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Abstract
Early-age cracking has been identified as a significant contributor to increased life cycle cost and
decreased service life of concrete bridge decks. Newly placed concrete is susceptible to cracking due its
low tensile strength at an early age, commonly considered to be within a few months post concrete
placement. Temperature variations within the deck caused by environmental conditions as well as heat of
hydration have been identified as potential contributors to early-age cracking. Adjusting the placement
time to avoid the adverse effects of different environmental factors could be a strategy to further mitigate
early-age cracking. However, there is inconclusive guidance regarding the time of deck placement and
corresponding environmental conditions that would effectively limit tensile stresses within the deck at an
early-age. In this study, an investigation of the effect of environmental conditions, such as ambient air
temperature and solar radiation, and early-age concrete properties, such as heat of hydration and elastic
modulus development, on the principle tensile stresses within a concrete deck during the first 29 hours
after concrete placement (including an assumed 5 hour set time from placement) is summarized. The
investigation was conducted using thermo-mechanical finite element modeling to analyze the stresses in a
composite concrete deck-steel girder bridge system for different environmental and design scenarios. The
results of this study showed that reducing the concrete heat of hydration within the deck was most
effective at limiting the maximum principle tensile stresses within the deck during the first 29 hours
following

placement

of

the

concrete

deck.
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Chapter 1
Introduction
Newly placed concrete bridge decks are susceptible to early-age cracking because the tensile
stress development, due to restraint and other factors, can exceed the tensile strength at which point a
crack forms. Among the causes of early-age cracking in concrete decks, changes in temperature and
moisture within the concrete have been identified as potential contributors (Miller et al. 2006, TRB 2006,
MnDOT 2011). Spatial temporal temperature variations within the deck cause thermal deformations and
shrinkage that, when combined with restraint, induce stresses within the deck. Temperature variations
within the deck occur due changes in the ambient air temperature, solar radiation, as well as the heat of
hydration within the newly placed bridge deck. Changes in temperature and moisture cause volumetric
movement in the form of thermal deformations and shrinkage in the concrete. When thermal deformation
in the concrete deck is restrained, for example by composite action with the supporting girders in the case
of bridge decks, tensile stresses can develop within the concrete deck, potentially contributing to cracking
if the tensile stress exceeds the tensile strength of the concrete prior to the concrete reaching maturity.
Several experimental studies have been performed in which bridge decks were instrumented and
monitored for temperature and stress (Miller et al. 2006, Subramaniam et al. 2010 Choi et al. 2011a, Choi
et al. 2011b, Hossain et al. 2014). Additionally, numerical methods have been used to investigate
temperature and stress within bridge decks. The numerical studies have focused on the behavior of fullymatured concrete, i.e. concrete that has reached its ultimate strength (Elbadry and Ghali 1983, Digler et
al. 1983, Fu et al. 1990), or using experimental data to validate a numerical model (Choi et al. 2011a,
Choi et al. 2011b, Hossain et al. 2014). Among numerical methods, the Finite Element (FE) method has
shown the capability to estimate temperature and subsequently thermally-induced stresses within concrete
bridge decks (Choi et al. 2011b, Lin and Chen 2012), allowing a significant number of analyses to be
performed in lieu of analytical and experimental techniques. Although previous studies have shown
environmental conditions can significantly affect tensile stresses in bridge decks the effect of the thermal
loading due to heat of hydration was not considered. In this study, the FE method is employed to estimate
1

thermally induced stresses and to study the influence of the various environmental design factors. The
complexity of the various factors, that is ambient temperature, solar radiation, heat of hydration, and scale
preclude a parametric experimental study.
The objective of this study is to identify the factors that have the greatest influence on the
maximum tensile stresses in concrete bridge decks at an early age. Factors that will be considered include
ambient air temperature, solar radiation, heat of hydration and elastic modulus development. Stresses in
the composite concrete deck will be estimated using the FE method. An array of environmental
conditions, concrete material properties, and bridge deck placement times are organized into deck
placement scenarios for the parametric study. The maximum principal tensile stress is the primary metric
for assessing the effect of the various environmental and design factors. A sensitivity study was carried
out for the sensitivity of the maximum principle stress in the concrete deck to variations in model
parameters, more specifically heat transfer coefficients, to guide the refinement of the finite element
model prior to the scenario analysis.
The results of the parametric study were analyzed to identify deck placement times for different
environmental conditions that were best at limiting the maximum principal tensile stresses in the concrete
deck. It is assumed that, identifying scenarios that reduce the principal tensile stresses within a deck will
reduce the potential for early-age cracking thereby increasing service life for bridge decks and, in turn,
reduce life cycle costs. Based on the principal tensile stress results from FE analysis of 128 deck
placement scenarios, reducing the concrete heat of hydration by using concrete mix designs with reduced
Type I Portland cement contents was found to be the most influential factor to limit maximum principal
tensile stress development within the deck during the 29 hours after concrete placement.
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Chapter 2
Background
Prior research has investigated the volumetric changes in concrete bridge decks caused by
shrinkage and thermal deformations and the effect on stresses (Subramaniam et al. 2010, Choi et al.
2011a, Choi et al. 2011b, Minnetyan and Janoyan 2011). These studies ranged from experimental
techniques involving scaled laboratory models to full-scale decks in the field to numerical methods,
utilizing numerical techniques like the FE method. With respect to experimental investigations,
Subramaniam et al. (2010) instrumented a full-scale composite concrete deck-steel girder bridge in the
field before, during, and after concrete placement with temperature and strain gauges to monitor the
temperature and stress state over time. The study concluded that strain variations in both the deck and
girder corresponded with ambient temperature changes and large temperature differentials between the
deck and girder contributed to large tensile stresses in the deck. However the factors contributing most
significantly to the tensile stresses could not be identified because of the inability to control and vary the
environmental conditions coupled with limited sensors to collect data. A scaled composite deck was
studied by Choi et al. (2011a and 2011b) to determine the temperature distribution (Choi et al. 2011a) and
stress distribution (Choi et al. 2011b) through the cross-section at an early age. These studies reported the
temperature of the deck at the surface was most influenced by environmental conditions (i.e., ambient
temperature, solar radiation) and that the stress at the center of the deck cross section varied with changes
in environmental conditions after an early-age, i.e. once the heat of hydration was insignificant.
A significant portion of prior research utilizing the FE method to study thermal deformations in
concrete have focused on mass concrete structures, such as dams and piles (Garner and Hammons 1991,
Bombich et al. 1991, Lin and Chen 2012). However, a few studies have investigated thermal
deformations in bridge decks, typically focusing on the temperature behavior. Elbadry and Ghali (1983)
used the FE method to estimate temperature and stress distributions within concrete box girder bridges
due to ambient air temperature, solar radiation, and geometry. The Elbadry and Ghali study concluded
high solar radiation intensity and large ambient temperature differentials produce large thermal stresses.
3

Similarly, Digler et al. (1983) used a finite difference program to estimate the temperature profile of
composite concrete decks on steel box girders, finding extreme ambient temperature variations, the color
of the steel girders, and solar radiation intensity among the factors affecting the temperature profile. Fu et
al. (1990) used an uncoupled FE heat transfer-stress analysis to investigate stresses of composite concrete
decks with steel box girders and steel plate girders due to variations in solar radiation, ambient air
temperature, and member geometry. The study identified ambient air temperature extremes, temperature
gradients, and slab overhang for fascia girders as major factors affecting stresses. Minnetyan and Janoyan
(2011) developed a FE model for use in estimating thermal deformations caused by heat of hydration,
shrinkage, and stresses in composite decks at an early age and concluded that low magnitudes of tensile
stress could develop in the interior portion of the deck, however the study did not include the influence of
environmental factors. Choi et al. (2011b) validated a FE model using the results of their previous
experimental study (Choi et al. 2011a) of the thermal, moisture, and mechanical behavior of a scaled
laboratory composite bridge deck. Beyond FE analysis, other numerical techniques have been used to
study thermal deformations in bridge decks. For example, Hadidi et al. (2003) developed a series of
compatibility equations to approximate the stress distribution in composite bridge decks for a given
temperature profile and variety of support conditions. Yousong and Shizhong (2007) used closed formed
analytical techniques to estimate the temperature distribution within concrete box girder bridges due to
solar radiation. Yousong and Shizhong concluded that temperature differentials caused by solar radiation
of up to 25 °C are achievable over the cross section, but did not asses the stresses induced due to these
temperature differentials.
The current state of the literature with respect to early-age stresses within concrete bridge decks,
as outlined in previous sections, helped guide the FE model approach in this study such that the thermal
and mechanical phenomena were comprehensively considered. Although previous research has aimed at
describing the early-age stress behavior within newly placed concrete bridge decks through both
experimental testing and numerical modeling, there is still a lack of guidance regarding which
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environmental factors, concrete material properties, and deck placement times are most influential in
limiting

the

tensile

stresses

within

the

deck.
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Chapter 3
Methodology
A FE model of a section of a composite concrete deck-steel girder system was created using
Abaqus (Dassault Systèmes 2010) to estimate the stresses within a concrete bridge deck at an early age.
Governing heat transfer equations, boundary conditions, environmental conditions, and concrete material
properties were implemented in the FE model. A sensitivity study was performed to assess the effect of
variation of several heat transfer coefficients on the maximum principle tensile stress within the deck. The
results of the sensitivity study were used to refine the FE modeling, for example, for specifying values for
each of the heat transfer coefficients for the scenarios analysis. Deck placement scenarios were
established using combinations of different environmental conditions, concrete material properties, and
concrete placement times. Representative environmental conditions, i.e., ambient temperature and solar
radiation, were established using historical data for Pennsylvania. Two concrete mix designs were
considered to investigate how the developing properties affect principle tensile stresses in the deck.
Details of the key aspects of the methodology are discussed in the subsequent sections.
Finite-element model
An archetype two-span continuous bridge with pin-roller-roller support conditions was chosen as
the basis for the FE model due to the ubiquity of this configuration. The FE model was developed using
Abaqus/Standard (Dassault Systèmes 2010). A sequentially coupled heat transfer-stress analysis was
performed in Abaqus in order to incorporate both thermal and mechanical loads. The sequentially coupled
analysis was chosen because in the composite bridge system the stress field is dependent on the
temperature field, however, the temperature field is assumed not to be strongly dependent on the stress
field. That is, the deformations of the bridge systems do not significantly change the thermal loading as is
the case for strongly coupled systems such as disk brake rotors in vehicles or turbine blades. Furthermore,
the sequential analysis reduced computational time without changing the results of the heat transfer-stress
analysis. Constraints, mechanical and thermal boundary conditions, and interactions were defined at the
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various surfaces while developing the model. Mechanical and thermal loads were then applied to the
model and a sequence of carefully designed analysis steps were carried out to estimate the stresses as
discussed in the following sections.
An illustration of the archetype bridge configuration and cross-section of the composite deck
system are shown in Fig. 1. Member dimensions were chosen based on common values for such
configurations and support conditions taken from design information provided by the Pennsylvania
Department of Transportation (PennDOT). A sub-section of the composite deck system was modeled,
consisting of an interior support girder and a portion of the deck to limit the size of the FE model. To
further reduce the computational time, symmetry was exploited whereby half of the cross-section shown
in Fig. 1 was explicitly modeled in ABAQUS. The 203 cm width of the deck is equal to the spacing
between adjacent girders. At each support location, bearing pads are explicitly modeled, with dimensions
of approximately 40 cm by 30 cm by 5 cm for the exterior supports and 43 cm by 30 cm by 5 cm for the
interior support. Table 1 summarizes the thermal and mechanical material properties specified for the FE
analysis. These values are standard values for A709 steel for the girder and the properties of normal
weight concrete for the deck and haunch.

(a)

(b)
Fig. 1. Bridge deck (a) configuration and (b) cross section
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Table 1. Material Properties
Property
Modulus of Elasticity (MPa)
Poisson's Ratio
Coefficient of Thermal Expansion (/oC)

Concrete
mix design/time dependent
mix design/time dependent
4.3e-6, 5.0e-6

Steel
2E5
0.26
1.17E-05

2400

7850

mix design/time dependent

51.9

921

477

Specific Weight (kg/m3)
o

Thermal Conductivity (W/m- C)
Specific Heat (J/kg-oC)

The support conditions of the bridge configuration are modeled using boundary conditions. To
model the composite behavior of the deck, nodes on the haunch were constrained to the corresponding
nodes on the girder using a Tie constraint. A Tie constraint was also specified between the commonly
shared nodes of the bottom surface of the deck and the top surface of the haunch to model the connection
of the two sections. With respect to the thermal boundary conditions, an initial temperature was specified
for the elements within the FE model. The value of the initial temperature of the elements was set equal to
the initial ambient temperature for the specific scenario.
The stress state within the concrete deck is a function of the strain induced within the deck and
the time varying elastic modulus (i.e., Hooke’s law). Volumetric changes, i.e., strain are induced in
concrete due to thermal deformations, shrinkage, creep, and mechanical loading. The restraint of
volumetric changes results in induced stress, potentially including tensile stresses, within the concrete that
exceed the tensile strength of concrete leading to cracking (Rajabipour et al. 2012). The strain induced in
concrete is a function of elastic strain (Δεie), creep strain (Δεic), thermal strain (ΔεiT), and shrinkage strain
(Δεish), according to Eq. 1 (Bazant 1988).
(1)
The elastic strain is calculated using conventional structural mechanics analysis, whereby the
stiffness, geometry, and loading of the composite deck determine the strain distribution. Creep is
beneficial in concrete bridge decks in that it reduces the tensile stresses caused by thermal strain and
shrinkage strain (TRB 2006, Radlinska et al. 2007, Schmeckpeper and Lecoultre 2008), however at an
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early age the concrete creep is insignificant (TRB 2006). Therefore, for this study the creep strain is
assumed to be negligible and was not considered in the duration of the analysis (29 hours). Shrinkage in
bridge decks is largely a function of plastic shrinkage during the first few hours post concrete placement
and drying shrinkage during the weeks to months following concrete placement (TRB 2006). Proper wet
curing concrete results in little, or no, shrinkage strain during the first day following concrete placement
in comparison to curing concrete in a dry or windy ambient environment (Holt and Leivo 2000). In this
study it is assumed the curing process ensures the concrete is saturated so that shrinkage in negligible
during the duration of the analysis. Thermal strain is a function of the coefficient of thermal expansion of
the material, αexp, and the change in temperature, ΔT, during a specific time step as shown in Eq. (2).
(2)
Based on the aforementioned assumptions, for this study the elastic and thermal strain in
combination with the time-varying modulus of elasticity were necessary in order to estimate the stress
state within the concrete deck over time. By modeling the mechanical loading, temperature changes
within the deck, and concrete material properties the stress state could be estimated via FE analysis
techniques, as described in the following sections.
The modulus of elasticity of newly placed concrete is dynamic in the sense that it increases with
time as the concrete ages. The modulus of elasticity of newly placed concrete is dependent on the mix
components and proportions as well as the extent of the cement hydration process, which can be
expressed in terms of the degree of hydration. The degree of hydration is defined as the fraction of
cementitious material that has hydrated (i.e., ratio of hydrated cementitious material to original amount of
cementitious material). For this study the concrete modulus of elasticity, and similarly the Poisson’s ratio,
were expressed as a function of the degree of hydration using the following empirical relationships
(Schutter and Taerwe 1996):
(3)
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(4)
where a, b, and c are empirical parameters and α0 is the initial degree of hydration. Eqs. (3) and (4) and
their associated parameters were reported by Schutter and Taerwe for concrete specimens with three
cement compositions: a Type I cement and two different blast furnace slag cements. The concrete
specimens were tested at ages ranging from 12 hours to 28 days. The methods used in this study to
calculate the degree of hydration with time for different concrete mix designs were established by
Schindler and Folliard (2005), which are based on the cementitious materials constituents and their
proportions. For detailed information regarding the calculation of degree of hydration please refer to
Schindler and Folliard (2005).
In order to estimate the temperature, and subsequently the thermally-induced stresses within the
deck, governing laws of heat transfer established within the programming framework of Abaqus were
utilized in the FE model. The change in temperature within a newly placed concrete bridge deck is
influenced by the surrounding environmental conditions in addition to the heat produced during cement
hydration. The heat transfer within a solid is governed by the conservation of energy and is represented
using the general heat conduction equation (Cengel 2003):
(5)
where T is temperature (°C), k is thermal conductivity (W/m-°C), ρ is density (kg/m3), C is specific heat
(J/kg-°C), and

is the rate of heat generated per unit volume (W/m3). In the application of newly placed

concrete bridge decks, the rate of heat generated, , is defined by the heat of hydration and is critically
important to modeling the behavior of composite bridge decks at early ages. The heat of hydration can be
related to the change in temperature under adiabatic curing conditions as follows:
(6)
where T is the temperature of concrete (°C), ρ is the concrete density (kg/m3), cp is the concrete specific
heat capacity (J/kg/°C), and QH is the rate of heat generation (W/m3). The rate of heat generation is a
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function of the degree of hydration and temperature history (Schindler and Folliard 2005) and can be
approximated using the concrete equivalent age, te, and the degree of hydration, α(teq), as shown in Eq.
(7). The rate of heat generation was the input for heat of hydration loading in the FE analysis. The heat of
hydration load, QH, was modeled as a body heat flux in the FE model, representative of the heat energy
released over time as a result of the hydration of cement calculated according to:
(7)

where Hu is the total heat of hydration of cementitious materials at 100% hydration (J/m3) and Cc is the
cementitious materials content (kg/m3), τ is a hydration time parameter, β is a hydration shape parameter,
Tc is the average concrete temperature during time interval Δt (°C), Tr is the reference curing temperature
(°C), E is the activation energy (J/mol), and R is the universal gas constant (8.3144 J/mol/K). The heat of
hydration was considered in the FE model by applying a body heat flux (DFLUX) within the volume of
the concrete deck and concrete haunch over the duration of the analysis. The concrete equivalent age, te,
the degree of hydration, α(teq), and relevant parameters and constants from Eq. (7) were defined following
Schindler and Folliard (2005).
The boundary condition associated with Eq. (1) governing the heat transfer at the surfaces of the
deck system is as follows (Elbadry and Ghali 1983, Choi et al. 2011a):
(8)
where nx, ny, and nz are the direction cosines of a unit vector normal to the deck surfaces, and g is the rate
of heat energy transferred between the surfaces of the deck system and the ambient per unit area (W/m2).
The rate of heat energy transferred between the surfaces of the deck system and the ambient, g, is
defined as the sum of thermal convection (gc), thermal irradiation (gr), solar radiation (gs), and thermal
contact conductance (gi) following Eq. (9) (Cengel 2003).
(9)
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Heat transfer through convection occurs when there is a temperature difference between the
surfaces of the deck system and the ambient air (Choi et al. 2011a). Newton’s Law of Cooling is used to
describe thermal convection as follows (Cengel 2003):
(10)
where hc is the heat convection coefficient (W/m2-°C), Ts is the surface temperature (°C), and Ta is the air
temperature (°C). The heat transfer with the ambient environment via convection was considered by
specifying a surface film interaction (SFILM) on all surfaces on the FE model exposed to the ambient.
The ambient air temperature, Ta, was specified at one hour time intervals using the AMPLITUDE
capabilities in ABAQUS. The heat convection coefficient, hc, is a function of the bulk fluid velocity (i.e.,
wind speed), properties of the fluid, and surface geometry (Cengel 2003). Typically the value of hc is
determined experimentally, but can also be approximated (CEB 1985) as:
(11)
where v is the wind speed (m/s). The gain or loss of heat depends on whether the surface temperature is
above or below the ambient air temperature, which varies as a function of time. Choi et al. (2011a)
concluded convection has a large influence on the temperature of the web and bottom flange of a steel
girder that is part of a composite deck system due to variations in ambient air temperature. The impact of
the estimated value for the convection coefficient was evaluated through the sensitivity study discussed in
the subsequent section.
Heat transfer between the surfaces of a deck system and the ambient through thermal irradiation
is described by the Stefan-Boltzmann radiation law (Cengel 2003, Digler et al. 1983, Elbadry and Ghali
1983, Duffie and Beckman 2006):
(12)
where Cs is the Stephan-Boltzmann constant (W/m2-°C4), and e is the emissivity coefficient. Heat transfer
via irradiation was considered within the FE model through the definition of a surface radiation
interaction (SRADIATE). The emissivity coefficient, e, takes on values between 0 and 1 and is a measure
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of how closely a surface resembles a blackbody, where e=1 (Cengel 2003). Recommended values for the
emissivity coefficient for concrete vary between 0.88 (Elbadry and Ghali 1983, Digler et al. 1983) and
0.92 (Fronafel and Stolz 2006). The selection of the value for the emissivity coefficient for concrete was
investigated in the sensitivity study. The emissivity coefficient of steel was assumed to be 0.25 based on
typical values presented in literature (Sadiq et al. 2013).
Solar radiation is known to affect the thermal behavior of the members of a bridge system (Digler
et al. 1983, Yousong and Shizhong 2007). The heat gain due to solar radiation of each member is
dependent upon the position of the sun with respect to each member at different times throughout a
particular day. This relationship can be expressed as follows (Duffie and Beckman 2006):
(13)
where a is the solar radiation absorptivity and It is the total solar radiation on an inclined surface (W/m2).
The total radiation on an inclined surface, It, is determined by its orientation with respect to the position
of the sun and the reflectance of the surface (Cengel 2003). Bridge decks can be oriented in numerous
positions and it was beyond the scope of this study to consider all possible orientations. Therefore, rather
than determining It analytically, the magnitude of It was approximated for a horizontal surface using
historical hourly and daily data obtained from the National Solar Radiation Database (NREL) (Wilcox
2012). Solar radiation was applied to the top surface of the deck within the FE model as a surface heat
flux (DSFLUX) in Abaqus, specified at 1 hour time intervals. When a surface is subjected to solar
radiation, a portion of the radiation is absorbed, a portion is reflected, and a portion, if any, is transmitted
(Cengel 2003). Non-transparent surfaces do not transmit solar radiation (Cengel 2003) and therefore the
total solar radiation is the sum of the absorbed and reflected solar radiation. Concrete bridge decks are wet
cured at early ages, typically using a combination of white polyethylene sheeting and burlap.
Specification ASTM C171 (2007) requires the reflectivity of a white polyethylene-burlap sheet used for
concrete curing be at least 70%. Therefore, it was assumed that the magnitude of the solar radiation
applied to the bridge deck surface was reduced by 70% (i.e., 30% of solar radiation is absorbed).
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Thermal conduction occurs when surfaces at different temperatures are in contact. In composite
bridge decks, conduction occurs at the interface of the concrete deck and steel girder top flange. Choi et
al. (2011a) found at early ages the temperature of the girder top flange is dependent on the conduction of
heat from the concrete deck, due to heat of hydration, solar radiation, and ambient temperature.
Conduction at the interface is determined by the temperature differential of the adjacent materials, ΔTi,
and the thermal contact conductance coefficient, hj, which is a function of the thermal conductivity of the
members in contact, the roughness of the surfaces, the contact pressure, the conductivity of any gap
substances, and the thickness of gap between the surfaces (Ghojel 2004):
(14)
Conduction of heat at the interface of the bottom surface of the concrete haunch and the top
surface of the steel girder was considered within the FE model through the GAP CONDUCTANCE
command in ABAQUS. There is little guidance regarding the value of the contact conductance coefficient
for concrete-steel interfaces typical of composite bridge deck systems. However, values of the contact
conductance coefficient for concrete filled steel tube columns are available in the literature (Ghojel 2004,
Ding and Wang 2008, Xiang et al. 2014) and served as guidance for the range of values considered in the
sensitivity study. Thermal contact conductance has been presented as a function of temperature (Ghojel
2004) as well as constant values (Ding and Wang 2008, Lu et al. 2009, Espinos et al. 2010, Tao and
Ghannam 2013).
Two element types were used within the FE model depending on the step of the analysis. For the
heat transfer portion of the analysis, 20 node quadratic heat transfer brick elements were used (DC3D20),
for which the active degrees of freedom are the temperatures at the nodes, whereas a 20 node quadratic
stress-displacement brick element with reduced integration (C3D20R) with active degrees of freedom
being the displacements in the x, y, and z directions was chosen for the stress-displacement analysis. The
deck, haunch, and girder had different mesh densities so that the mesh density of the deck could be finer
than that of the haunch and girder to investigate the stress behavior of the deck in more detail in
comparison to other members. The model’s mesh was established through a mesh density study whereby
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dead load deflections and stress values for different mesh densities were assessed to determine
appropriate mesh densities for the deck, haunch, and girder such that the computational time was reduced
while still producing accurate results.
Analysis Steps
In addition to the thermal loads and interactions outlined in preceding sections, mechanical loads
in the form of dead load were applied to the FE model. The mechanical load consisted of the self-weight
of the concrete and steel members modeled as a uniformly distributed gravity load at all nodes of the
model. Live loads, in the form of traffic loading, were not considered in this study because bridges are
typically not open to traffic until two or more weeks after placement of the concrete deck.
To perform a sequentially coupled heat transfer-stress analysis, two steps had to be performed: a
heat transfer analysis and a stress-displacement analysis. The first step, that being the heat transfer
analysis, consisted of the application of thermal loads and heat transfer interactions over the specified
analysis duration. The thermal loads consisted of ambient temperature, solar radiation, and heat of
hydration, while heat transfer interactions included conduction, convection, and irradiation. The nodal
temperatures were calculated in the heat transfer analysis step and stored for subsequent use in the stressdisplacement analysis step. The second step, the stress-displacement analysis, consisted of three substeps: (1) application of dead load of the deck, haunch, and girder (2) application of "thermal" load
temperatures prior to concrete setting (i.e. prior to the concrete having sufficient stiffness to carry load)
and (3) application of "thermal" load temperatures after concrete setting. During the two “thermal” substeps the stored time-varying nodal temperatures from the heat transfer analysis were input into the model
and used to calculate the principal stresses over the duration of the stress-displacement analysis.
The principal stresses at the integration points of the elements were requested as output for the
analysis. The principal stress output was analyzed to assess the effect of concrete deck placement scenario
on the distribution of principal stress magnitude and peak principle tensile stress within the deck.
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Bridge Deck Placement Scenarios
At an early age, there are a number of factors that contribute to thermally induced stresses within
a concrete bridge deck. The critical factors related to bridge deck placement scenarios are summarized in
Table 2. To estimate the principal stress, the FE model and analysis had to include these factors and
model appropriate thermal and mechanical phenomena within the bridge deck during early-ages.
Table 2. Factors considered in the study.
Environmental
 ambient air temperature magnitude
 ambient air temperature amplitude
 solar radiation




Concrete Material
heat of hydration
coefficient of thermal
expansion



Construction
concrete placement
time

Numerical values for the factors listed in Table 2 were chosen to be representative of conditions
typical for bridge construction in Pennsylvania. Two seasons were identified to define the environmental
factors, specifically Spring and Summer. The values for these environmental factors were established for
State College, PA, using historical data for hourly ambient temperature and hourly solar radiation from
2005 to 2012 taken from the NREL database (Wilcox 2012). Hourly temperatures for April and July were
processed to establish representative values for the ambient temperature magnitudes and amplitudes, i.e.
daily variations, for spring and summer. The variation in ambient air temperature and definitions of
ambient temperature magnitude and ambient temperature amplitude are illustrated in Fig. 2.

Fig. 2. Definition of ambient temperature magnitude and amplitude
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Fig. 3a presents the ambient air temperature data used as input for the thermo-mechanical FE
analysis. For each season (Spring and Summer), a moderate ambient temperature amplitude and high
ambient temperature amplitude input was established from historical hourly temperature data. For each
season, the moderate temperature amplitude values were defined using the mean hourly temperatures
while the high temperature amplitude values were defined using hourly temperatures one standard
deviation above or below the mean hourly temperature (i.e., above the mean for afternoon temperatures
and below the mean for morning temperatures). Similarly, historical hourly solar radiation data were used
to develop two model solar radiation input curves as shown in Fig. 3b. For each season, the low and high
solar radiation inputs were established by taking values one standard deviation below and above the
mean, respectively.
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(a)

(b)
Fig. 3. (a) Ambient temperature and (b) solar radiation inputs

Two concrete mixture designs with different cementitious materials constituents and contents
were considered in this study to establish model inputs for heat of hydration and modulus of elasticity.
Details about the two mixtures are summarized in Table 3. The two mixtures were adopted from
Schindler and Folliard (2005) and can be summarized as follows: (1) a concrete with Type I cement and
(2) a concrete with 50% ground granulated blast furnace slag (GGBFS) replacement of Type I cement. To
calculate the heat of hydration for input to the FE analysis from Eq. (7), a reference curing temperature,
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Tr, of 20 °C was assumed, while the average concrete temperature, Tc, was assumed to be equal to the
mean ambient temperature (i.e., ambient temperature magnitude). Using the parameters of the mixture
designs, Eqs. (3) and (7) were used to calculate the modulus of elasticity and heat of hydration inputs,
respectively. The resulting heat of hydration and modulus of elasticity input functions with time are
plotted in Fig. 4.
The coefficient of thermal expansion of concrete is most influenced by the aggregate type
(FHWA 2011) and, therefore, was used as a basis in selecting concrete coefficient of thermal expansion
values. Two types of aggregate were considered in this study, namely limestone and dolomite, with
resulting concrete coefficient of thermal expansion values equal to 7.81e-6 and 8.91e-6 /°C, respectively
(FHWA 2011).
Four concrete placement times were evaluated in this study, specifically, 3 AM, 6 AM, 12 PM,
and 6 PM. The set time of concrete determines when the deck has sufficient stiffness to carry load and,
therefore, the initiation of the stress-displacement step within the FE analysis. A set time of 5 hours from
placement of concrete was assumed for all bridge deck placement scenarios. The combination of values
for the aforementioned factors resulted in 128 deck placement scenarios that were analyzed using the FE
method.
Table 3. Mix design constituents and hydration parameters.
Mix Design
Cement
GGBF slag
Mix No.
Description
(g/m3)
(g/m3)

Coarse agg
(g/m3)

Fine agg
(g/m3)

1

Type I cement

341

0

1104

756

2

50% Type I cement/
50% GGBFS

171

158

1104

756

Hydration Parameters
Mix No.
E (J/mol)
β
τ
αu
1
45991
0.905
13.69
0.689
2
55189
0.544
38.22
0.854
*equal to the mean ambient temperature for each scenario

Hu (J/g)
477
469

Tr (°C)
20
20

w/c
0.37
0.38

Tc (°C)
*
*

The deck placement scenarios were categorized based on environmental conditions and design
specifications. Environmental conditions included the ambient temperature magnitude, ambient
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temperature amplitude, and solar radiation. The concrete heat of hydration, concrete coefficient of thermal
expansion, and concrete placement time considered the design specifications because these factors were
considered to be specified by the concrete mix design and the construction practices.

(a)

(b)
Fig. 4. FE model input functions: (a) Heat of hydration and (b) modulus of elasticity.
Sensitivity Study
The sequential FE heat transfer-stress analysis requires input generated from largely empirical
relationships defined by numerous parameters. A sensitivity study was performed to determine the
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relative importance of a given parameter on the output of the analysis, specifically principle stress. Select
heat transfer coefficients were varied in the sensitivity study to establish their relative importance on the
estimated principle stresses and are summarized in Table 4. If the principal stress behavior was insensitive
to a given parameter, a typical value was assigned for the given parameter. In contrast, if the estimated
principal stresses were sensitive to a given parameter, further investigation of previous literature was used
to establish a reliable value for the sensitive parameter.
Table 4. Parameters considered in the sensitivity study.
No.
Notation
1
2
3

heat convection coefficient at deck surface, hc
(W/m2-°C)
emissivity coefficient of concrete, e
contact conduction coefficient at haunch-girder
interface, hj (W/m2-°C)

Description
heat transfer via
convection
heat transfer via
irradiation
heat transfer via
conduction

Values Considered
Low
High
14.5
32.4
0.88

0.92

38

200

The heat convection coefficient is a function of the wind velocity and while there is a wide range
of values for wind velocity that a deck could be exposed to, the majority of transportation agencies
require wind breaks to be installed during deck construction if the wind velocity exceeds a threshold value
based upon a nomograph (ACI 208R 2001). Wind breaks will be installed if the evaporation rate of water
at the surface of fresh concrete, which is a function of the air temperature, relative humidity, concrete
temperature, and wind velocity (ACI 308R 2001), exceeds a specified value. An indirect assessment of
the effect of wind velocity on the heat convection coefficient and subsequently the stress behavior within
the deck was considered by varying the value of wind velocity from 2.24 m/s to 6.71 m/s to establish the
low and high values of the heat convection coefficient (see Eq. (11)) in Table 4, respectively. Typical
values for the emissivity coefficient of concrete have been reported between 0.88 (Elbadry and Ghali
1983, Digler et al. 1983) and 0.92 (Fronafel and Stolz 2006), and were the values chosen for the
sensitivity study (see Table 4). Values for the thermal contact conductance coefficient reported in the
literature include 38 (Tao and Ghannam 2013), 45 (Tao and Ghannam 2013), 100 (Ding and Wang 2008,
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Lu et al. 2009), and 200 W/m2-°C (Espinos et al. 2010), with constant values of 38 and 200 W/m2-°C
chosen for the sensitivity study.
The sensitivity study was performed by varying one parameter at a time in each of the FE
analyses. The random number generation capabilities of Matlab (“rand” command) were used to
randomly select 3 deck placement scenarios from the pool of 128, and are summarized in Table 5.
Table 5. Deck placement scenarios used in the sensitivity study.
Sensitivity
Heat of
Analysis
Season (Avg
Temperature Solar
Hydration
No.
Temperature) Amplitude
Radiation
1
Spring
Moderate
High
50/50 Type I
Cement/GGBFS
2
Summer
High
Low
100% Type I
Cement
3
Summer
High
High
50/50 Type I
Cement/GGBFS

Coefficient
of Thermal
Expansion
4.3e-6

Placement
Time
3 AM

4.3e-6

3 AM

4.3e-6

6 PM
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Chapter 4
Results
The results of the sensitivity study were used to select values for each of the aforementioned
parameters for subsequent use in the deck placement scenarios study. Subsequently FE analysis was
performed for each of the 128 deck placement scenarios to estimate the maximum principle tensile stress
within the deck for each scenario.
Sensitivity Study
The three sensitivity analyses listed in Table 5 were the basis to evaluate the sensitivity of the
principle tensile stress to variation in the value of the heat transfer coefficients (see Table 4). The results
of the sensitivity study are shown in Fig. 5 using a scatter plot of the maximum principal stress values at
all integration points, with each axis showing the maximum principal stress value corresponding to a
different parameter value. For example, Fig. 5a presents the maximum principal stress values on the xaxis for an emissivity coefficient equal to 0.88 versus the maximum principal stress on the y-axis
corresponding to an emissivity coefficient of 0.92. A linear relationship indicates little to no sensitivity.
As shown in Fig. 5c, the model is most sensitive to variation in the value of the convection coefficient.
Fig. 5c shows deviation from a linear relationship when comparing the maximum principal stress values
for the two convection coefficient values considered (see Table 4). The sensitivity of the model, in terms
of maximum principal stresses, to variations in the convection coefficient values from Table 4 can be
attributed to the large deck surface area that the convection coefficient influences. The sensitivity of the
maximum principal stresses to variations in the convection coefficient indicated additional consideration
had to be given to assign a value to this parameter. The relationship that defines the value of the
convection coefficient is a function of wind velocity, as presented in Eq. (11), which affects the
evaporation rate of bleed water at the surface of the deck, approximated using the Menzel/NRMCA
nomograph (ACI 208R 2001). The evaporation rate is typically limited to 1.0 kg/m2/hr (Menzel 1954,
Lerch 1957, ACI 2001). Higher wind velocities result in higher evaporation rates and higher likelihood
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that wind breaks will be installed to limit evaporation. If wind breaks are installed the wind velocity that
the deck surface is exposed to will be limited, resulting in a lower likelihood that the deck surface will be
exposed to a 6.71 m/s wind velocity. Therefore, it was assumed the top deck surface is more likely to be
exposed to a 2.24 m/s wind velocity than a 6.71 m/s wind velocity due to the evaporation rate limit, and a
2.24 m/s wind velocity was subsequently used to calculate a constant value for the convection coefficient.
Using Eq. (11), a 2.24 m/s wind velocity results in a value of 14.5 W/m2-°C for the convection
coefficient, and this value was used for all subsequent FE analyses of bridge deck placement scenarios.
The model was insensitive to variation of the emissivity coefficient and conduction coefficient as shown
in Figs. 5a and b. Therefore, values of 0.90 and 100 W/m2-°C were assigned for the emissivity coefficient
and conduction coefficient, respectively.

(a)
(b)
(c)
Fig. 5. Sensitivity of the model to variation in (a) emissivity coefficient (b) contact conduction coefficient
(c) convection coefficient
Bridge Deck Placement Scenarios
Following the sensitivity study, FE analyses were performed for the 128 bridge deck placement
scenarios that were determined by the combination of inputs for ambient temperature, solar radiation, heat
of hydration, coefficient of thermal expansion, and concrete placement time. For each of the deck
placement scenarios, the maximum principal stresses within the deck were determined over a 24 hour
analysis period, i.e. the stress-displacement step of the FE analysis. The maximum principal stress output
corresponded to the largest tensile stress, which was used to compare the deck placement scenarios.
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The absolute maximum principal tensile stress, i.e. the maximum of all integration point principal
tensile stress values, for each scenario was analyzed to identify the placement scenarios that limited the
absolute maximum principal tensile stress. The absolute maximum principal tensile stress within the deck
over the 24 hour stress-displacement analysis period is presented for the 128 deck placement scenarios in
Fig. 6 a through h. Each subplot of Fig. 6 shows a different environmental condition, representing a
unique combination of ambient temperature magnitude, ambient temperature amplitude, and solar
radiation magnitude. The design specifications are represented in Fig. 6 using the x-axis (heat of
hydration, coefficient of thermal expansion) and the legend (placement time). The nomenclature
presented on the x-axis of Fig. 6 is as follows: HOH = heat of hydration, TI Cement = Type I Portland
cement, GGBFS = ground granulated blast furnace slag, CTE = coefficient of thermal expansion.
The results presented in Fig. 6 show the concrete mix designs with 100% Type I Portland cement
resulted in the largest absolute maximum principal tensile stress values. The concrete mixes with 100%
Type I Portland cement had more rapid development of modulus of elasticity in comparison to the
concretes with Portland cement replacement with SCMs (see Fig. 4), resulting in more rapid development
in stiffness and principal tensile stress. The placement times that most effectively limited the absolute
maximum principal tensile stress varied between 6 AM and 12 PM for Spring and 12 PM and 6 PM for
Summer, although the difference in absolute maximum principal tensile stress between the various
placement times was not as significant as the variation due to developed heat of hydration. Comparing
scenarios with different CTE values shows little change in the absolute maximum principal tensile stress
and no conclusive trends were established.
The effect of change in ambient temperature magnitude for representative spring and summer
placements is shown by comparing Fig. 6a and e, Fig. 6b and f, Fig. 6c and g, and Fig. 6d and h. The
interpretation of these results indicates that a higher ambient temperature magnitude resulted in a higher
concrete curing temperature (Tc) when calculating the heat of hydration (Eq. 7), which resulted in a more
rapid development of the modulus of elasticity and subsequently higher principal tensile stress values.
Comparing the effect of peak ambient temperature amplitude (see Fig. 3a) presented in Fig. 6a and c, Fig.
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6 b and d, Fig. 6e and g, and Fig. 6f and h, shows a slight increase in the absolute maximum principal
tensile stress, on average, for scenarios with high ambient temperature magnitudes. Comparing Fig. 6a
and b, Fig. 6 c and d, Fig. 6e and f, and Fig. 6g and h, to assess the effect of change in solar radiation (see
Fig. 3b) shows little to no differences between the absolute maximum principal tensile stress values for
increased solar radiation.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)
(h)
Fig. 6. Maximum principal stress values corresponding to each bridge deck placement scenario
(HOH = heat of hydration, TI Cement = Type I Portland cement, GGBFS = ground granulated blast
furnace slag, CTE = coefficient of thermal expansion)
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In addition to analyzing the absolute maximum principal tensile stress values for each placement
scenario, the distribution of maximum principal stress within the deck was assessed to investigate the
influence of the factors on the distribution of stress within the deck. Fig. 7 presents frequency plots of the
maximum principal stresses within the deck for select Spring placement scenarios at the time step
corresponding to the absolute maximum principal tensile stress occurrence. The largest value of
maximum principal stress is noted in the plots with a dashed line along with the time after deck placement
at which the maximum occurred noted in parentheses. Comparing the distribution of maximum principal
stresses for different concrete mix designs (i.e. heat of hydration) reinforces the influence of cementitious
materials constituents on maximum principle tensile stresses within the deck. The scenarios with 100%
Type I Portland cement resulted in higher maximum values and a skew in the distribution toward larger
maximum principal tensile stress values in comparison to the scenarios with a 50/50 ratio of Type I
Portland cement and GGBFS. As shown in Fig. 7 a and b, while there was not a significant change in the
maximum principal tensile stresses for different placement times, 6 AM and 12 PM placement times
resulted in the lowest maximum principal tensile stress for Spring. In general, the 3 AM and 6 PM
placement times resulted in a skew in the distribution toward lower maximum principal stress values. In
terms of the timing of maximum principal tensile stress occurrence post placement, it generally took more
time for the maximum principal tensile stress value to occur for 6 PM placement times. Comparing Fig. 7
a and b a skew in the distribution toward larger maximum principal stress values for higher ambient
temperature amplitude.
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(a)

(b)
Fig 7. Frequency plots of maximum principal stress within the deck for Spring placements with (a)
moderate ambient temperature and (b) high ambient temperature.

Similarly, frequency plots of maximum principal stress are presented in Fig. 8 for select Summer
placement scenarios at the time post deck placement corresponding to the maximum principal tensile
stress occurrence. As was the case for the select spring placement scenarios (Fig. 7), the select summer
placement scenarios presented in Fig. 8 show higher maximum and a skew in the distribution toward
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larger maximum principal tensile stresses for concrete mixes with 100% Type I Portland cement. Also
shown in Fig. 8, in general 12 PM and 6 PM placement times resulted in the lowest maximum principal
tensile stress values for the Summer placements. A clear trend did not emerge for the Summer placement
scenarios between placement time and the shape of the distribution of maximum principal stress.
Comparing Fig. 8 a and b shows slightly higher maximum and a distribution skewed toward higher
maximum principal stress for high ambient temperature amplitude.

Fig 8. Frequency plots of maximum principal stress within the deck for summer placements with (a)
moderate ambient temperature and (b) high ambient temperature.
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Chapter 5
Summary and Conclusions
A numerical investigation of the influence of environmental and design factors on the maximum
principle stresses in concrete bridge decks at an early age was carried out using the finite element method.
A continuous bridge configuration archetype with two equal spans was selected for the FE model and
analyzed to estimate the maximum principal stresses within the concrete deck during a 24 hour period of
time following concrete set for different deck placement scenarios. The deck placement scenarios were
created using varying inputs for ambient temperature, solar radiation, concrete heat of hydration, concrete
coefficient of thermal expansion, and placement time. The results of the analysis of the deck placement
scenarios established the concrete heat of hydration and corresponding development of elastic modulus as
the most influential factors in limiting the maximum principal tensile stress within the deck during the
first 29 hours after deck placement.
A sensitivity study was performed to assess the effect of the variation in the value of heat transfer
coefficients on the principal stresses within the concrete deck prior to performing the deck placement
scenario study. The sensitivity study revealed only one coefficient, the convection coefficient at the
surface of the deck, has a significant impact on the estimated principle stress and therefore its value was
selected based upon evaporation rate limits set forth by ACI 208R (2001)
Deck placement scenarios were identified and used to assess the influence of environmental
conditions, concrete material properties, and construction practices on the maximum principal tensile
stresses within the deck during the 24 hour analysis period. Environmental conditions included the
ambient temperature magnitude, ambient temperature amplitude, and solar radiation magnitude for Spring
and Summer deck placements. The concrete material factors that were included in the modeling were the
heat of hydration development, the coefficient of thermal expansion, and the modulus of elasticity
development. Four deck placement times were used in the study with an assumption of a 5 hour time
duration from concrete placement until concrete set. Combinations of different environmental conditions,
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concrete material properties, and placement times resulted in 128 deck placement scenarios that were
considered in the study.
The results of the study showed concrete heat of hydration is the factor that most significantly
affects the maximum principal stresses within the deck for the deck placement scenarios of all factors
considered. Higher heat of hydration corresponding to mixes with 100% Type I Portland cement for
cementitious materials content caused higher temperatures within the deck and more rapid concrete
modulus of elasticity development, resulting in higher principal stresses. The influence of the heat of
hydration was greater than the environmental factors such as the ambient temperature magnitude, ambient
temperature amplitude, solar radiation magnitude, and time of placement. Therefore, the key finding from
this study is that it would be beneficial to avoid using concrete mix designs that result in high heat of
hydration (e.g. 100% Type I Portland cement for cementitious materials content) to reduce the
development of maximum principle tensile stresses in the deck within the 29 hours following placement
of the concrete deck. It is assumed here that if maximum principle tensile stresses are reduced, the
likelihood of early age cracking will also be reduced.
While outside of the scope of the present study, augmenting the FE model with concrete cracking
routine that captures the fracture behavior of concrete could provide some insight into how the various
factors impact the extent of cracking (i.e., how much cracking varies from one deck placement scenario
to the next). Additionally, the development of concrete strength as well as the variation in strength
between concrete batches at an early age could be considered, most likely using a probabilistic approach.
Experimental testing of early-age concrete specimens with different concrete mix designs could be used
to develop a probabilistic relationship for the strength development for use in evaluating the likelihood of
cracking.
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