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Executive Summary

Oklahoma's climate ranges from humid subtropical in the east to semi-arid in the west.
While summers are long and usually quite hot, periods of extreme cold during the winter
months are infrequent. Normal daily mean temperatures in Oklahoma range from 37°F
(3°C) in January to 82°F (28°C) in July. The record low temperature of —27°F (—33°C)
was set in Watts on January 18, 1930; the record high, 120°F (49°C), occurred in Tipton
on June 27, 1994, Extremes in temperatures may worsen as a result of climate change.

The effects of daily and seasonal temperature variations acting on the structural elements
of a bridge system depend on bridge geometry, location and orientation, material
properties and local weather conditions. Nonlinear temperature distributions through key
structural elements of a bridge can be caused by the relatively low thermal conductivity
of concrete construction materials and by the temporal and spatial variation of ambient
temperature.  For statically indeterminate or geometrically skewed bridges, this
temperature variation may induce stresses in bridge spans that represent a significant
percentage of the direct stress capacity of the bridge, determined as per the AASHTO
LRFD Bridge Design Specifications (2012), and may lead to unacceptable performance
in service.

The effects of temperature in bridge design traditionally have been accounted for by
allowing for differential movement, e.g., expansion and contraction at bearings and joints.
Temperature induced stresses are, however, rarely considered in any detail in bridge
condition evaluation and capacity rating practice. With the increasing number of more
complex and longer-span bridges being constructed in Oklahoma, where temperature
ranges in excess of 100 °F may be observed over the course of a year, a better
understanding and more accurate consideration of thermal loading effects should be
reflected in bridge evaluation and rating methodologies.

This research develops a method to incorporate the effects of self-straining thermal
actions, where necessary, in reliability-based condition evaluation and capacity rating of
bridges in Oklahoma.



1 Introduction

Bridge structures are regularly subjected to significant temperature variations affected
by complex interactions of climatic factors such as solar radiation, air temperature, wind
speed and long-wave heat radiation. Temperature variations are often categorized into
two components. A uniformly varying component, referring to the average temperature
change, often induces expansion or contraction movements. The other linearly or
nonlinearly distributed component, often causes bending deflections. Any restraints to
these deformations can induce thermal forces. To calculate temperature-induced
responses and evaluate the thermal effects on bridge behavior, the entire structural
temperature distribution must be accurately known first.

Early studies of temperature effects on concrete bridges in the 1950s and 1960s
generally focused on one-dimensional (1D) heat flow in the vertical direction using
experimental data or empirical formulas (Zuk 1965). Analytical equations and numerical
methods have also been proposed to calculate the temperature distribution of simple
structures, including girder bridges, since the 1970s (Priestley 1972; Emerson 1973).
These methods are basically 1D, can hardly capture the temperature variation and
distribution of relatively complicated structures. Emanuel and Hulsey (1978) built two-
dimensional (2D) models and investigated the effects of weather data on the sectional
temperature distribution within concrete-steel composite bridges. Elbadry and Ghali
(1983) proposed a 2D FE method to determine the time-dependent temperature
variation of a concrete box-girder bridge by considering geometry, location, orientation,
material, and meteorological conditions. Mirambell et al. (1990) determined the
transverse temperature differences between the inside and the outside of concrete box
bridges. Fu et al. (1990) developed a 2D analytical thermal model and conducted
parametric analyses on steel-concrete composite bridges, and found that the ratio of the
slab overhang length to the girder depth was the most influential factor on the
temperature distribution.

For prestressed concrete (PC) bridges, several researchers examined the thermal

effects including laboratory tests, field investigations and theoretical or numerical
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analyses. Shushkewich (1998) used data from a PC segmental bridge in Hawaii to
determine the critical positive and negative thermal gradients. The results were quite
close to the design gradient specified by the AASHTO Segmental Guide Specifications
(AASHTO, 1998). Roberts-Wollman et al. (2002) analyzed concrete temperature data of
a segmental box-girder bridge in San Antonio over a 2.5 year time period, and
compared the maximum recorded positive and negative thermal differentials to design
recommendations. Li et al. (2004), after analyzing experimental data, proposed a
vertical temperature gradient for deep PC box-girder sections. Lee (2010, 2012)
conducted experimental and analytical studies on a PC BT-63 girder segment to
determine the transverse and vertical temperature gradients. Hedegaard et al. (2013)
measured thermal gradients through the section of the I-35W St. Anthony Falls Bridge,
a posttensioned concrete box girder bridge in Minneapolis over the course of 3 years.
The magnitudes and shapes of the measured thermal gradients were compared with
various design gradients, and a fifth-order curve was found to best approximate the
shape of the gradients.

The AASHTO LRFD specification (2012) has provisions for predicting longitudinal
thermal expansion in bridges, which depends on the range of mean bridge temperature.
The temperature range specified by AASHTO is based on two procedures (A and B).
This method of predicting bridge temperature ranges and the resulting movements will
be used for a PC bridge in Oklahoma, and the results will be compared with that from
finite element structural analysis and filed measurement. AASHTO LRFD (2012) also
provides the recommendations for load factors of uniform temperature (ytu) and thermal
gradient (ytc) for different load combinations at different limit states. However, on the
basis of temperature loading investigated in paper 1, the maximum daily positive
gradients consistently occurred around 2 to 4PM, which implies a possible correlation
between live loading around rush hour and maximum thermal gradient effects. If large
live loading and thermal effects are correlated, the live load factor equal to zero for
service limit states with the full design gradient might be un-conservative. Further
statistical investigation is required to resolve these issues. With the increasing number
of more complex and longer-span bridges being constructed in Oklahoma, where

temperature ranges well in excess of 100°F may be observed over the course of a year,



a better understanding and more accurate consideration of thermal loading effects
should be reflected in bridge evaluation and rating methodologies. Furthermore, in older
bridges, due to deterioration of various bridge components, understanding the thermal
loading becomes critical in condition evaluations and prioritizing bridges for repairs.
This research develop a method to incorporate the effects of self-straining
thermal actions, where necessary, in reliability-based condition evaluation and capacity

rating of bridges in Oklahoma.

2 Critically appraise current approaches to addressing
thermal effects in highway bridges in literature

2.1 AASHTO design specifications

2.1.1 AASHTO Standard Specifications for Highway Bridges

The information regarding thermal effects in the AASHTO Standard Specifications for

Highway Bridges (2002) is contained in Section 3.16, which states:

“Provision shall be made for stresses or movements resulting from
variations in temperature. The rise and fall in temperature shall be fixed for the
locality in which the structure is to be constructed and shall be computed from
an assumed temperature at the time of erection. Due consideration shall be
given to the lag between air temperature and the interior temperature of

massive concrete members or structures.”

For metal structures, the range of bridge temperature should generally be taken as 0 ~
120 °F under moderate climate and -30 ~ 120 °F for cold climate (AASHTO, 2002).

As indicated above, the standard specification provides a temperature range for
moderate and cold climates to be used in design of metal structures, like steel bridges.
The specification stipulates that provisions should be made for the stresses or

movements generated by the temperature variations in the bridge.



2.1.2 AASHTO LRFD Bridge Design Specifications

More detailed information on thermal loading is provided in the AASHTO LRFD Bridge
Design Specification (2014) than the AASHTO Standard Specifications. The LRFD
Specifications indicate that the design thermal movement associated with a uniform
temperature change can be calculated using either Procedures A or B, which are

discussed in the following subsections.

2.2 AASHTO LRFD Design Thermal Movement Procedure A

Procedure A in the LRFD Specification is analogous to the approach recommended in
the AASHTO Standard Specification. The temperature ranges in Table 2-1 address
moderate and cold climates, as in the Standard Specification. Section C3.12.2.1 of the
commentary to the LRFD, defines the distinction between moderate and cold climates
based on the number of freezing days per year. If the number of freezing days is less
than 14, the climate is considered to be moderate. Freezing days are defined as days

when the average temperature is less than 32 °F.

Table 2-1. AASHTO LRFD Procedure A Temperature Ranges

Climate Steel or Aluminum Concrete Wood
Moderate 0°to 120° F 10°to 80° F 10°to 75° F
Cold -30°to 120° F 0°to 80° F 0°to 120° F

Using the AASHTO LRFD procedure the change in temperature is defined as the
difference between a lower/upper bound temperature from the table and the
temperature at which the bridge was erected. This temperature range is multiplied by
the thermal coefficient of expansion of the material being designed and by the length of

the member being designed.



2.3 AASHTO LRFD Design Thermal Movement Procedure B

Procedure B utilizes a design temperature range defined through a thermal contour map
of the United States. Different maps are given for concrete decks on concrete beams
and concrete decks on steel beams. The maps provide the maximum design bride
temperature (TMaxDesign) and minimum design bridge temperature (TMinDesign). The
contour maps for concrete girder bridges with concrete decks are shown in Figure 2-1
and Figure 2-2. The contour maps for steel girder bridges with concrete decks are

shown in Figure 2-3 and Figure 2-4.

For Hawaii use 100°F . X B’ \/

Figure 2-2. TMinDesign for Concrete Girders with Concrete Decks (AASHTO 2014)



Insufficient Data to

Define Temperatures In
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90 Regions

95

For Hawaii use 105°F

Figure 2-3. TMaxDesign for Steel Girders with Concrete Decks (AASHTO 2014)

Insufficient Data to
Define Temperstures In
Imerior and North Siope

For Hawaii use 30°F

Figure 2-4. TMinDesign for Steel Girders with Concrete Decks (AASHTO 2014)

The expressions for the design movements for joints and bearings are based on the
standard Equation 1-1. In the AASHTO LRFD Specification Procedure B, AT is defined

based on the difference between TMaxDesign and TMinDesign.

S =¢glL=a(AT)L

where a is the coefficient of thermal expansion of material, AT is a change in

temperature, L is the length



2.4 AASHTO LRFD Design Temperature Gradient

The AASHTO LRFD Bridge Design Specification also contains a thermal gradient,
which is shown in Figure 2-5. The gradient varies depending on whether the beams are
concrete or steel. The dashed line represents the thermal gradient for steel bridges in
the figure, dimension “A” for steel girders is 12 inches and “t” is the depth of the
concrete deck, For concrete superstructures that are 16 inches or more in depth,
dimension “A” is 12 inches, while the concrete sections shallower than 16 inches,
dimension “A” is 4 inches less than the actual depth. Temperature “T3” may be taken as
zero unless a site-specific study of temperatures is conducted. Temperatures “T1” and

“T2” vary by location (zone 1-4), as shown in Figure 2-6.
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Figure 2-6. Solar Radiation Zones for the United States (AASHTO 2014)



The solar zones in Figure 2-4 generally run north-south, and are reminiscent of time
zones. The map apparently does not consider latitude to be of importance in
determining the magnitude of the temperature gradient. It is unclear why solar radiation

in the United States would vary by longitude and not latitude.

AASHTO Guide Specifications for Horizontally Curved Steel Girder Highway Bridges
The recommendations for consideration of thermal effects in the AASHTO Guide

Specifications for Horizontally Curved Steel Girder Highway Bridges (2003) follow the
recommendations of the AAHSTO Standard Specification, with the addition of
temperature differential between the deck and girders, which states:

“Load effects in the superstructure shall be determined for uniform temperature changes
as specified in AASHTO Article 3.16. A uniform temperature difference of 25 degrees
Fahrenheit between the deck and the girders shall be considered when the width of the
deck is less than one fifth of the longest span. The load effects due to the temperature
differential shall be added to the effects due to the temperature changes specified in
AASHTO 3.16.”

Additional comments regarding orientation of bearing guides are contained in the

commentary of the Guide Specification.

2.5 Conclusions and Recommendations

The thermal load, which provides foundation for calculating thermal stresses, is one of
the key parameters that affect the service ability of bridges. The research of thermal
load in bridge by theoretical model, numerical analysis, and field measurement is
progressed remarkably, and design guidance about thermal loads is also provided in
specifications for general form of bridges. However, it is far from sufficient. At least, the

following aspects need to be further attempted.

(1) New concepts are employed in bridge design continuously. A lot of new bridges with

complicated geometric configuration are constructed. At the same time, new materials



are invented for bridge structures. The heat properties such as emissivity and
absorptivity of those new materials are different from general cases. For those bridges,
the existing design specifications are useless. In addition, the global climate has much
difference with that in several decades ago because of the development of industry and
improvement of technology. So it is important to investigate thermal load in bridge with
different schemes comprehensively.

(2) Due to the complexity of heat transfer and heat exchange, it is difficult to predict the
thermal load for all the cases and codify the results to simple rules and guidelines that
accommodate climatic, geographic, geometric, and material variations. Definition of
critical thermal loads varying from region to region, bridge to bridge, and section to
section becomes significant. In addition, the modern transportation system had been
extended to the extremely cold area and extremely hot area, but the research of thermal

load on bridge in those regions has attracted little attention.

(3) It is impossible that the temperature distribution in a bridge is described completely
by limited data obtained by temperature sensors. So numerical models are powerful
supplements. However, up to now, fine numerical models including all key components
for simulating temperature distribution in large-scale bridges have not been developed.
The intensity of solar radiation, the coupling effect of air temperature and wind speed,
and the heat exchange between the surface and surrounding environment are not
defined exactly. Moreover, the perfect transition from heat transfer analysis to thermal

stresses analysis is not achieved.

(4) Current specifications provide engineers with a temperature gradient across the
depth of the cross section to predict the vertical thermal behavior of bridges based on
one-dimensional heat flow. But the specifications do not provide any guidance for
transverse temperature gradients that cause additional lateral deformations in the
girders especially prior to the placement of the bridge decks during construction.
Investigation results already demonstrated that those transverse temperature
differences exist in many bridges and the values are greater than those of vertical

temperature differences sometimes.



3 Finite element modeling, calibration and temperature
effect analysis of selected sample bridges

3.1 Bridge description

The researched bridge is located at the intersection of I-35 (under) and 19th Street in
Cleveland County, Oklahoma (Figure 3-1). This is a simply supported prestress
concrete bridge with two spans, each span has a length of 135 ft 3-5/8 in (41.24m), and
the total length of this bridge is 270ft 7-1/4 in (82.48m), the total width and height of this
bridge is 70ft 4-7/8 in (21.46m) and 6ft 10-7/8 in (2.1m), respectively. The structure
includes a concrete deck supported on ten I-shaped prestressed concrete girders. The
width and thickness of the bridge deck are270ft 7-1/4 in (82.48m) and 7-7/8 in (0.2m)
respectively, while the height of the girders is 6ft(1.83m). There are 34 tendons in the
bottom slab and 4 tendons in the top slab in each the PC girder, the diameter of all the
tendons is 0.6in (0.015m). Two end diaphragms with the thickness of 12in (0.3m) and
two middle diaphragms with the thickness of 10in (0.25m) are installed to enhance the

transverse stiffness of the bridge.

Figure 3-1. 19th Street/I-35 Bridge

3.2 Finite element thermal analysis

To predict nonlinear temperature distributions in the selected bridge, a two-dimensional
(2D) finite element heat transfer analysis is performed using measured environmental

conditions: solar radiation, ambient air temperature, and wind speed. The solar radiation
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is applied to the top, vertical and inclined surfaces of the girder as a heat source
according to the position of the sun, the location of the bridge, the geometry of the
girder, and the measured solar radiation on the horizontal surface. The ambient air
temperature and wind speed are used to account for heat convection boundary
conditions in the heat transfer analysis. The girder temperatures obtained from the heat
transfer analysis are then compared with those measured in the field load test.

3.2.1 Finite element model for thermal analysis

With an assumption of a constant temperature variation in the longitudinal direction of
the girder, the cross section of 135-19th Bridge was modeled using a 2D element,
PLANESS5, in ANSYS (2014). A total of 5982 elements and 5385 nodes were used for
the cross-section as shown in Figure 3-2. With the finite element model determined, a
2D heat transfer analysis was performed which consisted of four heat transfer
phenomena: heat conduction in the concrete, heat convection between the
surroundings and the concrete surface, heat irradiation from the sun, and heat radiation
to the surroundings. Reflected radiation between the surfaces of the girder was ignored.
The initial reference temperature was assumed to be constant over the cross-section
based on an average of all the measured temperatures at the start time of the analysis,
12 a.m. For example, on July 22, the constant initial temperature was found to be 25°C

(77°F), as shown in Figure 3-3.

Figure 3-2. Two-dimensional ANSYS Finite Element Model
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3.2.2 FE thermal analysis results

July 22, 2014 is arbitrarily chosen to demonstrate the comparisons between measured
and predicted results for the purposes of validation. In the interest of clarity and
practicality, select results are presented. The values presented are representative of the
degree of comparison observed on different days as well as at various regions
throughout the bridge. The environmental data on July 22, 2014 including ambient

temperature (Figure 3-3), wind speed and solar radiation on surfaces (Figure 3-4) were

input into both the two-dimensional models.

Temperature (°F)

Figure 3-3. Hourly Ambient Temperature on July. 22, 2014
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Figure 3-4. Hourly Solar Radiation on July. 22, 2014

3.3 Temperature History

Temperature histories obtained from the heat transfer analysis are obtained and
compared with the measurements along the vertical and lateral directions of the cross
section. Both outer girders (e.g. girder 1) and inner girders (e.g. girders 3, 5) are
included, as shown in Figure 3-5. And Figure 3-6 shows the temperature histories on
different positons (slab, top and bottom flanges, and web) for girder 1 on July 22, 2014,
respectively. The results showed that the highest temperature in the vertical

temperature distribution was on the top surface and the lowest temperature in the
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bottom flange, and the highest temperature occurred at about 17pm. Also, the outer and
inner girders have the same trends of temperature histories.
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Figure 3-5. Cross Section
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Figure 3-6. Temperature histories of girder 1 on July. 22, 2014

In addition to vertical temperature variations, Figure 3-7 shows the predicted transverse
temperature variations in the slab on July 22, 2014. The highest temperature in the top
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flange was on the south end of the top flange (Flange-Outl) while the lowest
temperature was in the middle of the top flange (Flange-In). The slab, web and bottom
flange have the similar trends, the south-facing surface (Outl) exhibited the highest
value, and the north-facing middle (In) of components showed the lowest value.
Because the south-facing surfaces are directly subjected to solar radiation, while the

temperature of middle surfaces is translated from the outer surface.
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Figure 3-7. Temperature histories in top flange on July. 22, 2014

3.4 Sectional Temperature Distribution

The temperature distributions across the width of the bridge were calculated from the
two-dimensional ANSYS model and are also compared with field measurements on the
chosen day. Only the distributions at 17 pm are shown in Figure 3-8. At 17 pm, it can
be seen that the sunlit part of the exterior girder is much warmer than the shaded
portions. The higher temperatures are also apparent at the top of the slab on both sides
of the bridge since the top of the slab would be exposed to direct sunlight.
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Figure 3-8. Sectional temperature distribution at 17 PM, 07/22/2014 (Unit: oK)

In addition, Figure 3-9 shows the predicted maximum vertical temperature distributions
along the depth of the girder 1 section for July 22, 2014. The difference of temperature
on the slab between that on the web is 13 °F, while the difference of temperature on the
web between that on the bottom flange is 5 °F. The temperature decreases almost
linearly from the top of slab to the web rapidly along the depth of the cross-section, also

with the same trend from the bottom of flange to the web.
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Figure 3-9. Vertical temperature distributions along the depth of Girderl at 17 PM,
07/22/2014
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In addition to vertical temperature distributions, Figure 3-10Figure 5-9 to Figure 3-11
show the predicted transverse temperature distributions across the top flange, the
middle of the web of girderl, respectively. Across the top flange, a maximum difference
of 2.0°F on July 22 occurred at the south end of the top flange. The middle of the web

showed a maximum difference of 5°F on the south vertical surface of the web flange.
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Figure 3-10. Transverse temperature distributions across the top flange of Girder 1 at
17 PM, 07/22/2014
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Figure 3-11. Transverse temperature distributions across the middle of the web of
Girder 1 at 17 PM, 07/22/2014

17



3.4.1 Finite element model for structural analysis

The 135-19th Bridge was modeled using 3D solid elements- SOLID45, 3D elements-
LINK180, and spring elements-COMBIN14in ANSYS (2014). The required compressive
strength of concrete for slab, girders and diaphragm is 10,000psi at 28days. The type of
tendons required in the P.C girders is low relation 7- wire strand with normal diameter of
0.6 inches and ultimate tensile strength of 270ksi. All the materials in this simulation are
assumed in elastic stage. The researched bridge is simply supported on the abutment
and piers. Considering different restriction degree of bearings which supporting the P.
C. girders, spring elements are used to simulate the bearings with different stiffness.
The 3-D FE model of 135-19th Bridge was shown in Figure 3-12. To understand the
structural behavior of researched bridge, dead load (self-weight)-Load case 1, live load
(a uniformly pressure of 100Ib/ft2) -Load case 2 and thermal load (non-uniform

temperature field: top slab 46°F, bottom flange 12°F) -Load case 3 are applied

respectively.

(a) Whole structure in top view (b) Whole structure in bottom view
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(c) P.C. girders (d) Tendons

Figure 3-12. Three-dimensional ANSYS Finite Element Model

3.4.2 FE thermal analysis results

Due to the limited space, only the displacement contour figures under load case 3 are
shown in Figure 3-13 in transversal, vertical and longitude directions respectively. The
maximum value of transversal, vertical and longitude displacement under all three load
cases are list and compared to the calculated ones from Matlab model in Table 4-1.

(a) transversal
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(b) vertical

(c) longitude

Figure 3-13. Displacements under load case 3 from ANSYS

4 Development of simplified modeled using MatLab for time-
efficient thermal stress analysis

A simplified model derived from fundamental energy principles which include shearing
and in-plane translations as well as normal motions and possibly nonlinear effects has
been developed. In developing the MatLab models, a key objective is to develop models
that capture salient features of the bridge behavior under thermal loading while

remaining sufficiently simple to permit fast computational solutions.
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And this simplified MatLab model was calibrated by the finite element model of the
select sample bridge 135-19th Bridge. The concrete slab, PC girders were simulated as
plate elements. The interaction between the bridge and abutments are included through
proper modeling of the boundary conditions using spring elements with proper stiffness.
The geometrical dimensions, material properties, boundary conditions and load cases
were chosen the same as the 3D finite element models in Figure 3-2. The displacement
contour figures under load case 3 calculated using Matlab model are shown in Figure

4-1 in transversal, vertical and longitude directions respectively.

(a) transversal

Normal displacement. w

(b) vertical
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~ 1000

(c) longitude
Figure 4-1. Displacements under load case 3 from Matlab

The displacement results from MATLAB model are compared with that from FE model
using ANSYS, as shown in Table 4-1. It can be found that these two models agree well
with the defection shape and value in both vertical direction and transversal direction,
these two models agree well with the deformation shape in longitudinal direction, but
there is some difference in the value. it maybe MATLAB model has more longitudinal
constrain, as the MATLAB model simulate the girder as plate element, the whole cross
section in the end is restricted in longitudinal direction. But only the bottom of flange in
ANSYS model is restricted, the cross-section at end can rotate in ANSYS model. In all,
the simplified MATLAB models were verified by the ANSYS model and will be used to

perform the probabilistic study and uncertainty analysis described in Task 5.

Table 4-1. Displacements comparison from ANSYS and Matlab

Load Calculation Transversal Vertical Longitude

case model displacement (in) displacement (in) displacement (in)
ANSYS 0.012 1.56 0.31

. MATLAB 0.01 15 0.3
ANSYS 0.005 0.58 0.12

’ MATLAB 0.006 0.6 0.12
ANSYS 0.12 -0.64 0.21

° MATLAB 0.1 -0.6 0.18

22



5 Analyze Oklahoma Mesonet database

The Oklahoma Mesonet is a world-class network of environmental monitoring stations
which consists of 120 automated stations covering Oklahoma. There is at least one
Mesonet station in each of the Oklahoma's 77 counties. At each site, the temperature,
precipitation, humidity, wind speed, etc. are concurrently measured by a set of
instruments located on or near a 10-meter-tall tower. The measurements are packaged
into "observations" every 5 minutes and the observations are transmitted to a central
facility every 5 minutes, 24 hours per day year-round. The Oklahoma Climatological
Survey (OCS) at OU receives the observations, verifies the quality of the data and
provides the data to Mesonet customers. Based on the relationships between the
environmental conditions and the largest vertical and transverse temperature
differentials, the Oklahoma Mesonet, which contain the 20-year (from 1994 to 2014)
daily solar radiation, climatic values, wind speed, were evaluated for extremes in

environmental conditions.

5.1 Air Temperature

For expected daily extremes in air temperature, the Oklahoma Mesonet data pertaining
to the record daily maximum and minimum temperatures were investigated. The record
daily maximum and minimum temperatures were obtained from the entire record period
of 1994 to 2014. Figure 5-1 shows the record daily maximum, minimum, average
temperatures extracted from the Mesonet data for the Norman station, from 1994 to
2014. Figure 5-2 shows the extreme temperature from Jan. to Dec. during the past

20years.

For Aug 1 (2012), the record daily maximum temperature was obtained, which was
43.3°C (109.9°F). Also, the record daily minimum temperature was found as -18.2°C (-

0.8°F), on Feb.4 (1996). The record daily maximum temperature difference (maximum —
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minimum temperature at the same day) was 30.9 °C (87.6°F), the occurred on Feb.4
(1996), the same day as the record daily minimum temperature. The details of daily
maximum, minimum, average temperature and temperature difference of year 2012

presented in Figure 5-3 as an example.
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Figure 5-1. Yearly extreme daily air temperatures
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Figure 5-2. Monthly extreme daily air temperatures
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Figure 5-3. Extreme daily air temperatures for 2012

The air temperature affects the variation in the temperature distributions of bridge
girders. In general, hourly ambient air temperatures are available from measurement. If
they are not available, a sinusoidal daily cycle between the minimum and maximum

temperatures, Tmin and Tmax, can be used to interpolate them.

alr (t) ( +Tmin ) + (Tmax _Tmi” )S|n|:ﬂ.(t_9):|
2 2 12

(@)

in which Tair(t) = the air temperature as a function of time t, Tmax = the daily maximum

air temperature, and Tmin = the daily minimum air temperature.

Variations in air temperature predicted by the equation were compared with those
measured on Aug. 1, 2012 and Dec. 8, 2005, as shown in Figure 5-4. These two days
represent typical summer and winter days respectively. According to Figure 5-4, the

equation4-1 provides good correlations with the measurements on these two days.
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Figure 5-4. Comparison of the air temperature measured every five minutes and the
predicted hourly air temperature

5.2 Wind speed

For another environmental factor of wind speed, the record maximum and average daily
wind speed were obtained during the entire record period of 1994 to 2014 from
Oklahoma Mesonet data. The daily average wind speed calculated by integrating the
measurement data using the trapezoidal numerical method and dividing the integration
by the total measuring time was within 1 m/sec (2.2 mph) with no specific seasonal
variations. Figure 5-5 shows the record daily maximum, average wind speed, from
1994 to 2014. Figure 5-6 shows the record daily maximum, average wind speed from
Jan. to Dec. during the past 20years. The maximum wind speed was recorded as 21.9
m/sec, on May 31-2012, as shown in Figure 5-7. The recorded average wind speed
from the measured wind speed data was less than 5 m/sec (11.2 mph) on the days
when the large vertical and/or transverse temperature differentials were recorded.
Therefore, in this study, the effect of wind speed on temperature variations in bridge

girders was disregarded.
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Figure 5-5. Max. and Ave. daily wind speed of each year
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Figure 5-6. Max. and Ave. daily wind speed of each month

Wind Speend (m/s)

20 T T T T T T T T T T T T
154
104

20

120 150 180 210 240 270 300 330 360

— Max

%UWWWWMM ww

120 150 180 210 240 270 300 330 360

Time / Day (Y: 2012)

Figure 5-7. Maximum and average daily wind speed for 2012
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5.3 Solar radiation

The Mesonet data also provide solar radiation at every 5 minutes from 1994 to 2014.
The daily maximum and total solar radiation were obtained from each month and each
year, as shown in Figure 5-8 and Figure 5-9 respectively. The total average daily solar
radiation calculated from the measurements ranged from 28 to 32 MJ/m2 in the summer
and from 14 to 18 MJ/m2 in the winter under clear sky conditions. In particular, on July

23,2000, the maximum daily solar radiation was 1362 w/m2, as shown in Figure 5-10.
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Figure 5-8. Max. and total daily solar radiation of each year
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To evaluate the effectiveness of the equations of proposed solar radiation model on the
variation in daily solar radiation over the length of a day, this study compared the
predicted solar radiation with the measurements on a horizontal surface for Aug. 1,
2012 and Jan. 18, 1996. Figure 5-11 shows the solar radiation on a horizontal surface

measured every five minutes and the predicted hourly solar radiation using the

equations of solar radiation model. The equations provide good agreement with the

measurements. Thus, these equations can be used for the prediction of variations in

solar radiation incident on the horizontal surface of PC bridge girders.
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Figure 5-11. Comparison of the solar radiation measured on a horizontal surface and
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6 Develop statistical descriptions of thermal stresses in
bridges using simplified MatLab models

A probabilistic analysis is performed using the approximate bridge models to obtain a
probabilistic description of the thermal stresses. This probabilistic model reflect the
uncertainties in daily and seasonal temperature profiles which developed in Task 4 as
well as the uncertainties in structural and material properties of the bridge that affect its
behavior under thermal loading, including material thermal conductivity, continuity over
supports, and other geometry and constraint characteristics. Latin hypercube sampling
and Monte Carlo Simulation are used to propagate the uncertainties in strength,

loadings and thermal effects through the simplified bridge model.

6.1 Probabilistic model of temperature profiles

In order to obtain statistical modeling of the temperature load model, which should
reflect the likely value (mean or median) and uncertainty of the extreme temperature
range experienced by a bridge in 75 years of service life, finite element thermal analysis
were conducted on the sample bridge at extreme temperature conditions (Maximum
solar radiation, Maximum temperature difference) from 1994 to 2014 based on the

Oklahoma Mesonet database.

On the basis of FE simulation results, the temperature profile agrees well with the
recommended one by AASHTO specification for positive temperature distributions.
Therefore, we adopt temperature profile recommended by AASHTO specification, and
use statistical modeling of the temperatures T1, T2 and T3 from simulation results, as
shown in Table 6-1. Figure 6-1 shows the PDF and CDF of T1 and the fitted normal
distribution of T1. After the statistical modeling of the annual maximum temperatures
T1, T2 and T3 was determined, the distribution function of the temperature data (T1, T2
and T3) are extrapolated to a full lifetime of 75 years based on extreme value theory, as
shown in Figure 6-2 and Table 6-1. Local bridge temperatures vary widely with time

through the bridge cross section, but the average temperature of the bridge cross
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section, Tefr, controls bridge movements, the probability distributions and estimate

parameters of maximum and minimum Tes, are also listed in Table 6-1.

Table 6-1. Summary of Parameter Estimates (°C)

Domain The Return Period AASHTO
Parameter | of H (o] e
Attraction P 50 75 100
Tes for 46.11 (115°F)
) GEV 40.55|1.40 | -0.14 46.02 | 46.60 | 47.00
Maxima
Test for -6.67 (20°F
e.ﬁ ) Gumbel | -2.21 | 0.97 | N/A -3.75 | -3.83 | -3.88 ( )
Minima
T1 Normal | 17.98 (1.3 | N/A 20.65 | 20.86 | 21.00 | 25.56 (46°F)
T2 Normal |[6.58 [ 1.17 | N/A 8.98 |9.17 9.30 6.67 (12°F)
Ts Normal |2.13 [ 1.23 | N/A 465 |4.86 5.00 2.78 (5°F)
- -7.67 (-15.3°F)
D: Normal |-6.35 [ 1.75 | N/A -0.94 -10.42
10.23
- - -0.83 (-1.7°F)
D Normal |-9.26 | 1.96 | N/A -13.82
3 13.28 | 13.60

Note: for Gumbel distribution, the location y; the scale o; for Normal distribution, The mean y;
The standard deviation o
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Figure 6-2. The distribution function of T1 extrapolated to a full lifetime of 75 years
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Probabilistic model of temperature induced stress

The Monte Carlo Simulation (MCS) is used to simulate a bridge subjected to randomly
generated loads and possessing uncertain resistance to obtain randomly generated
bridge response (RGOVSs), such as: (1) compressive stress at the top fiber at the mid-
span; and (2) tensile stress at the bottom fiber at the mid-span. LHS method were
adopted using software MATLAB to generate a set of temperature gradient (T1, T2 and
T3; D1, D3), and corresponding uniform change temperature (Teft-p and Tes-N). The
compressive stress at the top fiber and the tensile stress at the bottom fiber for the mid-
span section are the randomly generated bridge response that we are most concerned,
both internal and external girder under simply support condition (SSC) and fixed end
condition (FEC) are included. The distribution parameters of the temperature load
response (stress) are obtained using MCS and statistical analysis and summarized in
Table 6-1. To be consistent with the basis of the live load response used in calibrating
the AASHTO LRFD Bridge Design Specifications, the statistical modeling of the
temperature load response should reflect the likely value (p) and uncertainty range (o)
experienced by a bridge in 75 years of service life. According to the extreme value
theory, the asymptotic distribution of the largest value of compressive (or tensile) stress
(normal distribution) is of the double exponential form (Type 1), the parameters at return

period of 75 years are also listed in Table 7-1 and Table 7-2.

7 Develop a set of guidelines that are specific to Oklahoma
climatology for consideration, where necessary, of
temperature effects in bridge evaluation and capacity
rating.

7.1 Reliability Analysis of AASHTO LRFD Limit State

Development of reliability-based bridge design load combinations with partial safety
factors provides a consistent level of design safety. The proposed load combinations

consider prestressing force, dead load (DL), traffic live load (LL), vehicular impact load
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(IM) and thermal load (TG, TU). Distribution types and statistics for loads and

resistances are determined based on published literature (Nowak 1995, 2003), and for
thermal load based on MCS results in Table 7-1 and Table 7-2.

Table 7-1. Summary of Parameter Estimate for stresses at the top fiber (MPa)

Domain The
o of The Standard
The R
: Mean deviation
Boundary | Domainof | "¢ | Standard | Attraction g
Load Girder . Mean deviati 75 o
el Attraction . eviation 75 ) (75 year)
o (75 year)
Positive .
temperature Simply
per support Gl Normal -6.081 0.359 Gumbel -6.962 0.157
gradient (SSC)
(TG+)
Positive ,
temperature Simply
per support | G5 Normal | -6.134 | 0.358 Gumbel | -7.013 0.156
gradient (SSC)
(TG+)
Positive
temperature | Fixed end )
gradient (FEC) G1 Normal -8.99 0.54 Gumbel 10.316 0.236
(TGH+)
Positive
temperature | Fixedend |~ o Normal | -9.17 | 0.556 Gumbel | -10535 | 0.243
gradient (FEC)
(TG+)
Positive
uniform Fixedend | 4 Normal | -3.426 | 0.683 Gumbel | -5.103 0.298
temperature (FEC)
(TU+)
Positive
uniform Fixedend | g Normal | -3.789 0.57 Gumbel | -5.189 0.249
temperature (FEC)
(TU+)
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Table 7-2. Summary of Parameter Estimate for stresses at the bottom fiber (MPa)

Domain The
. of The Standard
The i
: Mean deviation
Bolndany Domainof | "¢ | Standard | Attraction g
Load Girder . Mean . 75 4
CarelFen Attraction 7 deviation 75 ) (75 year)
o (75 year)
temperature | SO
per support Gl Normal 3.227 0.484 Gumbel 4.415 0.211
gradient (SSC)
(TG-)
temperature | STPY
per support G5 Normal 3.79 0.597 Gumbel 5.256 0.261
gradient (SSC)
(TG-)
Negative
temperature | Fixed end
gradient (FEC) G1 Normal 4.003 0.598 Gumbel 5.471 0.261
(TG-)
Negative
temperature | Fixedend | o5 |\ Nomal | 4511 | 0711 | Gumbel | 6257 0.310
gradient (FEC)
(TG-)
Negative
uniform Fixed end
temperature (FEC) G1 Normal 5.037 0.755 Gumbel 6.891 0.330
(TU-)
Negative
uniform Fixedend | g Normal | 5.691 | 0.729 | Gumbel | 7.481 0.318
temperature (FEC)
(TU-)

The Rackwitz-Fiessler procedure producing an accurate result when basic statistics and

distribution types of all related variables are provided, was adopted to compute reliability

indices. Reliability analyses of AASHTO LRFD limit states (Service |, Service Ill and

Strength 1) are performed to determine whether additional thermal load reduce structure

safety. A reliability analysis determines the safety level of a structure in terms of a
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reliability index () and is computed here under two loading cases: (1) a bridge without
thermal load; and (2) a bridge with thermal load, for two support conditions: (1) SSC; (2)
FEC. Reliability indices (B) are computed for AASHTO limit states and presented in
Figure 7-1, Both thermal load and boundary condition have significantly influences on
B, the computed reliability indices represent very low probabilities of failures, and may
result in a significant overdesign. Therefore, the load factors for thermal load should be
re-computed to obtain a constant reliability index and to be consistent with the current
AASHTO LRFD.
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Figure 7-1. Limit State Reliability Indices

Reliability analyses were performed to determine the partial safety factors achieving
target reliability index (Bt = 3.5) for AASHTO load combinations for Strength | limit state,
using calibration procedure (Nowak, 1995). A resistance factor, @r, equal to 1.0
recommended by AASHTO LRFD for PC girders subjected to bending moment is

applied to investigate yr.

For comparison purposes, boundary conditions are also considered. As for a simply
supported bridge, if the temperature distribution is uniform or linear over the depth of the

superstructure, the induced thermal stress or force are negligible. Even in a bridge
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originally designed as a statically determinate structure with expansion joints can, over
the years, become a statically indeterminate structure due to closing of the expansion
joints at abutments and within the deck, additional thermal stresses may be induced due
to axial or flexural restraints at supports. Since the restraint degree is difficult to

estimate, fixed end supports were assumed in this statically indeterminate structure.

Based on the simple support condition, a reliability analysis was performed on
AASHTO-PCI standard girder with BT-72 section (Figure 7-2) to get the nominal
flexural strength (MRT) satisfying the target reliability index (Br=3.5). The TU and TG
do not induce thermal force (MTU and MTG) in such statically determinate structure,
only dead and live load are considered. To be consistent with AASHTO LRFD, load
factors for DL, and LL+ IM are taken from Strength | limit state. The maximum span for
BT-72 section is limited to 40m (130 ft) (PCl, 2003), therefore, the simply supported
girders with two different spans (30m and 40m) were selected. The target nominal
resistant moments (MRT), the design resistant moments (MRD) calculated based on the
design parameters including the concrete strength (fc) and prestressing tendons
(numbers Nps and positions Dps) for simply supported girders with span of 30m and
40m are listed in Table 7-3. The ratio of MRD to MRT is 1.01, and B is reanalyzed to be
3.56 and 3.63 with the design parameters of the girder with span of 30m and 40m,
slightly larger the target reliability index 3.5.

1.07m (3-6”)
[ 1 I
N\ O
SSC 8
£
S‘E
/ / PS: Nps
/ / L TDes
FEC 066m (2-2)

Figure 7-2. Simply supported and fix end supported girders with BT-72 section
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Table 7-3. Design parameters of BT-72 section at middle span

Support condition Span/m Fc(MPa/ksi) Nps Dps(m) Mgrp(KN.m)  Mgr(kN.m)

SSC 30 55/8 20 0.09 1.047x10* 1.042x10*
SSC 40 69/10 34 0.13 1.652x10* 1.634x10*
FEC 30 28/4 8 0.18 4.067x10° 4.010x10°
FEC 40 4216 12 0.26 6.404x10° 6.343x10°

When the boundary condition change from SSC to FEC, the TU will not induce thermal
force (MTU), but the nonlinear temperature gradient load (Tg) will induce MTG in
statically indeterminate structure. The dead load, live load and temperature gradient
load are considered in the reliability analysis. According to AASHTO LRFD, the load
factor for temperature gradient, yrtc, should be considered on a project-specific basis. In
lieu of project-specific information to the contrary, ytc may be taken as 0.0 at the
strength and extreme event limit states. The MRT under Strength | limit state from
AASHTO LRFD, MRD calculated based on the design parameters (fc, Nps and s Dps)
for 30m and 40m girders under FEC are also listed in Table 7-3. The MRT reduced
about 62% from the SSC to FEC, since both ends are restricted, the moment occurred
at the fixed ends resulting in reduction of the moment at middle span. The ratio of MRD
to MRT is 1.01, and B is reanalyzed to be 3.68 and 3.62 with the design parameters of
30m and 40m girders, slightly more than 3.5.

Figure 7-3 presents the reliability indices for two cases: (1) when the moment
resistance of a bridge is designed as a simple support, but the actual boundary
condition is a fixed end condition (DSBF); and (2) when a bridge is designed as a
simple support and the actual boundary condition is a simple support condition (DSBS).
The actual boundary may vary between fixed end condition and simple support
condition. As in Figure 7-3, reliability indices of DSBF are much greater than Strength |

limit state target reliability, 3.5. While the actual rotational stiffness is not fixed, results in
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the Figure indicate that a bridge is designed as a simple support, but the actual
boundary condition is a fixed or partially restrained is significantly conservative.
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Figure 7-3. Reliability Indices with respect to Boundary Condition

Since, the boundary condition is fixed end support, the nonlinear temperature gradient
load (TG) will induce thermal moment (MTG) by the following equation:

My = [[o(y)-b(y)- y]dy = [[E-e-AT(y)-b(y)- y] dy (3)

in which AT(y) = the vertical temperature differential at a depth y, b(y) = the width of the
girder section at a depth y, and E = the concrete modulus of elasticity. The MTG were
determined using the statistics of temperature gradient in Part 1, MCS results
established statistics of MTG at the mid-span section for the girder with span 30m and
40m, which are fitted to be normal distributions. According to the extreme value theory,
the asymptotic distribution of the largest value of MTG (normal distribution) is of the

double exponential form (Gumbel), the estimated parameters are shown in Table 7-4.
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Table 7-4. Parameter Estimate for thermal moment (MTG) for FEC (kN.m)

75 year
The Ul
Domain of The Domain of The Mean Standard
Span/m : Standard : .
Attraction Mean [ . . Attraction O deviation
deviation [ o
30 Normal 3.57x10%? 3.67x10* Gumbel 4.47%10? 1.60x10?
40 Normal 4.38%x10%2 4.50x10! Gumbel 5.49%102 1.97x10?

Considering the bending moment due to thermal load (frg) for FEC, a limit state function
for Strength | limit state is:

9()=M, —(@.25f,c + 7 L.mM i + 7eMi6) (4)

In order to calibrate the load factor of yTG, thermal moments MTG under 75 year return
period were adopted. And yLL+IM was assumed to be 1.25 (the same as dead load),
while the M LL+IM (moment due to LL+IM) was chosen under daily traffic volume, it’s
value was about 80% of nominal M LL+IM under AASHTO live load model (Nowak,
1999). The moment resistance (Mn) was selected to satisfy the target reliability index
(BT = 3.5) due to dead load and live load for fixed end supported girders (the limit state
function recommend by AASHTO). Figure 7-4 presents the relationship between
reliability indices and load factor yrc, considering dead load, live load and temperature
gradient load for PC girders with span of 30m and 40m under FEC, the reliability indices
decreased almost linearly as the load factor yrc increasing. The load factor yrc should
be determined to satisfy the target reliability index (BT = 3.5), the value of (B-BT )2 is
calculated for different load factor yrc to obtain the optimal value, which equals 2.45 and
3.10 for the girder with span 30m and 40m, respectively. Therefore, the load factor yrc
was determined as 2.45. Finally, simple support and fixed end support conditions were

considered in the reliability analysis for Strength | limit state as:
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Figure 7-4. Determination of load factor yTG

8 Conclusions and Remarks

(1) A 3D structural FE accounting for the different boundary conditions was established
to estimate the movement and stress under proposed temperature loading, and the

accuracy was validated by filed measurements.

(2) The temperature induced movement range calculated by the method recommended
in AASHTO(2012) agree well with that by FE simulation, but slightly less than the
measured movement range, since the measured movement range might include other

load effects, e.g. truck load.
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(3) The stresses due to uniform temperature load are sensitive to boundary conditions,
the normal stress change from 0.8MPa to 12MPa when the boundary condition change
from simply supported condition to fixed end condition. As for the stress due to
temperature gradient, there are no obvious difference for the stress distribution under
proposed and AASHTO recommended positive temperature gradient, but the tensile
stresses at both top slab and bottom flange under proposed negative temperature
gradient are larger than stresses under AASHTO recommended one, especially at the
bottom flange. The tensile stresses due to AASHTO recommended negative
temperature gradient is un-conservative, even combined with other load effects, might
cause cracking on the bottom of girder.

(4) Reliability analyses of AASHTO LRFD limit states were performed using Monte
Carlo simulation and Rackwitz-Fiessler procedure to determine reliability index (). Both
thermal load and boundary condition have significantly influences on (3, the computed
reliability indices represent very low probabilities of failures, and may result in a
significant overdesign. Therefore, the load factors for temperature load should be
investigated to obtain a constant reliability index and to be consistent with the current
AASHTO LRFD.

(5) Reliability analyses were performed to determine the partial safety factors achieving
target reliability index (B+= 3.5), and the load factors for temperature loads were

recommend for AASHTO load combinations for Strength | limit state.
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