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Abstract. This manuscript describes the “smart” control system designed for a geothermal bridge
deck heating system. The control system integrates concepts of model predictive control with a
first-principles bridge deck model and hourly computerized National Weather Service (NWS)
forecasts to prevent bridge icing without the use of salt or other chemical de-icing materials. The
proactive nature of the control system maximizes motorists' safety and bridge life while
minimizing System operating costs. The basic concepts of model predictive control, first applied
in the process industries in the early 1990’ s, are presented as applied to control of a geothermally
heated bridge deck. An overview is then provided of the detailed bridge model used to predict
the thermal response of the bridge deck to constantly changing weather conditions. The
proactive element of the control system as provided by the NWS Rapid Update Cycle forecast
model is then described. Performance of the integrated control system isillustrated via
simulation using actual westher data. The “smart” control system represents a novel approach
and can be conceptually applied with any type of bridge deck heating system.

INTRODUCTION

Bridgeicing, especialy preferential bridge icing (formation of ice on a bridge deck beforeice
appears on approaching sections of road), represents amajor transportation safety issue. A
common response is the application of salt to suppress the freezing point and prevent ice
formation. Unfortunately, this creates two problems of major concern. Thefirst isthe
environmental impact associated with salt runoff in water bodies. The second isareduction in
bridge life due to the corrosive effects of salt on rebar and other structural steel. One aternative
to avoid salt isthe use of heated bridge technology (HBT). This paper describes the control
system for this approach.

In 1999, the U.S. Department of Transportation Federal Highway Administration funded
the Oklahoma State University (OSU) Geothermal Smart Bridge Project. The mission of this
project isto “research, design, and demonstrate technically feasible, economically acceptable,
and environmentally compatible Smart Bridge systems to enhance the nation’s highway system
safety and to reduceits life cycle cost (1).” The OSU project uses a hydronically-heated deck
with geothermal energy as the heat source. The control system described in this paper represents
amajor step forward from earlier approaches used to control bridge deck heating. The
philosophy and capabilities of the control system described in this paper are consistent with the
goals for Intelligent Transportation Systems.

A hydronically-heated bridge deck has tubes buried in the pavement. Hest is transferred
to the bridge deck when awarm fluid is pumped through the tubes. For the application described
in this paper, a ground source heat pump, which recovers energy stored in the earth, is used to
heat the fluid circulated through the bridge deck. Energy is supplied to the heat pump from a
ground loop heat exchanger. The ground loop heat exchanger utilizes a second fluid circulating
through tubing buried in the earth. A schematic of the system is presented in Fig. 1.

The term “ Smart Bridge” associated with the OSU project is areflection of the
sophisticated control system used to operate the bridge deck heating system. Decisionsto
initiate, continue, or stop heating the bridge deck are based on measurements at the bridge site,
information from road weather information systems (RWIS), and weather forecasts for the
bridge site. A distinguishing feature of the OSU control system is the ability to leverage state-of-
the-art control, modeling, and real-time weather monitoring and forecasting technology to
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optimize use of the heating system (and associated operating cost) while significantly improving
motorist safety. The proactive or feedforward capability of the control system preheats the
bridge in advance of freezing precipitation or other predicted deck icing events.

For a comparative perspective of similar systems employed elsewhere, Table 1
summarizes the control systems used in earlier investigations of HBT. Funding for HBT
research was provided between 1992 and 1997 as part of the Applied Research and Technology
program (Section 6005) of the Intermodal Surface Transportation Efficiency Act. A total of
eight heated bridge decks were constructed in five states as a result of this program. The
information presented in Table 1 was derived from areport (2) published in July 1999 by the
Office of Bridge Technology. The report gives the scope, operating controls, construction
details, costs, and operating experience for each bridge.

The control systems listed in Table 1 employ traditional feedback control. All have the
capability to remove snow and ice from a bridge deck after afreezing event isfirst detected.
Because heating a bridge deck is a slow process (requires hours), the purely reactive nature of
feedback control results in an unavoidable accumulation of snow or ice until the bridge deck is
heated above 0 °C. With one possible exception, none of the control systemslisted in Table 1
have the ability to prevent preferential icing without manual intervention. Feedforward
(proactive) control is required to automatically preheat the bridge deck prior to an expected icing
event. Specifically, the controller needs continuously updated weather forecasts for the bridge
site and amodel of how the bridge deck responds to changing weather conditions. This
capability isincorporated in the Smart Bridge controller as described in the next section.

The remainder of this paper is organized as follows. A brief overview of the Smart
Bridge controller is provided first. The key components used to provide smart control are then
discussed. The three components are: 1) bridge deck model, 2) model predictive control
technology and, 3) utilization of real-time, site specific weather forecast information provided by
the National Weather Service (NWS). An overview of the controller in operation isthen
provided with an example of results generated by a smulation using actual weather data.
Conclusions and future work are presented at the end.

OVERVIEW OF SMART BRIDGE CONTROLLER

Heat input to the bridge is provided by fluid (e.g., 42% propylene glycol and 58% water)
circulating through abank of geothermal heat pumps arranged in parallel. Measurements taken
at the bridge site are used to provide feedback control action. The weather forecast inputsin
combination with the detailed bridge model are used to generate feedforward control action. The
output of the controller determines the number of heat pumps that are turned on.

The bridge deck temperature is the controlled variable (CV) in our control strategy. The
CV measurement is provided by thermistors embedded in the bridge deck. In the one-quarter
scale test Smart Bridge located on the OSU campus, the thermistors are installed one-eighth of
an inch below the pavement surface.

For control calculation purposes, the supply temperature of the hot fluid circulating
through the bridge deck is the manipulated variable (MV) used to keep the CV at its desired
value. In reality, the actual manipulated variable is the number of heat pumps that are turned on.
A straightforward conversion algorithm is used to determine the appropriate number of heat
pumps for a specified supply temperature. The number of heat pumps installed at a heated
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bridge site is afunction of the size of the bridge and the local weather patterns. A typical bridge
design may include on the order of eight to ten heat pumps (e.g., for atypical interstate highway
in the United States). Control action isimplemented in a discrete manner with the number of
possible states determined by the number of heat pumps.

The controller (3) generates a new control action every fifteen minutes. The controller
uses predicted weather and bridge conditions for the next 12 hours when calculating each control
action. The weather variables used as input to the controller include air temperature, sky
temperature, precipitation type, precipitation rate, relative humidity, wind speed, wind direction,
and solar radiation. Current weather measurements are provided by instruments at the bridge site
or other nearby site. The weather forecasts are downloaded from aweather model developed and
operated by the NWS. Other inputs to the controller are the bridge deck and heating system
measurements.

MODEL PREDICTIVE CONTROL

The Smart Bridge controller implements feedforward action using principles of model predictive
control (MPC) (4-6). MPC represents the most advanced level of control practiced in the process
industries. MPC was originally developed for control of complex processes characterized by
extensive interactions between multiple inputs and outputs, e.g., petroleum refining. While
much less complex than arefinery, the bridge deck heating problem has several characteristics
that make it well suited for the application of MPC. The most significant are:

1. Thebridge deck responds slowly due to high thermal capacitance of the bridge deck.

2. A first-principles model of a hydronically heated bridge deck is available.

3. Information concerning future weather predictions (forecasts) at the bridge site is available
for use by the controller.

4. Operation of the bridge deck heating system should be optimized to avoid unnecessary
heating.

The prerequisite for use of the technique isamodel of the process, in this case the bridge
deck. Thebasicideabehind MPC is straightforward. At any instant, the controller uses the
mode to predict the future response of the bridge deck temperature assuming the manipulated
inputs (supply temperature of the fluid circulating through the bridge loop heat exchanger) are
held constant. The prediction includes the effect of past, present, and future changes in external
disturbance variables such as the ambient air temperature, precipitation rate, etc. The predicted
response is compared to the desired trgjectory (desired bridge deck temperature) and the
difference between the two is noted. If the predicted response is the same as the desired, no
change in the manipulated variablesisrequired. In most cases, however, thereis a difference
and the MPC controller calculates the optimal sequence of changes in the manipulated variable
to minimize the difference between the predicted and desired response. Thefirst changein the
sequence is implemented and the entire cycle is repeated every time a control action is generated.
The net result isthe ability to integrate feedback and feedforward control in an easily utilized
optimization framework.

BRIDGE DECK MODEL

The bridge deck model used in the Smart Bridge controller was devel oped by investigators from
the OSU School of Mechanical and Aerospace Engineering (7-11). The bridge deck model uses
asystem of partial differential equationsto describe the energy balance around a hydronically
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heated bridge deck. A two-dimensional finite difference approach is used to numerically solve
this system of equations. The model considers heat transfer due to solar radiation, thermal
radiation, convection at the pavement surfaces, rain and snow evaporation (sensitive and latent
heat effects), conduction through the bridge deck and tube walls, and heat transfer from the
bridge loop fluid.

There are four types of inputs to the model: bridge layout parameters, physical property
parameters, weather conditions, and heating system parameters. Thelist of input parameters and
variablesis provided in Table 2. Three outputs are generated by the model: average bridge deck
surface temperature, return temperature of the bridge loop fluid, and the heat transfer rate from
the bridge loop fluid.

The fiddlity of the bridge deck model used in the Smart Bridge controller is better than
most used by MPC controllersin the process industries. While always desirable, highly accurate
model parameters are not required for successful operation of the controller. Although outside
the scope of this paper, the MPC algorithm provides an explicit method for dealing with model
uncertainty.

WEATHER INPUTS

Current Conditions at the Bridge Site

Current weather conditions are provided by instrumentation installed at the bridge site, from a
nearby RWIS station, or acombination of the two. The prototype controller devel oped for the
one-quarter scale test bridge on the OSU campus obtains weather measurements from the
Oklahoma Mesonet (12, 13).

Two weather input variables stand out in terms of importance, potential measurement
difficulty, and/or ability to forecast. While not difficult to measure, the ability to accurately
forecast solar radiation is challenging due to effects of cloud cover. Because the bridge deck
model is highly sensitive to solar radiation, the effect of forecast errors on control performanceis
magnified. Conservative forecast values for solar radiation can be used to guarantee controller
performance. The tradeoff isthat this approach resultsin periods of unnecessary bridge deck
heating. From a practical standpoint, accurate measurement of snowfall or freezing precipitation
rateisdifficult. Asabackup, the control system calculates snowfall and rainfall rates from NWS
NEXRAD Doppler radar (WSR-88D) data. Dueto high level of uncertaintiesin calculating
ground level precipitation from radar data, actual measurements are strongly desired.

Forecasted Weather Conditions

The Smart Bridge controller obtains real-time weather forecasts from the NWS Rapid Update
Cycle (RUC) model. The RUC isan atmospheric prediction system designed to provide
numerical forecast guidance for weather-sensitive users (14). RUC runs at the highest frequency
of any forecast models at the National Center for Environmental Prediction (NCEP), assimilating
recent observations aloft and at the surface to provide frequent updates of current conditions and
short-range forecasts using a sophisticated mesoscale mode!.

RUC provides forecasts for every point in agrid spanning the continental U.S, Canada,
and Mexico. Grid points are spaced 20 km apart (15). Every three hours, starting at 00:00 GMT,
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RUC generates O-hr, 3-hr, 6-hr, 9-hr, and 12-hr forecasts. At the top of every hour (GMT) that
isn't amultiple of three, RUC outputs an updated O-hr and 3-hr forecast (16).

Forecast data acquisition is performed as follows. RUC output data for the entire U.S.
are ingested via satellite dish using the National Oceanic and Atmospheric Administration
(NOAA) s port data service. The raw dataisthen placed on a Linux Smart Bridge weather
server viaalocal datamanager (LDM). An LDM isadatarouting tool that isused in the
meteorological community. The Smart Bridge weather server runs PERL scriptsto extract
information for the grid point nearest the bridge site from the raw datafiles. Extracted weather
datais sent via secure FTP to the Smart Bridge controller.

The Smart Bridge controller computes a control action once every fifteen minutes. For
times not exactly coinciding with RUC forecasts, linear interpolation isused. Current
measurements at the bridge are used in place of 0-hr RUC forecasts to compensate for RUC
forecast errors. At times when RUC only outputs a three-hour forecast, only the first three hours
of the previous forecast vector are replaced.

SMART BRIDGE CONTROLLER IMPLEMENTATION

Although the controller generates a new control action (number of heat pumps which should be
on) once every fifteen minutes, the controller execution frequency is variable and can be set to
other valuesif desired. This section describes the sequence of steps that occur each time the
controller executes.

Thefirst step isto update the weather forecast. A 12-hour prediction horizon is
employed to match the time scale of the RUC forecast. The controller then uses the first-
principles bridge deck model to calculate the average bridge deck surface temperature response
to forecasted wesather conditions in the absence of future control moves. This predicted response
is represented by the vector y in Fig. 2. To calculate y, the Smart Bridge control system steps

forward through time in 15-minute increments until the end of the prediction horizon is reached.

After calculating y , the next step is calculation of the reference trajectory, r. Vector r
represents the desired future response of the average bridge deck temperature. To prevent

preferential icing, r should be set such that the desired average bridge deck temperature is above
freezing at all times when the potential for preferential icing exists.
| dentifying Preferential |cing Potential

A rule-based approach is used to identify when the potential for preferential icing exists. Two
“icing potential” rules are built into the initial version of the Smart Bridge control system.

Thefirst ruleis based on dew point depression, defined as follows:
Dew Point Depression = Air Temperature — Dew Point Temperature Q)

Thefirst rule states that the potential for preferential icing exists any time the dew point
depression falls below a specified threshold. This rule guarantees that the average bridge deck
surface temperature is above 0 °C any time the air has high moisture content. Thresholdsused in
investigations to date are 2 °C and 4 °C.

The second rule states that a potential for preferential icing exists any timethereisa
forecast for precipitation. This rule guarantees that the control system will attempt to drive the
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average bridge deck surface temperature to the set point temperature at times when moistureis
on the pavement. Logic has been built into the control system that turns the heating system off
when the calculated bridge supply temperature drops below a lower threshold. Thislogic
prevents the control system from perceiving a summer rain as a preferential icing threat.

Simulations using actual weather conditions suggest that the dew point depression rule
should be modified. Examples have been found where the forecasted dew point depression
oscillates around the hard threshold used by the rule. This means that when the dew point
depression is very close to the threshold, small changes in the forecast ambient or dew point
temperature can mean the difference between a perceived preferential icing threat and no
perceived threat. One alternate solution not yet tested would be to employ a fuzzy rather than
hard threshold.

The ability of the control system to prevent preferential icing is constrained to those
situations where bridge deck icing can be predicted. Without use of pavement moisture sensors
or some type of automated visual deck inspection, the system is incapable of preventing
preferential icing due to blowing snow or black ice resulting from residual films of water or melt
water tracked onto the deck. Since completing the results reported in this paper, we have
devel oped a prototype pavement moisture sensor. Evaluation of the new sensor isin progress.

Setting the Reference Trajectory

The reference trajectory is used to maintain the average bridge deck surface temperature above
0°C at times when the potential for bridge deck icing exists. The reference trgjectory is set to a
nominal set point of 1°C from the first point in time that athreat of icing isidentified. To
provide amargin of safety, the control system assumes that icing will occur one hour before the
first indication from the forecast.

The reference trgjectory, r, is set to atemperature ramp in the period preceding the one
hour safety margin. A ramp isused to raise the current bridge deck temperature to the set point
of 1°C. The slope of the temperature ramp is a user-specified parameter. Selecting aramp slope
that istoo steep will result in an unfeasible reference tragjectory in the sense that the bridge deck
heating system will not be able to supply enough heat. Selecting a ramp slope that istoo flat will
result in inefficient performance in the sense that the bridge deck heating system will operate
longer than necessary. Ideally, the ramp value should be set to avalue dightly less than the
actual maximum rate of bridge heating. A 2°C/hr slope is used for the temperature ramp in the
current version of the Smart Bridge control system.

Figure 3 shows a situation where the icing potential rules predict that the first indication
of icing isfour hoursinto the future. The reference trajectory isincluded in the figure. Assuming
none of the heat pumps are currently on, the controller would not begin trying to heat the bridge
until the next controller execution period at the earliest since the current bridge temperature
(dashed linein Fig. 3) exceeds the reference trajectory temperature (solid linein Fig. 3) at the
current time (O hrs).

Calculating Control Action

After calculating the bridge deck response in the absence of future control actions, y, and the

desired bridge deck temperature, r, the MPC algorithm calcul ates the optimal sequence of future
bridge loop supply temperature (MV) adjustments. The first adjustment in the sequenceis
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selected asthe current control action. By only implementing the first move in the sequence, the
effect of modeling errors is minimized.

The sequence of future bridge loop supply temperature moves is a solution to the
optimization problem defined by the following objective function and constraints.

rrlin(b=(é—AAu)FTF(é—AAu)+ AUTATA Au 2)

st. Uy, SUS U, 3
where: @ = objective function

e = projected error vector = r -y
A = dynamic matrix derived from bridge deck model
Au = sequence of future MV adjustments
r = output error weighting matrix
A = input error weighting matrix

Equations (2) and (3) represent the basic formulation used for model predictive control.
The first term on the right-hand side of egn. (2) is called the error penalty term. The purpose of
the error penalty term isto penalize the objective function for large discrepancies between the
predicted response without control action (y ) and the desired response (r). The second termin
eqgn. (2) is caled the move suppression term. The purpose of the move suppression termisto
penalize the objective function for large changes in the manipulated variable. Equation (3)
defines the constraints imposed on the MV. For example, the bride loop supply temperature is
constrained between 10°C and 50°C by the operating limits of the bridge deck heating system.
Qualitatively, the optimization problem represented by eqns. (2) and (3) requires identifying the
sequence of MV adjustments that causes the bridge deck temperature to follow r without making
unacceptably large changes in the bridge loop supply temperature. The weighting matricesIT"
and A are user specified and determine the importance of satisfying each of the conflicting
objectives. The bridge model is embedded in the A matrix. For additional information
regarding the details of the MPC algorithm, see (17).

The optimization problem given in egns. (2) and (3) is solved using an iterative search
method. Because the solution to the control problem isavector, amultiple variable search
method is required. The current version of the controller uses a cyclic method with line
searching and has provided good performance. Numerous other methods exist and could be
used.

The solution to the optimization problem is a vector Au of changes to be made in the
bridge loop supply temperature. Thefirst element of the solution vector, Au(1), is added to the
current value of the bridge loop supply temperature to generate u(1). Thefinal step in generating
acontrol action isto use a conversion algorithm to determine the number of heat pumps that
need to be on to produce u(1). The controller then sends asignal to turn on or off the appropriate
number of heat pumps.

SIMULATION EXAMPLE

The following case study represents a simulation of the controller performance for the one-
guarter scale test bridge located on the OSU campus in Stillwater, OK. Actua weather datafor
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the period December 23-26, 2000, were used. The weather data were collected at a M esonet
station approximately one mile from the bridge site. Simulation results are presented as
development of the Smart Bridge controller was not completed until October, 2001. The bridge
deck parameters for the OSU test bridge and weather conditions used to produce the model
matrix A are presented in Table 2. The nominal bridge loop flow rate was 0.563 kg/sec.

Ambient conditions during the simulation period are shown in Figures 4 through 6.
Figure 4 indicates that the air temperature was below 0 °C for approximately 75% of the 72-hour
simulation period. The lowest air temperature occurred on December 24, when the temperature
dropped to —9.8°C. Solar radiation over the same period isshown in Fig. 5. December 23 and
24 were sunny days, with a peak solar radiation of about 530 W/m?. December 25 was cloudy,
with solar radiation readings peaking at 50 W/mZ.

Figure 6 shows the precipitation rate as calculated from NEXRAD Digital Precipitation
Array data. Precipitation was detected throughout December 25. Figure 7 shows the actual dew
point depression during the ssmulation period. For thefirst 52 hours the dew point depression
varied from 2.4 °C to 11.8 °C. After theinitial 52 hours the dew point depression dropped
sharply to approximately 1.6 °C for the final 16 hours of the simulation.

Simulation results are presented in Figure 8. A 2°C dew point depression threshold was
used. The 1°Clinein Fig. 8 indicates periods when the potential for preferential icing was
detected. Asevident in Fig. 8, the control system was able to maintain the average surface
temperature within 1°C of the desired temperature.

The bridge deck heating system was not turned on until approximately 44 hours into the
simulation. Approximately 12 hours were required after the heating system was first engaged to
raise the average surface temperature to the desired value. Although not shown in any of the
figures, the heating system was operating at maximum capacity (50°C bridge loop supply
temperature) for most of the time that heating was required. Although the control performance
for this case was good, from a control engineering viewpoint operating the heating system at
maximum capacity for an extended timeis not desirable. Had the ambient conditions been
dlightly more severe on December 25, the controller would not have been able to increase the
bridge loop supply temperature to compensate. Thisis especially apparent at 67 hours past the
start time when the average surface temperature was just above 0°C with the bridge loop supply
temperature at the upper limit. This simulation suggests that the bridge deck heating system is
dlightly undersized.

CONCLUSIONSAND FUTURE WORK

Simulations indicate the control system can proactively prevent bridge deck icing. This
performance is primarily the result of three key factors. First, real-time weather forecasts have
been integrated into the control system, facilitating reliable predictions of future bridge deck
behavior. Secondly, the MPC technique is proactive, which is especially important for
controlling slow processes like a heated bridge deck. Last, afirst-principles model of the bridge
deck isavailable for use by the MPC scheme. The control scheme is generic and can be
conceptually applied with any type of bridge heating technology.

Work is underway to further improve control performance. Key issuesinclude: 1) the
dew point thresholding method, 2) dealing with variation between sequential forecasts,
3) improving the robustness of the system with regard to solar radiation, and 4) addition of
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adaptive capability. The controller will be used to operate the heating system for the one-quarter
scale test bridge on the OSU campus during the winter of 2002-03. Results will be published
after the data have been collected and analyzed.
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TABLE 1 Control System Summary for Existing Heated Bridge Decks

Conditions Required to

Conditions Required to

Bridge Turn Heating System Turn Heating System
ON OFF
Pavement T < 39°F
Tenth Street Pedestrian Air$N<D36°F Pavement Temperature >
Viaduct — Lincoln, Nebraska AND B5°F

Moisture on Bridge Deck

Air T < Specified Value

Air T > 35-37°F

Hood River, Oregon

Silver Creek — Salem, Oregon OR

(control rules partially AND s

proprietary) Moisture on Bridge Deck Pavemen{/‘la"l Zeaoecmed
. 20°F < Air T <33°F
ngg(ljzraggnlgtg?hagge B AND Unknown
» reg Dew Point > 0°F
. o 30-minute minimum
Second Street Overcrossing — AIrT < 35°F runtime
AND AND

Relative Humidity > 95%

Pavement T > 36°F

U.S. 287 — Amarillo, Texas

Pavement T < 35°F
AND
Precipitation Forecast

Unknown

Route 60 Bridge — Amherst
County, Virginia

Snow or Ice on Pavement
OR
Precipitation Present AND Air T < 35°F
OR
Moisture on Bridge Deck AND Pavement
T <35°F

No Moisture on Pavement
for 10 minutes
OR
Pavement T > 40°F
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TABLE 2 Parameter Values and Weather Conditions Used to Generate the Dynamic
Bridge Deck Model for the Simulation Results

Bridge Deck M odel Parameter Values

Pavement Length = 9.144 m Absorptivity Coefficient = 0.6

Pavement Width = 6.096 m CoLayer1 = 2.2x10° Jm® °C

Slab Orientation = 6° from North Co, Layer2 = 0Im3°C

Pavement Thickness = 0.1524 m Kpipe = 0.439 W/m °C

Pipe Spacing = 0.3048 m Wall Thickness of Pipe 1.5875x10° m

Pipe Diameter = 0.01905 m Fluid Type 2 = propylene glycol water
solution

Pipe Depth Below Surface = 0.0889 m Weight % GS-4 = 42%

Depth to Interface 1 = 15 m Number of Flow Circuits = 10

Kiayer1 = 1.618041 W/m °C Length of Pipe Per Circuit =19.811 m

Kiayer2=0W/m°C Transient Time Step = 20 sec

Emmissivity Coefficient = 0.9 Bottom Boundary Condition 1 =

convection type

Minimum Flow Condition = 0 kg/sec

Weather Inputs

Ambient Air Temperature = -13°C Solar Angle of Incidence = 0.785 radians
Relative Humidity = 18% Snowfall Rate = 6.35 mm/hr (water equiv)
Wind Speed = 0 m/s Rainfall Rate = 6.35 mm/hr (water equiv)
Wind Direction = 0° from North Sky Temperature = -36.6 °C

Solar Radiation = 0 W/m?
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FIGURE 1 Smart Bridge heating system: A) Hydronically-heated bridge deck, B) Bridge
loop circulating pump, C) Heat pump, D) Ground loop cir culating pump, E) Ground loop
heat exchanger, F) Controller.
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FIGURE 2 MPC Prediction of bridge deck temper ature in the absence of any changesto
bridge loop supply temper ature.
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FIGURE 3 Example of reference trajectory for desired bridge deck temperature.
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Case 1: 12/23/2000 07:00 GMT to 12/26/2000 08:00 GMT

10 Air Temperature (°C) and Sky Tem pe‘rature (°C) ‘

Jr/ul\ —e— Air Temperature (C)

; \ —— Sky Temperature (C) B

A

Temperature (°C)
-&.,_\_HI
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0 24 48 72
Hours Past 12/23/2000 07:00 GMT

FIGURE 4 Air and sky temper atures during simulation period.
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Case 1: 12/23/2000 07:00 GMT to 12/26/2000 08:00 GMT
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FIGURE 5 Solar radiation during smulation period.
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Case 1: 12/23/2000 07:00 GMT to 12/26/2000 08:00 GMT

Precipitation Rate (mm/hr)

Precipitation Rate (mm/hr)

0 24 48 72
Hours Past 12/23/2000 07:00 GMT

FIGURE 6 Precipitation rate during ssmulation period.
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Case 1: 12/23/2000 07:00 GMT to 12/26/2000 08:00 GMT

Dew Point Depression (°C)
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FIGURE 7 Dew point depression during simulation period.
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Case 1: 12/23/2000 07:00 GMT to 12/26/2000 08:00 GMT

Average Bridge Surface Temperature (°C) Using 2°C Dew Point Depression Rule
\ \ \ \

—e— Average Bridge Surface Temperature (C)

—— 1C Line (Preferential Icing Conditions During These Times)

. i =
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FIGURE 8 Average bridge deck surface temperature during simulation period.
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