and instead, there is only a link slab joining the girder
ends. The deck over the joint is completely cast in place and there is no cold joint to model,
however, the cracking within the link slab was found to play an important role in the tension force
that can develop on the link slab and consequently on the bearing pad supports. Using the
commercially available software ANSYS (ANSYS 2008), an element type was selected from
among its library that could model the concrete within the section appropriately (see Figure 129
and Figure 130).
Element SOLID65 is an eight-node three-dimensional solid element with six translational
degrees of freedom at each node. Additionally, SOLID65 can model the crushing and cracking of
concrete which becomes significant when considering the importance that cracking can have in
the forces that develop in the link slab. The concrete in both models is modeled using element type
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SOLID65, both in the girder as well as the deck, link slab, diaphragm, and bearing pads however
in each case with its corresponding material properties, which can be found on Table 7.

Figure 129. Link slab model
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Figure 130. Full continuity model
Table 7. Material properties

Girder Concrete
Deck and diaphragm concrete

Compressive
strength (psi)
6500
11500

Modulus of
elasticity (psi)
4595486
6112569

Poisson’s
ratio
0.20
0.20

Unit weight
(pcf)
150
150

Prestressing strands and reinforcing bars were modeled using the LINK8 element. The LINK8
element corresponds to a two-node three-dimensional spar element with three translational degrees
of freedom for each node. To add the prestressing force in the strands, an initial strain value
considering the effect of the transfer length was used in the analysis. The initial strain was
gradually increased in the first four elements to account for the transfer effect (Domingo and
Kuang-Han 1986; Nawy 2000).
An important difference between the two models compared in this work is the presence of the
CONTA178 element from the ANSYS library within the continuity diaphragm model. The
CONTA178 element is a zero size two-node element with three translational degrees of freedom
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(DOFs) at each node. The objective of this element is to model the contact and sliding between
two adjacent surfaces of other adjacent objects in the model. CONTA178 is used to model the
friction that takes place in the cold joint that exists between the continuity diaphragm and the
precast girder ends, and therefore does not exist in the link slab model, in which the deck is poured
monolithically. In the full continuity model, the diaphragm and the girders were modeled
separately, and later moved together. This meant there was a pair of duplicate nodes at each point
in the contact between these elements. CONTA178 was used between these node pairs.
Another notable difference is the presence of the hairpin bars in the full continuity model. These
were modeled using cylindrical shaped volumes overlapped with the rectangular shaped volume.
The link slab model required only the additional modeling of the prestressed strands, including the
normal reinforcement only within the link slab, and not within the girders.
The meshing for the link slab model was achieved through mapped meshing of all bodies when
the geometry had been assembled. The full continuity model required free meshing in parts where
the complexity of the geometry did not allow for mapped meshing to be executed.
5.4

Model Loading

This study focuses on comparing the force transfer mechanism from a joint with a cast-in-place
continuity diaphragm with positive reinforcement (see Figure 132 and Figure 134), with the force
transfer mechanism from a joint with a link slab (see Figure 131 and Figure 133).
Specifically, the stress condition that was analyzed is the one that results from temperature
gradient loading. For both cases the loading was applied based on the displacements the model’s
free ends would be subjected to under temperature gradient load. In order to avoid stress
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concentrations around the loading points, a rigid face was applied at either girder end. The rigid
face was meshed along with the rest of the model but was only 1 in. thick and was defined using
a material with a modulus of elasticity 10,000 times higher than concrete.

Y
Z

X

Figure 131. Temperature gradient loading – link slab model

Y
Z

X

Figure 132. Temperature gradient loading – full continuity model
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Vertical and horizontal displacements were then applied to the nodes of this face based on
results from temperature gradient loading on the line model developed for the parametric study
and long-term field data analysis discussed earlier and shown in Figure 15. The line model was
used in validating the results from both the parametric study, as well as the long-term field study.
5.5

Results

The results from the analysis of the link slab model were compared directly with the results
from the full continuity model. As expected, the stress distribution in both models was significantly
different. For the case of the link slab model the main resistance to displacement comes from both
the bearing pads and the link slab. In the full continuity model, the resistance comes from multiple
parts which also include the bearing pads and the deck, however the presence of the continuity
diaphragm changes the forces transfer mechanism completely, and hence the associated stress
distribution.
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Figure 133. Deformed shape – link slab model
All of the restriction towards girder end rotation in the link slab model comes from the
bearing pads and the deck. This gives the girder ends much more freedom to rotate, as the
stiffness of the bearing pads, by comparison to the stiffness of the full continuity model, is quite
low. Figure 133 shows the deformed shape of the link slab model.
In this regard, it can be observed that the higher girder end rotation is also reflected on the
low contribution of this detailing towards continuity, as was concluded within the parametric
study within this work.
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Figure 134. Deformed shape – full continuity model
The full continuity model involves higher restriction towards girder end rotation. The existence
of the diaphragm bridges the compatibility conditions between both girder ends and provides much
higher continuity by comparison with a link slab. As can be seen in Figure 134, the deformed shape
presents a much more continuous deformation profile than could be observed in the link slab
model.
The higher continuity provided by the continuity diaphragm implies a different distribution of
stresses, resulting in less stress concentration within all involved parts except for girder ends where
the hairpin bars connect the continuity diaphragm to the girders’ bottom flanges. The next sections
will present the difference in stress distribution and deformations in both models.
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5.5.1 Bearing Pad Behavior
The bearing pads in both models have different roles. In the case of the link slab model, the
bearing pads are restricting displacement of the girder bottom along with the link slab at the top.
The bearing pads are placed in the ideal position to restrict displacements of the girder end,
however, the material which they are made from is much softer than concrete and therefore allows
for much greater displacement as can be seen in Figure 135.
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Figure 135. Longitudinal component elastic strain on the bearing pads – link slab model
When viewing the longitudinal component of the elastic strain on the bearing pads for the link
slab model, and comparing them with the results from the full continuity model, it can be observed
that the elastic strain in the bearing pads is lower with the presence of a continuity diaphragm, as
can be seen in Figure 136. The positive reinforcement in the continuity diaphragm is especially
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effective in bridging the compatibility of displacements on the girder bottom, this relieves the
bearing pads from having to supply the restriction toward girder end rotation in this location.
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Figure 136. Longitudinal component elastic strain on the bearing pads – full continuity model
As can be seen in Figure 136, the magnitude of the longitudinal component of the elastic strain
in the bearing pads of the full continuity model is lower than the magnitude for the same parameter
in the link slab model. The overall influence of the bearing pads towards joint performance is,
therefore, also smaller in the full continuity model.
When the equivalent stress is observed for the bearing pads in the link slab model, Figure 137,
it can be stated that higher stress values occur than in the case for the link slab model than in the
full continuity model (see Figure 138).
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Figure 137. Equivalent stress contour on the bearing pads – link slab model (psi)
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Figure 138. Equivalent stress contour on the bearing pads – full continuity model (psi)
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The difference between the stress values in the bearing pads for both models stems from the
difference in the roles the bearing pads play for the structural system. In the link slab model, the
bearing pads are the only restricting force at the girder bottom, whereas in the continuity
diaphragm, there are hairpin bars that are taking this precise purpose.
The shear stress distributions for the link slab and full continuity models can be seen in Figure
139 and Figure 140 respectively. It can be observed that the support bearings in the link slab model
are subjected to higher magnitude shear stress due to the higher demand of its role within the
continuity.
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Figure 139. Shear stress contour on the bearing pads – link slab model (psi)
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Figure 140. Shear stress contour on the bearing pads – full continuity model (psi)
The displacements in the longitudinal direction reflect the previous observation. Figure 141
shows the displacement on X on the bearing pads in the link slab model. When these displacements
are compared with the displacements shown in Figure 142, from the full continuity model, it can
be observed that there is a large difference in the magnitude of results.
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Figure 141. Longitudinal displacement at the bearing pads – link slab model (in)
The bearing pads in the link slab model have displacements that are of much higher magnitude
than in the case for full continuity.
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Figure 142. Longitudinal displacement at the bearing pads – full continuity model (in)
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The higher degree of continuity from the diaphragm with positive reinforcement is reflected on
the lower impact the joint has on the bearing pads when it comes to the effects from temperature
gradient.
5.5.2 Link Slab Contribution vs Continuity Diaphragm Contribution
Both models discussed in this study represent different continuity conditions, as well as
different degrees of continuity. The nature of the continuity at the joint will be reflected on the
stress and strain distribution within the different parts of each structural system.
5.5.2.1 Axial Stress in the Deck
Though the decks remain continuous in both models, the role they play is different. In the case
of the link slab model, the deck or link slab, will be the sole point of connectivity between the
girder ends. This means the link slab and its stiffness are the only means by which compatibility
between girder ends can be achieved (see Figure 143).
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Figure 143. Axial stress on the deck at the continuity – link slab model (psi)
The importance of the link slab’s role in the system’s degree of continuity becomes apparent
when the compressive stress on the link slab is viewed more carefully. The values of compressive
axial stress are higher and more concentrated in the link slab model, as can be seen in Figure 143,
than in the full continuity model, Figure 144.
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Figure 144. Axial stress on the deck at the continuity – full continuity model (psi)
Within the full continuity model, the deck will not have the main role of providing compatibility
between girder ends. It will be the place of the continuity diaphragm to provide the means for
continuity to be established and therefore the deck’s role becomes secondary in this type of joint.
The deck’s secondary role in establishing continuity becomes apparent when the results for
axial stress concentration is analyzed. In both models, it can be observed that while the decks are
being subjected to the effects of temperature gradient, there is mostly compression stress in the
deck. It is important to note however, that the stress is more concentrated and elevated in the link
slab model.
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The superior capacity of the hairpin bars in managing the displacement of the girder bottom in
the full continuity model allows for stress to be better and more evenly distributed along the girder
than the higher stress concentrations on the deck that are visible in the link slab model.
5.5.2.2 Stress Distribution in the Link Slab
When the equivalent stress distribution is analyzed, a similar observation can be made as in the
case for axial stress. The deck in the link slab model has stress values that are much higher than in
the case for the continuity diaphragm.
Figure 145 shows the equivalent stress distribution in the deck within the link slab joint. As can
be observed by comparing this with Figure 143, axial stress is the most predominant type of stress
within this type of joint. Figure 146 shows the stress distribution with full continuity.
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Figure 145. Equivalent stress distribution in the deck – link slab model (psi)
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Figure 146. Equivalent stress distribution in the deck – full continuity model (psi)
When the results for the full continuity model are compared with the link slab model, it can be
observed that the stress values of the full continuity model are lower in magnitude than the stress
values in the partial continuity model. Stress is also visibly more distributed in the full continuity
model, and more concentrated in the link slab model.
5.5.3 Stress Distribution at the Girder Ends
The impact of the degree of continuity affects stress distributions in the girder ends strongly. In
the case of the link slab model, axial stress becomes concentrated on the deck and the bearing pads.
The girder end sees a stress distribution surrounding these focal points as can be observed in Figure
147.
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Figure 147. Axial stress distribution at the girder ends – link slab model (psi)
Stress is much more concentrated in the link slab model, than in the full continuity model.
Figure 148 shows the axial stress distribution in the full continuity model.
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Figure 148. Axial stress distribution at the girder ends – full continuity model (psi)
As can be observed on Figure 148, the axial stress is much more distributed in the full continuity
model. The compatibility condition provided by the positive reinforcement in this case, grants the
conditions for axial stress to be concentrated at both the girder bottom and the top, however with
less concentration than was observed in the link slab model. Coinciding with observations of
previous studies(Hossain and Okeil 2014) , the full continuity model shows stress concentrations
at the bottom flanges of the girder ends at the joint, specifically surrounding the location of the
hairpin bars.
Equivalent stress distributions reflect the previous observations on axial stress. Stress
is much more concentrated in the link slab model, Figure 149, than in the full continuity model.

176

19:50:44

Y
X

Z

52.379

1045.42
548.897

2038.45
1541.93

3031.49
2534.97

4024.52
3528.01

4521.04

Figure 149. Equivalent stress distribution at the girder ends – link slab model (psi)
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Figure 150. Equivalent stress distributions at the girder ends - full continuity model (psi)
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5.6

Summary

A detailed three-dimensional finite-element model of a joint with link slab continuity was
modeled under the same loading conditions as a three-dimensional finite-element model of a joint
with a continuity diaphragm. Using ANSYS commercial software SOLID65, LINK8 and
CONTA178 were selected to represent the different materials that will interact in the models.
Support conditions and material properties were assumed to be identical in both models, and in
order to determine the equivalent loading resulting from temperature gradient, the previously
validated simplified line model was used. Displacements and rotations were then determined using
the simplified line model for the conditions in the detailed 3D model and were applied to the
corresponding elements in the 3D model.
Results showed a different stress distribution between both models. The higher continuity of
the continuity diaphragm provided the conditions for a better distribution of stress than the link
slab in the partial continuity model. Bearing pads had different roles in both models and therefore
different stress distribution and deformation profile. The higher redundancy of the continuity
diaphragm resulted in less influence of the bearing pads towards joint performance in the full
continuity model than in the link slab model.
The results confirmed the high impact that support conditions can have on a partially continuous
joint. Additionally, it was observed that axial stress was higher and more concentrated in the link
slab model than in the full continuity model.
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6.1

CHAPTER 6.
Summary

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

A parametric study was conducted to gain a better understanding of the relationship between
different factors which can influence the performance of bridges with varying degrees of
continuity. Closed form solutions were determined for the continuity moment in different bridge
spans with idealized support conditions, and a verified simplified line model was used for bridge
spans with realistic supports.
The line model was validated by measuring displacements at the supports and later comparing
results with an equivalent stiffness model that was developed specifically to model systems with
partial continuity.
Results showed a close relationship between support stiffness and the system global equivalent
stiffness. Temperature gradient was also found to produce higher stress conditions for the link slab,
as well as the supports, than the live load.
Consequently, a field study was conducted to verify different conditions that were tested in the
parametric study. Long-term monitoring using a system of 134 sensors, as well as visual cracking
inspections, and a live load test confirmed many of the observations made during the parametric
study.
Girder end displacement, girder end rotation, force in the link slab, cracking at the link slab,
and temperature distribution in the composite section were all determined using temperature
corrected data collected at 3-minute intervals over a period of 3 years.
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Cracking was found to have a large influence in the performance of the link slab. Support
conditions were also found to have a high influence in the stress that will develop at the link slab.
Analysis of the collected data also indicated confirmation from the results of the parametric study
that the link slab was having more stress from temperature gradient loading than live load.
To further validate and understand results a detailed 3D finite element model was developed
for a joint with partial continuity, and it was compared to a similar model of a joint with a
continuity diaphragm.
Material and support conditions were homogenized between both models, and equivalent
loading conditions were determined for each. The line model used in the parametric study was
used to determine the loading conditions for the partially continuous joint.
Results showed a different stress distribution between both models. The bearing pads in the link
slab model had much higher stress concentrations than the bearing pads in the continuity
diaphragm model.
The results confirmed once again the high impact that support conditions can have on a partially
continuous joint. Additionally, it was observed that axial stress was much higher and more
concentrated in the link slab model than in the full continuity model.
6.2

Conclusions

6.2.1 Parametric Study
The parametric study within this work consisted of 648 individual line models representing
factors that commonly intervene during design. Two main support conditions and continuity
conditions were taken into account, and a Global Equivalent Stiffness was derived and used to
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validate the results. Finally, comparisons were made between different factors in order to establish
and test relationships. From these comparisons, the following conclusions were drawn.
6.2.1.1 Support Conditions
The composite section axial and rotational stiffnesses have a weak relationship with the tension
force that develops in a link slab. The stiffness term that has the greatest influence in the way the
link slab performs is the Support Stiffness at the joint where the link slab is located. This is true
for both Fixed Support Condition Bridge Spans, as well as Floating Support Condition Bridge
Spans. The supports on opposite ends of the girder from the link slab will have an influence,
however in the equivalent spring system the far support interacts with the link slab as a
complementary element of the girder, slightly reducing its effect.
Even though there is a consistency in the trend of results from this study and earlier studies
based on idealized support conditions, the idealized support conditions can overestimate the role
of the link slab.
Horizontal forces in the bearing pads are almost equal in cases without a link slab. Introducing
a link slab causes a redistribution of the reactions based on relative support stiffnesses. For fixed
support condition bridge spans, a large reaction is formed at the fixed support. For floating support
condition bridge spans, much smaller reactions form at the supports varying by stiffness
proportionately.
6.2.1.2 Link Slab Force
The Global Equivalent Stiffness and the Tension Force are directly proportional: increasing the
increases the tension force on the link slab.
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The girder stiffness does not have a direct effect on the tension force. The relationship between
the girder stiffness and the tension force seems more linked with the weight a larger section adds
during the support design, which increases the need for larger bearing pads.
It can be observed that temperature, by altering the support horizontal stiffness, can have a big
influence on the tension force that develops within the link slab.
6.2.1.3 System Equivalent Stiffness
The system equivalent stiffness is a good way to gauge how the system will respond without
having to develop a complete finite element model (Okeil et al. 2011).
The use of link slabs to consider any aid to the midspan positive moment necessitates special
care over the way the supports are modeled. Though the benefit that the midspan can have from
the link slab with bearing supports is minimal, not taking the link slabs into account structurally
can produce problems for the support bearings. If there is a link slab, it should be taken into account
in the bearing design considerations, principally for shear.
6.2.2 Field Monitoring of Link Slab Performance
6.2.2.1 Girder End Displacement:
Increasing the continuity of a segment will introduce additional restraint to displacement and
deformation of girder ends in a similar way as support conditions. From the observations in this
study, it was found that recorded girder end displacement values saw a greater effect from a change
in continuity conditions than with a change in support conditions. As continuity increases, girder
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end displacement values become smaller. Most of the girder end displacement that will be taking
place will be due to changes from temperature.
6.2.2.2 Crack Width:
An increase in the restraint by support conditions results in an increase of crack widths on the
tensioned face. When comparing the crack widths that formed in bents with a fixed support
condition, and those with expansion supports, greater crack widths were concentrated around those
with a fixed support condition, this was observed both from visual inspections, as well as the
analysis drawn from gapmeter measurements.
On the other hand, link slabs in the 4-span segment saw a decrease in crack width formation
when compared to the bents in 2 span segments. Spans that formed part of a system with greater
continuity saw less crack width formation than those with less continuity. This is probably because
as the continuity increases stress will have more places to distribute to, with less continuity stress
will concentrate in fewer places and therefore can cause wider cracks.
Crack width formation is affected directly by temperature gradient variations on a daily basis.
6.2.2.3 Link Slab Force:
Recorded tension values in the link slabs over expansion supports are, in many cases, greater
than the bearing support can theoretically account for on its own resistance. This indicates that
there is an additional restriction at the girder end. This could be due to friction between the shear
keys and the girder bottom flanges they surround due to debris accumulation in the gap between
them. This was observed from the values of tension that can develop on the link slab, as well as
by comparison with the STAAD model. In order for displacements in the STAAD model to match

183

displacements recorded on the sensors, support conditions in the model had to be increased
substantially.
Higher support restraint leads to greater link slab forces. As support conditions allow girder
ends to rotate more freely, stresses in the link slab are relieved. As support conditions become
more restrictive to girder end movements, forces in the link slab increase.
6.2.2.4 Relative Angle:
The minimum relative angle, or the point when the girders are in their most vertical state; i.e.,
minimal girder end rotations, coincides with the lowest temperature gradient. Similarly, the highest
recorded relative angle at the girder ends coincided with the highest temperature gradient, showing
that temperature gradient is the most dominant factor of girder end rotation.
The relative angle was not greatly affected by a change in the continuity conditions, however
the small changes that took place showed that as the continuity condition increased, the girder end
rotation decreased.
6.2.2.5 Temperature:
Every recorded and analyzed value from the data that was collected showed a clear influence
from temperature changes recorded by the sensors. Though temperature changes in both uniform
and gradient form affected every measured value, the response seemed to be more closely matched
with changes in the temperature gradient throughout the day.
Seasonal effects to temperature ranges caused changes in the stresses the link slabs are subjected
to. Due to its particular temperature gradient, girder end rotations in the winter can be inverted

184

when compared to those from the summer, this was reflected in the forces that develop within the
link slab, as well as the nature and position of the cracking.
6.2.2.6 Live Load Test:
Live load testing revealed that the effects of a live load on the deck section are generally less
than the effects that temperature gradient can cause through daily temperature fluctuations. By
comparing analysis results at the lowest temperature gradient with those at the highest temperature
gradient during a 24-hour period, it is possible to measure the daily fluctuations in force, girder
end displacement, and girder end rotations due to temperature gradient. When comparing the
analyses results of a live load, with the results from changes that can occur during a day, it becomes
clear that daily temperature fluctuations can produce much larger effects than many live load
scenarios. This behavior stems from the performance enhancements that a link slab continuity can
have on a deck section.
Effects due to a live load on a partially continuous bridge deck can result smaller in value than
the effects due to temperature gradient. Although temperature gradient produces its maximum
effects during the summer these effects will be contrary to those produced by service loads; during
the winter, though milder, the effects of a negative temperature gradient will compound with live
load effects.
6.2.3 3D Finite Element Model of a Partially Continuous Joint
6.2.3.1 Bearing Pads
Bearing pad performance is closely linked to the nature of the continuity at the joint. In the case
of the link slab model, where continuity is partial, the bearing pads take up an important role as
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they become responsible for restricting the displacement of the bottom portion of the girder ends.
Concentrated stress on the bearing pads in the link slab model is much higher by comparison with
the full continuity model.
In the full continuity model, stress is lower on the bearing pads. The overall displacement and
deformation of the bearing pads is also lower than it is in the link slab model. The difference in
how the bearing pads will be affected is directly related to the bearing pads role within the
established continuity.
In a partially continuous joint where a link slab is present as the main structural element
providing continuity, the bearing pads will be placed under higher stress and as such, the properties
of the bearing pad will be much more influential toward the performance of the continuity. The
highest recorded axial displacement in the link slab model at the bearing pads was approximately
4 times larger than the highest recorded axial displacement in the full continuity model.
In a fully continuous joint where there is positive reinforcement, the role of the bearing pads
becomes more diluted and as such, there are much lower demands placed on them by comparison
to their role in a link slab joint.
6.2.3.2 Deck
Deck performance, or link slab performance, within a joint with continuity is highly dependent
on the nature of the continuity. Joints where the link slab is the main source of continuity will have
a much higher stress concentration at the girder top, and in the area surrounding the deck than in
the case for joints with a continuity diaphragm with positive reinforcement. Not only will there be
a difference in the magnitudes, but in the overall pattern for stress concentration.
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Link slab continuity will see higher stress concentrations for load cases where a continuity
diaphragm will produce lower stress, such as is the case for temperature gradient. This is due to
the placement of the restrictions to girder end deformation.
In a link slab joint, the partial continuity is provided mainly by the link slab and balanced with
the bearing pads. Within a joint with a continuity diaphragm with positive reinforcement, most of
the continuity is provided by the diaphragm itself, relying much less on the bearing pads and deck.
Given the much lower stiffness of the bearing pads when compared to the stiffness of the hairpin
bars of the positive reinforcement, the resistance provided is much lower, and therefore allows for
much larger displacement of the girder ends in a joint with partial continuity.
The deck in a joint with a continuity diaphragm with positive reinforcement will have much
lower stress concentrations; the stress distribution will also be of a different nature. Considering
the continuity diaphragm is doing most of the restriction on the girder ends, for the case of
temperature gradient, the deck will be subjected mostly to compressive stress; though the type of
stress that occurs in a joint with a link slab continuity will be similar, the magnitudes of such stress
and its distribution will be different. As the deck’s role in providing continuity becomes less
important, stress concentrations in the deck will be correspondingly lower.
6.3

Recommendations and Future Research

From analysis of the results in each part of this work some recommendations can be made for
future research.
Previous research had obtained closed form solutions of the moment at the continuity in a
partially continuous joint with idealized support conditions. This work used a validated line model
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to obtain the moment at the continuity in a partially continuous joint with realistic support
conditions because a closed form solution could not be found. Further efforts to find a closed form
solution for realistic support conditions should be made.
The line model developed in the parametric study was later used both to validate the analyses
from the long-term field monitoring project, as well as to determine the loading conditions in the
3D finite-element model. This line model is a simplified representation of the principal parts of a
partially continuous span. Further efforts can be made to develop the line model to include not
only the steel within the link slab as a single element, but also the concrete, as well as the individual
layers of steel reinforcement.
All parts of this work reiterated the importance that support stiffness can have on link slab
performance. Similarly, when a link slab is present, the supports will be subjected to different
loading conditions than the simply supported or fully continuous case. Further efforts can be made
to analyze the performance impact of partial continuity on bearing pad design.
The parametric study in this work considered different bridge design factors to determine their
impact on link slab performance. The variable of total segment length can be further expanded on
to include a higher number of spans, as well as higher total segment length. This will grant a better
understanding of link slab behavior and help test out current bridge design recommendations such
as maximum segment length, and maximum number of spans to be made continuous. This future
work can be done by complementing the parametric study in this work with additional cases. Nonlinear analysis should be considered as a compliment to the parametric study in this work.
Loading conditions in the current research were limited by the scope of the project to include
only temperature gradient and live load. Further loading conditions, such as braking force, can be
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investigated in order to quantify the ways that partial continuity will affect bearing pad design.
Furthermore, the effects of shrinkage and uniform temperature on bearing pad design can also be
investigated in the context of partial continuity.
During the field study a considerable difference was found in actual support displacements and
displacements within the simplified line model. The difference was eliminated by fine tuning the
stiffness of the supports until the results were compatible. This suggests there were additional
restrictions at the support level in the actual bridge which were not being taken into account in the
line model. Another alternative is that the stiffness value for the bearing pads was much higher
than what was assumed. Further research to investigate this disparity would improve understanding
of link slab performance considerably.
Cracking was found to have considerable impact on link slab performance. Further models can
be developed, and later compared with results from the long-term study, as well as live load test,
to gain a better understanding of the magnitude of the effects that cracking can have on link slab
performance.
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APPENDIX A
STRUCTURAL HEALTH MONITORING SYSTEM
This appendix provides the complete details of the structural health monitoring system used in
this project. The provided information includes the instrumentation plan and tabulated sensor
details.
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Figure A1
Instrumentation plan details – Spans 1 – 4
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Figure A2
Instrumentation plan details – Spans 14 – 15
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Figure A3
Instrumentation plan details – Spans 17 – 20
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Table A1
Gapmeter Installation Table
Ouachita River Bridge - Gapmeters
ID
B1-G4-BFE
B1-G7-BFE
B2-G4-BFE
B2-G4-BFW
B2-G4-BW
B2-G4-TW
B2-G7-BFE
B2-G7-BFW
B2-G7-BW
B2-G7-TW
B3-G4-BFE
B3-G4-BFW
B3-G4-BW
B3-G4-TW
B3-G7-BFE
B3-G7-BFW
B3-G7-BW
B3-G7-TW
B4-G4-BFE
B4-G4-BFW
B4-G4-BW
B4-G4-TW
B4-G7-BFE
B4-G7-BFW
B4-G7-BW
B4-G7-TW
B5-G4-BFW
B5-G7-BFW
B14-G4-BFE
B14-G4-BFW
B14-G4-BW
B14-G4-TW
B14-G7-BFE
B14-G7-BFW
B14-G7-BW
B14-G7-TW
B16-G4-BFE
B16-G4-BFW
B16-G4-BW
B16-G4-TW
B16-G7-BFE
B16-G7-BFW
B16-G7-BW
B16-G7-TW
B17-G4-BFE
B17-G4-BFW
B17-G4-BW
B17-G4-TW
B17-G7-BFE
B17-G7-BFW
B17-G7-BW
B17-G7-TW
B19-G4-BFE
B19-G4-BFW
B19-G4-BW
B19-G4-TW
B19-G7-BFE
B19-G7-BFW
B19-G7-BW
B19-G7-TW
B20-G4-BFW
B20-G7-BFW
B21-G4-BFW
B21-G7-BFW

DL.CH
1
2
3
4
5
6
7
8
9
10
17
18
19
20
21
22
23
24
32
33
34
35
36
37
38
39
46
47
48
49
50
51
52
53
54
55
64
65
66
67
68
69
70
71
74
75
76
77
78
79
80
81
88
89
90
91
92
93
94
95
115
116
133
134

Section
Bent 1
Bent 1
Bent 2
Bent2
Bent 2
Bent 2
Bent 2
Bent 2
Bent 2
Bent 2
Bent 3
Bent 3
Bent 3
Bent 3
Bent 3
Bent 3
Bent 3
Bent 3
Bent 4
Bent 4
Bent 4
Bent 4
Bent 4
Bent 4
Bent 4
Bent 4
Bent 5
Bent 5
Bent 14
Bent 14
Bent 14
Bent 14
Bent 14
Bent 14
Bent 14
Bent 14
Bent 16
Bent 16
Bent 16
Bent 16
Bent 16
Bent 16
Bent 16
Bent 16
Bent 17
Bent 17
Bent 17
Bent 17
Bent 17
Bent 17
Bent 17
Bent 17
Bent 19
Bent 19
Bent 19
Bent 19
Bent 19
Bent 19
Bent 19
Bent 19
Bent 20
Bent 20
Bent 21
Bent 21

Girder
G4
G7
G4
G4
G4
G4
G7
G7
G7
G7
G4
G4
G4
G4
G7
G7
G7
G7
G4
G4
G4
G4
G7
G7
G7
G7
G4
G7
G4
G4
G4
G4
G7
G7
G7
G7
G4
G4
G4
G4
G7
G7
G7
G7
G4
G4
G4
G4
G7
G7
G7
G7
G4
G4
G4
G4
G7
G7
G7
G7
G4
G7
G4
G7

Location
Bottom Flange East
Bottom Flange East
Bottom Flange East
Bottom Flange West
Bottom of Web
Top of Web
Bottom Flange East
Bottom Flange West
Bottom of Web
Top of Web
Bottom Flange East
Bottom Flange West
Bottom of Web
Top of Web
Bottom Flange East
Bottom Flange West
Bottom of Web
Top of Web
Bottom Flange East
Bottom Flange West
Bottom of Web
Top of Web
Bottom Flange East
Bottom Flange West
Bottom of Web
Top of Web
Bottom Flange West
Bottom Flange West
Bottom Flange East
Bottom Flange West
Bottom of Web
Top of Web
Bottom Flange East
Bottom Flange West
Bottom of Web
Top of Web
Bottom Flange East
Bottom Flange West
Bottom of Web
Top of Web
Bottom Flange East
Bottom Flange West
Bottom of Web
Top of Web
Bottom Flange East
Bottom Flange West
Bottom of Web
Top of Web
Bottom Flange East
Bottom Flange West
Bottom of Web
Top of Web
Bottom Flange East
Bottom Flange West
Bottom of Web
Top of Web
Bottom Flange East
Bottom Flange West
Bottom of Web
Top of Web
Bottom Flange East
Bottom Flange West
Bottom Flange West
Bottom Flange West

Length (13,32 or 48")
13
13
13
13
48
32
13
13
48
48
13
13
32
32
13
13
48
32
13
13
48
32
13
13
48
48
13
13
13
13
32
48
13
13
32
32
13
13
32
32
13
13
32
32
13
13
48
48
13
13
32
32
13
13
32
48
13
13
32
32
13
13
13
13
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SN
1606652
1606654
1606064
1606648
1623403
1529663
1606649
1606069
1623405
1529667
1606068
1606070
1623413
1529662
1606656
1606655
1623411
1529655
1606647
1606651
1623404
1529658
1606653
1606650
1623414
1529656
1606062
1606063
1531827
1531830
1623407
1529687
1531829
1531835
1623410
1529654
1606065
1531836
16223412
1529664
1606066
1606067
1623409
1529666
1531826
1531832
1623406
1609428
1609417
1529665
1623402
1609429
1609423
1531828
1706436
1609424
1609431
1906646
1623408
1609425
1529888
1531833
1531831
1531834

Intial Reading Temp - C Temp - F
4054.8
17.2
63.0
4100.0
17.6
63.7
4174.4
11
51.8
4058.1
14.7
58.5
5054.0
11.6
52.9
4718.0
13.6
56.5
4139.2
13.8
56.8
3974.6
14.3
57.7
5217.9
12.3
54.1
4932.0
11.5
52.7
4127.8
13.1
55.6
4079.6
14.8
58.6
4967.9
13.4
56.1
4935.3
13.5
56.3
4097.3
13.1
55.6
4039.8
12.6
54.7
5000.9
15.1
59.2
4706.2
14.3
57.7
4134.8
13
55.4
4066.9
16
60.8
5105.2
14.9
58.8
4352.1
14.7
58.5
4045.8
15.7
60.3
4114.7
13.5
56.3
2548.8
14.2
57.6
4808.1
13.4
56.1
3013.0
11.7
53.1
3045.2
12.1
53.8
3962.2
8.89
48.0
3698.0
8.6
47.5
5080.3
9.6
49.3
2502.8
9
48.2
3698.0
8.6
47.5
3835.9
9.9
49.8
5312.9
10.3
50.5
4686.0
10.5
50.9
3672.2
19.7
67.5
4448.8
20.2
68.4
5602.5
20.1
68.2
6255.8
19.8
67.6
3447.0
20.6
69.1
2340.6
20.6
69.1
4862.0
23.5
74.3
5083.0
22.8
73.0
3843.5
16.5
61.7
4109.8
17.3
63.1
4853.9
21.1
70.0
4970.6
21.3
70.3
4124.0
17.9
64.2
4780.1
21.7
71.1
4866.4
22.6
72.7
4144.7
21.7
71.1
4020.7
19.4
66.9
3945.3
19.7
67.5
5028.0
18
64.4
5299.2
15.7
60.3
4979.1
20
68.0
3833.1
30.4
86.7
5155.3
20.6
69.1
4830.5
20.2
68.4
3960.4
19.1
66.4
4150.0
19.8
67.6
3981.8
12.8
55.0
4094.8
14
57.2

Table A2
Tiltmeter Installation Table
Ouachita River Bridge - Tiltmeters
ID
Gauge Type DL.CH Section
B14-G4-CWE Tiltmeter
56 Bent 14
B14-G7-CWE Tiltmeter
57 Bent 14
B16-G4-CWE Tiltmeter
72 Bent 16
B16-G7-CWE Tiltmeter
73 Bent 16
B19-G4-CWE Tiltmeter
96 Bent 19
B19-G7-CWE Tiltmeter
97 Bent 19
B20-G4-CWE Tiltmeter
117 Bent 20
B20-G4-CWW Tiltmeter
118 Bent 20
B20-G7-CWE Tiltmeter
119 Bent 20
B20-G7-CWW Tiltmeter
120 Bent 20
B21-G4-CWW Tiltmeter
135 Bent 21
B21-G7-CWW Tiltmeter
136 Bent 21

Girder
G4
G7
G4
G7
G4
G7
G4
G4
G7
G7
G4
G7

Location
Center of Web East
Center of Web East
Center of Web East
Center of Web East
Center of Web East
Center of Web East
Center of Web East
Center of Web West
Center of Web East
Center of Web West
Center of Web West
Center of Web West
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SN
1612763
1612758
1612761
1612762
1612759
1601265
1612767
1612765
1612768
1612760
1612766
1612764

Intial Reading Temp - C Temp - F
7420
18.3
64.9
6046
18.3
64.9
7704
20.4
68.7
7798
21.2
70.2
7441.2
9.5
49.1
7172.9
10.3
50.5
7555.6
20.3
68.5
7001.5
21.3
70.3
7504.2
21.7
71.1
7427.1
22.1
71.8
7438
21.9
71.4
3960.4
19.1
66.4

Table A3
Strandmeter Installation Table
Ouachita River Bridge - Strandmeters
ID
B2-G4-BS
B2-G4-TS
B2-S5.5-BS
B2-S5.5-TS
B2-G7-BS
B2-G7-TS
B3-G4-BS
B3-G4-TS
B3-S5.5-BS
B3-S5.5-TS
B3-G7-BS
B3-G7-TS
B4-G4-BS
B4-G4-TS
B4-S5.5-BS
B4-S5.5-TS
B4-G7-BS
B4-G7-TS
B15-G4-BS
B15-G4-TS
B15-S5.5-BS
B15-S5.5-TS
B15-G7-BS
B15-G7-TS
B17-G4-BS
B17-G4-TS
B17-S5.5-BS
B17-S5.5-TS
B17-G7-BS
B17-G7-TS
B19-G4-BS
B19-G4-TS
B19-S5.5-BS
B19-S5.5-TS
B19-G7-BS
B19-G7-TS

Gauge Type
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter
Strandmeter

DL.CH
11
12
13
14
15
16
25
26
27
28
29
30
40
41
42
43
44
45
58
59
60
61
62
63
82
83
84
85
86
87
98
99
100
101
102
103

Section
Bent 2
Bent 2
Bent 2
Bent 2
Bent 2
Bent 2
Bent 3
Bent 3
Bent 3
Bent 3
Bent 3
Bent 3
Bent 4
Bent 4
Bent 4
Bent 4
Bent 4
Bent 4
Bent 15
Bent 15
Bent 15
Bent 15
Bent 15
Bent 15
Bent 17
Bent 17
Bent 17
Bent 17
Bent 17
Bent 17
Bent 19
Bent 19
Bent 19
Bent 19
Bent 19
Bent 19

Girder
G4
G4
Slab between G4 & G5
Slab between G4 & G5
G7
G7
G4
G4
Slab between G4 & G5
Slab between G4 & G5
G7
G7
G4
G4
Slab between G4 & G5
Slab between G4 & G5
G7
G7
G4
G4
Slab between G4 & G5
Slab between G4 & G5
G7
G7
G4
G4
Slab between G4 & G5
Slab between G4 & G5
G7
G7
G4
G4
Slab between G4 & G5
Slab between G4 & G5
G7
G7
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Location
Bottom of Slab
Top of Slab
Bottom of Slab
Top of Slab
Bottom of Slab
Top of Slab
Bottom of Slab
Top of Slab
Bottom of Slab
Top of Slab
Bottom of Slab
Top of Slab
Bottom of Slab
Top of Slab
Bottom of Slab
Top of Slab
Bottom of Slab
Top of Slab
Bottom of Slab
Top of Slab
Bottom of Slab
Top of Slab
Bottom of Slab
Top of Slab
Bottom of Slab
Top of Slab
Bottom of Slab
Top of Slab
Bottom of Slab
Top of Slab
Bottom of Slab
Top of Slab
Bottom of Slab
Top of Slab
Bottom of Slab
Top of Slab

SN
1521977
1521982
1521979
1503423
1503416
1503420
1503425
1503424
1503419
1503417
1521981
1503418
1503421
1503421
1503422
1521983
1521975
1521980
1536841
1536840
1536845
1536844
1536842
1536843
1530070
1530067
1530065
1530072
1530069
1530068
1530071
1530066
1521978
1521976
1530063
1530064

Intial Reading Temp - C Temp - F
2932
38.1 100.6
3150
38.5 101.3
3227
39.4 102.9
3160
38.4 101.1
3003
38.9 102.0
3206
37.6 99.7
3118.7
25.5 77.9
2998
25.2 77.4
3071
25.6 78.1
3117
25.4 77.7
3339
25.1 77.2
2998.2
24.7 76.5
2945.2
25.8 78.4
3096.7
25.7 78.3
2844
25.9 78.6
3680
25.8 78.4
3155.7
25.9 78.6
3594.2
25.8 78.4
3364.1
18.5 65.3
2938.4
18.4 65.1
2911.1
19.4 66.9
3123.6
19.5 67.1
3095
19.5 67.1
2989
19.5 67.1
3234.6
23.2 73.8
3329.6
23.2 73.8
3000.8
25.3 77.5
2931.1
27.4 81.3
2965.3
33.7 92.7
3492.3
32 89.6
3149.6
17.3 63.1
3351
16.8 62.2
3084.2
23 73.4
3332.5
20.6 69.1
3307.6
23.4 74.1
2961.7
23.1 73.6

Table A4
Sisterbar Installation Table
Ouachita River Bridge - Sisterbars
ID
Gauge Type DL.CH Section Girder
Location
S19-G2-TF_A
Sisterbar
104 Span 19
G2
Top Flange
S19-G2-BF_A Sisterbar
105 Span 19
G2
Bottom Flange
S19-G2-S
Sisterbar
106 Span 19
G2
Slab
S19-G4-TF_A
Sisterbar
107 Span 19
G4
Top Flange
S19-G4-BF_A Sisterbar
108 Span 19
G4
Bottom Flange
S19-G4-S
Sisterbar
109 Span 19
G4
Slab
S19-G7-TF_A
Sisterbar
110 Span 19
G7
Top Flange
S19-G7-BF_A Sisterbar
111 Span 19
G7
Bottom Flange
S19-G7-S
Sisterbar
112 Span 19
G7
Slab
S20-G2-TF
Sisterbar
122 Span 20
G2
Top Flange
S20-G2-BF
Sisterbar
123 Span 20
G2
Bottom Flange
S20-G2-S
Sisterbar
124 Span 20
G2
Slab
S20-G4-TF_A
Sisterbar
125 Span 20
G4
Top Flange
S20-G4-BF_A Sisterbar
126 Span 20
G4
Bottom Flange
S20-G4-S
Sisterbar
127 Span 20
G4
Slab
S20-G7-TF_A
Sisterbar
110 Span 19
G7
Top Flange
209-G7-BF_A Sisterbar
111 Span 19
G7
Bottom Flange
S20-G7-S
Sisterbar
130 Span 20
G7
Slab

SN
1513274
1513276
1513275
1513277
1513275
1513273
1535109
1535112
1535110
1513267
1513268
1535111
1513272
1513271
1535113
1513269
1513270
1535114

Intial Reading Temp - C Temp - F
5675.8
17.2 63.0
3314.1
17.5 63.5
6783.1
17.3 63.1
5812.9
17.4 63.3
3762.5
17.5 63.5
7504
17.9 64.2
5781.7
18.2 64.8
3300.5
18.1 64.6
7130.4
18.4 65.1
6720
33.9 93.0
7000.6
34.1 93.4
6804.4
26.8 80.3
6672.1
33.9 93.0
7092.5
34 93.2
7532.9
30.7 87.2
6777
27.7 81.9
7117
26.6 79.9
7016.8
29.4 85.0

Table A5
Straingage Installation Table
Ouachita River Bridge - Strains
ID
B3-STRAIN
B20-STRAIN
S20-G7-TF_B
S20-G7-BF_B

Gauge Type DL.CH Section
Strain
31
Bent 3
Strain
121 Bent 20
Strain
128 Span 20
Strain
129 Span 20

Girder
N/A
N/A
G7
G7
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Location
N/A
N/A
Top Flange
Bottom Flange

SN
N/A
N/A
N/A
N/A

Intial Reading Temp - C Temp - F
3566.7
27.1
80.8
3631.9
27.6
81.7
5539.4
11.9
53.4
3857.2
12.1
53.8

APPENDIX B
LIVE LOAD TEST TRUCK POSITIONS
This appendix provides the details of the axle weights for the two trucks used in the live load
testing of the Ouachita Bridge and the positive and negative moment positioning of the
trucks.

Figure B1
Truck Axis Weight

Figure B2
Positive moment positions for west approach spans

Figure B3
Positive moment positions for east approach spans
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Figure B4
Negative moment positions for west approach spans

Figure B5
Negative moment positions for east approach spans
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