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PREFACE

The Kansas Department of Transportation’s (KDOT) Kansas Transportation Research and New-
Developments (K-TRAN) Research Program funded this research project. It is an ongoing,
cooperative and comprehensive research program addressing transportation needs of the state of
Kansas utilizing academic and research resources from KDOT, Kansas State University and the
University of Kansas. Transportation professionals in KDOT and the universities jointly develop
the projects included in the research program.

NOTICE

The authors and the state of Kansas do not endorse products or manufacturers. Trade and
manufacturers names appear herein solely because they are considered essential to the object of
this report.

This information is available in alternative accessible formats. To obtain an alternative format,
contact the Office of Transportation Information, Kansas Department of Transportation, 700 SW
Harrison, Topeka, Kansas 66603-3754 or phone (785) 296-3585 (Voice) (TDD).

DISCLAIMER

The contents of this report reflect the views of the authors who are responsible for the facts and
accuracy of the data presented herein. The contents do not necessarily reflect the views or the
policies of the state of Kansas. This report does not constitute a standard, specification or
regulation.
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Abstract

Since 1996, over 30 Fiber Reinforced Polymer (FRP) composite bridges have been
installed in the United States. Bridge locations are in Kansas, Missouri, New York, lowa,
Colorado, West Virginia, Ohio, California, Idaho, Washington, Pennsylvania, Illinois, Maryland,
Oregon, North Carolina and South Carolina.

Compared to traditional steel and concrete bridge structures, the FRP panel shows several
significant advantages: reduced weight, higher strength, better corrosion resistance and quicker
installation. However, FRP materials exhibit different physical properties. As such, a composite
bridge would demonstrate different deformation and failure patterns than a traditional bridge.
During the past years, much experimental research has been conducted to investigate FRP bridge
deck performance. Most experiments divide into two types: 1) static and fatigue tests in the
laboratory and 2) real traffic load tests in the field. These experimental results, as well as FEM
analytical results, have served as baseline data for FRP bridge deck design.

A long-term remote monitoring system was designed to investigate the response of the
No-Name Creek composite bridge to the local weather. The characteristics of the bridge
temperatures, the temperature differences of the two panel surfaces and the relationship between
the temperature difference and the deflection were investigated with respect to the different
weather patterns. Twelve thermal sensors were embedded into the FRP bridge panels. In addition,
3 laser sensors were installed to measure bridge thermal deflection. Between October 2004 and
September 2005, bridge temperature and deflection were measured at 20 minute intervals.
Relations between weather condition, temperature distribution and bridge thermal deflection for
that bridge were analyzed.

From the analysis of the experimental and FE methods, the responses of the composite
bridge to weather are summarized as follows:

(1) The temperatures of the upper and bottom panel surfaces and their differences greatly
change with time of day and season. The extreme temp usually appears in the early afternoon and
the minimum temp usually appears in the early morning or in the night. The bottom surface

temperature is near the climatic temperature.



(2) The bridge deflections are approximately proportional to the temperature differences.

(3) The bridge had a significant upward deflection on a sunny day during the summer
with the maximum often occurring between 3:00-5:00PM. The bridge has a downward deflection
during the night with it being the most severe in the winter.

(4) Comparing climate induced deflection to traffic load induced deflection, the climate
induced deflection is at least on the same order of deflection as allowable traffic load. Therefore,
it should be considered in the FRP bridge design process.

(5) Thermal load and deflection usually are larger on clear days than on unclear, rainy,
and snowy days.

(6) Distributions of thermal load in the panel can form a larger amount of deflection in

the hot season than in the cold season.
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Chapter 1: Introduction

1.1 Background

Since 1996, over 30 fiber reinforced polymer (FRP) composite bridges have been
installed in the United States. Bridge locations are in Kansas, Missouri, New York, lowa,
Colorado, West Virginia, Ohio, California, Idaho, Washington, Pennsylvania, Illinois, Maryland,
Oregon, North Carolina and South Carolina.

Compared to traditional steel and concrete bridge structures, the FRP panel shows several
significant advantages: reduced weight, higher strength, better corrosion resistance and quicker
installation. However, FRP materials exhibit different physical properties. As such, a composite
bridge would demonstrate different deformation and failure patterns than a traditional bridge.
During the past years, much experimental research has been conducted to investigate FRP bridge
deck performance. Most experiments divide into two types: 1) static and fatigue tests in the
laboratory and 2) real traffic load tests in the field. These experimental results, as well as FEM
analytical results, have served as baseline data for FRP bridge deck design.

In September of 2004, a Kansas State University began a remote monitoring project for
the first composite bridge built in the US: No-Name Creek FRP bridge. Twelve thermal sensors
were embedded into the FRP bridge panels. In addition, 3 laser sensors were installed to measure
bridge thermal deflection. Between October 2004 and September 2005, bridge temperature and
deflection were measured at 20 minute intervals. The data were transferred to a computer in the
composite laboratory at Kansas State University through a wireless connection. Relations
between weather condition, temperature distribution and bridge thermal deflection for that bridge

were analyzed.

1.2 Necessity of Monitoring Composite Bridge

FRP materials exhibit different properties than traditional materials. These properties
include thermal transfer coefficients and thermal expansion coefficients. Most FRP used in
bridge deck construction is made of glass fibers and various polymers. These are insulators, so

do not conduct heat well. As a consequence, top surface temperature would be significantly



higher than bottom surface temperature under the summer sun. In contrast, the opposite would
occur during the night in the winter. This temperature difference would induce bridge thermal
deflection. Experimental results show that temperature induced deflection is on the same order or
greater than that induced by traffic loads. Therefore, temperature induced deflection must be
considered in FRP bridge deck design. The experimental results also show that a systematic
research is necessary in order to establish thermal deflection guidelines in a wide geographic

location for FRP bridge deck design.

1.2.1 Material Thermal Properties

The composite materials have very low thermal conductivity and diffusivity compared
with those of the structural steels. Table 1 lists the material thermal properties of the composite
bridge components and the structural steel. The conductivities of composites are about 1% of the
steel and the diffusivities of composites are about 4% of the steel. Since the temperatures on the
upper and bottom surfaces are different with time and weather, greater temperature gradients and

thermal loads will be produced between these two surfaces.

TABLE 1
Material Thermal Property of Composites and Structural Steel
Conductivity Density Specific heat Diffusivity
(W/m. °C) (kg/m?) (KJ/kg. °C) (m?*/s)
Steel 453 7833 502 1.15E-5
Glass-Composite 0.45 1800 1300 1.92E-7
Honey Core 0.08 176 1003 4.53E-7

1.2.2 Bridge Panel Structure

The composite bridge panel consists of the upper glass-fiber laminate, polymer the
honeycomb core and the bottom glass-fiber laminate. The composite panel is thicker than the

steel structure for support of the same traffic load. Since temperature gradient is proportional to
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panel thickness, and since heat transfer time also increases with thickness, the thermal loads and

deformations are further increased between the upper and bottom surfaces.

1.2.3 Weather Effects

Local weather conditions determine the thermal load applied to the bridge panels. For
example, the top surface temperature of the bridge deck could be much higher than the bottom
surface on a sunny day during the summer. This temperature difference would induce an upward
thermal deflection. In contrast, the top surface temperature of the bridge deck could be
significantly lower than the bottom surface temperature on a snowy day during the winter. This
temperature difference would induce a downward thermal deflection. In Kansas, the temperature
can rise above 100 °F in a summer afternoon and fall below —5 °F during a winter night. Figure 1
demonstrates the deflection tendency of the No-Name Creek bridge panel produced by a steady
state thermal finite element (FE) simulation when the temperature difference between the two
surfaces is 20 °F. The strong solar incident in a clear day can produce a much higher temperature
on the upper surface than that on the bottom surface, deforming the panel upward, as shown in
Figure 1(a). The rapid descend of the climatic temperature with a strong wind can produce much
lower temperatures on the upper surface than that on the bottom surface, deforming the panel
downward, as shown in Figure 1(b). The impact of thermal loads may be aggregated in severe

weather.

FIGURE 1
Deformation Tendency of Composite
Bridge with Weather



1.3 Long Term Remote Monitoring of Bridge Deflection

A long-term remote monitoring system was designed to investigate the response of the
No-Name Creek composite bridge to the local weather. The system simultaneously measured the
temperatures of the upper and bottom panel surfaces and the panel displacements. The weather in
Russell, Kansas generally varies seasonally and regularly, so one year of monitoring is a minimal
period for assessing the effects of various kinds of weather patterns on the bridge. A one hour
data acquisition interval matches the minimal interval of climatic data registered at the local
weather station and substantially satisfies the characteristic description of the temperature-
deflection relationship of the bridge in response to weather. Between October 2004 and
September 2005, bridge temperature and deflection were measured at 20 minute intervals. The
data were transferred to a computer in the composite laboratory at Kansas State University. The
measured data were acquired and temporarily saved by the on site Datalogger, and then
transferred daily into the host computer at the Composite Lab of Kansas State University, located
about 160 miles from the bridge, through a wireless phone. The monitoring process and the post-
process data analysis were done in the Lab.

The characteristics of the bridge temperatures, the temperature differences of the two
panel surfaces and the relationship between the temperature difference and the deflection were
investigated with respect to the different weather patterns. One of the statistical methods, the
probability distribution method, was used to form 2% probability curves of extreme temperatures,
extreme thermal loads and extreme deflections. The 2% probability curve matches the local 50
year climatic record curve well. This should be considered in composite bridge design in Kansas.
The finite element (FE) simulations for typical weather patterns were completed to investigate
both the temperature distributions in the cross-section of the panel and the variations of the
thermal load-deflection ratio between seasons. Special weather (snow, rain) effects were also

examined.



Chapter 2: Bridge Structure and Acquisition System

2.1 No-Name Creek FRP Bridge

No-Name Creek bridge was the first all composite highway bridge in the United States.
Its speed limit is 55 miles/hour. Designed to support an AASHTO HS-25 load in both lanes, it is
a single span, self-supporting glass fiber reinforced composite bridge, as shown in Figure 2.
Length is 23°3”; width 27°9”. It is composed of three composite sandwich panels, as shown in
Figure 3-a. The micro-structure of the sandwich panel is shown in Figure 3-b. It has a 0.657”
thick top structural plate, a 0.689” thick bottom structural plate and a sandwich core with a 20.5”
depth. All panels are made of glass fiber reinforced polyester. In addition, the top structural plate
is covered by a 0.75” thick layer of polyester concrete. Details of fiber orientation, fiber volume
fraction and core geometry can be found in Ref.[1]. The bridge is located on a county road three

miles east of Russell, Kansas. The accurate geographic location is 38°53°23”N and 98°51°26”W.

Construction of No-Name Creek Bridge in Russell, Kansas

Pultruded Fiberglass Post

FEPH Panel
Fiberglass Guard Rail T /_

¥

i} I T

. @ paulearter
Displacement
Sensor Free Standing Test
Platform for Monitoring

FIGURE 2
Structure of the Composite Bridge in Russell, KS
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e D;"r:’:tfiign Structural
Plate

3-a Bridge panel dimensions 3-b Microstructure of the bridge panel

FIGURE 3
Dimension and Micro-Structure of Bridge Panel

2.2 Bridge Monitoring System and Experimental Set-up

The monitoring system is shown in Figure 4. A data acquisition system receives
temperature data and deflection data from thermal sensors and laser sensors respectively. A solar
panel powers the system. Data is automatically transmitted to a wireless modem and transfers to
a computer through a dial-up modem. Refer to Figure 5. Twelve SAS-10 thermistor probe,
thermo-sensors were embedded into the bridge to measure panel temperatures. The bottom
sensors were fixed onto the bottom composite laminate using a polyester adhesive; the upper
sensors were stuck onto the upper glass-fiber laminate and covered with polyester/rock mixtures.
Four other sensors were installed to measure air temperature. Two were used to measure air
temperature near the top and bottom surfaces, one to measure the air temperature below the
bridge and one to measure the air temperature inside the equipment chamber. Three Acuity
Research’s AR200-25 triangulating laser displacement sensors were installed in a testing frame
underneath the bridge to measure bridge deflection. Bridge temperature and deflection were
recorded every 20 minutes and stored in the data logger. The data were sent back to a computer

in Composite Laboratory at Kansas State University every evening through a wireless connection.
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Monitoring System
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FIGURE 5
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Chapter 3: Response of Bridge to the Typical Weather
Patterns

3.1 General Description

The response of the composite bridge to weather mainly depends on the weather patterns
(clearness, cloud, rain, and snow) and the temperature ascending or descending speeds. The

responses of the bridge to weather are characterized by the thermal loads and deflections.

3.1.1 Thermal Loads

Figure 6 shows a typical temperature curve measured from a bridge panel, where T-upper
is the temperature on the upper surface of the bridge panel; T-bottom is the temperature on the
bottom surface; T-weather is the climatic temperature and dT is the temperature difference
between the upper and bottom surfaces. dT .« and dT ., denote the daily maximum and

minimum temperature differences. The thermal load applied to the bridge is characterized as:

Monitoring Period (11/29/04 ~12/05/04)

80
70

—T_upper —T_bottom
60 T_weather ——dT

temperature (°F)

FIGURE 6
Measured Temperatures



The temperatures of the two panel surfaces varied with the climatic temperatures. The
measured bottom temperature was almost equal to the climatic temperature. The daily dT .
usually appeared in the early afternoon and depended on the intensities of solar irradiation on the
upper surface. dT .x was larger on a sunny day, medium on a cloudy day, and smaller on a rainy
or snowy day.

The daily dT i, occured at night or in the early morning. dT .,;, was also related to
weather conditions. The temperature of the bottom surface could be signifficantly lower than the

upper surface if the climatic temperature decreased rapidly due to a strong wind.

3.1.2 Thermal Load Induced Deflection

The thermal deflection of the bridge panels were related to dT, as shown in Figure 7. The
bridge deflections D were approximately proportional to the temperature differences dT. D_pax
and D i, appeared at T nax and T in, respectively. The tendencies of the deflection of the three

panels were similar, but the magnitude of the center panel were the largest.

Monitoring Period (11/29/04 ~12/05/04)
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Time

FIGURE 7

Thermal Deflections During the Monitoring Period



Monitoring Period (11/29/04 ~ 12/05/04)
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FIGURE 8

Relations of the Deflection and the Temperature Difference (dD/dT)

The gradient of the deflection to the temperature difference (dD/dT) represents the
relation of the deflection and the thermal load. Generally speaking, a larger dT induces a larger
deflection. However, deflection is also related to other weather conditions. For example, the
upper surface and lower surface may have different moisture contents due to snow or rain. A
rapid temperature drop would also affect the deflection and the temperature difference ratio.
The daily, weekly and monthly average gradient can be obtained by the schematic method, as
shown in Figure 8. In the trend line equation, the constant before the variable X of dT is the
gradient and the constant of the second term is the offset relative to the zero point. Occasionally,
with some complex weather conditions, the deviations of measured data to the trendline are too
large to represent the gradient, so the gradient is obtained by the formula of (D nax-
D min) /(AT max-dT min). The experimental results showed that the gradients change with the

season, which will be discussed in the following section.
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3.1.3 Critical Data

The upper surface of a panel is directly subjected to solar irradiation and climatic
convection; as a result, maximum and daily minimum temperatures usually occur on this surface.
During the monitoring period, the maximum value was 118 °F, 12 °F higher than the relative
climatic temperature (106 °F). The minimum temperature was —7.52 °F, 3.48 °F higher than the
relative climatic temperature (-11 °F ). The annual dT ,.x was 35 °F in the hot season; dT i,
was —21 °F in the cold season; the average gradient (dD/dT) was about 0.16 mm/ °F.

For the center panel, the annual D _,x was 6.9 mm and D i, —2.36 mm. In 2004, the
response of the bridge to traffic load was measured. A truck of 70,340 1b was used. The measured
middle panel deflection under the truck load was 3.93 mm. Weather related bridge thermal
deflection was greater than traffic load induced deflection in this case. Therefore, weather

induced thermal deflection cannot be neglected in composite bridge design.

3.1.4 Effects of Weather Patterns

The thermal loads and deflections of the composite bridge depend on the weather patterns.
dT .x depends on the degree of weather clearness, i.e., the amount of direct solar energy
received by the upper surface. dT ,;, depended on the temperature descending speed and the
convection conditions. Snowy or rainy weather did not aggregate the thermal loads and
deflections. Extremely high deflections appeared on very clear days after several cloudy or rainy
days. Extremely low deflections appeared after several days of rapidly decending climatic

temperature.

3.2 Analysis for Typical Weather Patterns
3.2.1 Normal Patterns
3.21.1 Direct Solar Irradiation

The solar energy incident was the major factor to determine the level of thermal loads and
deflections of the bridge during normal weather (clear, unclear and cloudy days). Solar energy
consists of direct and diffuse parts. The bridge upper surface absorbs the direct part of solar
irradiation, increasing its temperature faster than the bottom surface. Diffuse solar irradiation is

assumed to reach the earth’s surface uniformly from all directions, so it would not induce a
11



significant temperature difference between the upper surface and the bottom surface. Variation of
climatic temperatures is governed by the incident solar irradiation and the thermal inertia of the
earth. Solar energy stored in the atmospheric air, the ground and the bridge during the day is
slowly released at night.

On a clear day, direct solar irradiation is about 90% of total solar irradiation. On a cloudy
day, direct solar irradiation is perhaps less than about 5% of total solar irradiation. Therefore,
dT ax and D . were much larger on a clear day than on an unclear day. As shown in Figures

6 and 7, December 4, 2004 was much clearer than other days.

3.21.2 Ambient Temperature and Convection

The ambient temperature and convection conditions also affected dT and bridge
deflections. Ambient temperatures above the upper surface were usually higher in the day and
lower at night than those below the bottom surface because convections above the upper surface
were always larger than those below the bottom surface. The negative T i occured when

T weather fell rapidly due to strong wind during cold seasons, as shown in Figures 6 and 7.
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3.2.2 Rain Patterns
3.22.1 Rain Distribution

Heavy storms sometimes occurred at the bridge site. Figure 9 illustrates the rain
distributions in Russell, Kansas during the monitoring period. 16% of the monitored year were
rainy days, with frequent rainfall during summer, fall, and spring. The daily maximum

precipitation was 3.8”.
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FIGURE 9

Rain Distributions During Monitoring Period
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3.22.2 Rain Effects

The thermal loads and deflections of the bridge were usually smaller on rainy days than
on clear days. Figure 10 shows the variation of average thermal loads and deflections due to
precipitation. With precipitation, dT .x and D, obviously decrease (Figure 10 (a)) and dT iy
and D i, slightly increase (Figure 10 (b)) because of the cooling effect of rain on the upper

surface.
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FIGURE 10

Effects of Precipitation on the Bridge
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Figure 11 shows the variation of thermal loads and deflections on a specific heavy rain
day. During the duration of the rain, the sun does not produce direct irradiation to the upper
surface, so the temperatures on the two surfaces of the bridge were similar to the climatic
temperature. The small bridge deflection may be due to the higher moisture contents of the upper

surface plate than the lower surface plate.
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FIGURE 11
Variation of Thermal Loads and Deflection in a Heavy
Rain Day
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3.2.3 Snow Pattern
3.231 Snow Distribution

There were heavy snows during the winter at the bridge site. Figure 12 illustrates snow
distribution in Russell, Kansas during the monitoring period. The number of snow days were
about 5% of that year, concentrated within the winter, November through February. The

maximum daily snowing time was about 23 hours.
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FIGURE 12
Snow Distributions in Russell, KS, During Monitoring
Period
3.2.3.2 Snow Effects

The thermal loads and deflections of the bridge usually were smaller on snow days than
on clear days. This would be expected for two reasons: 1) less sun exposure during a snow day
and 2) prevention of the upper surface from being convected by the climatic conditions due to
the snow. Figure 13 (a) and (b) statistically demonstrate that the average dT .x and D nax
decrease with the snow time but have opposite signs due to the load of snow; the magnitude of

dT min and D_in also decreased with the snow time since climatic conditions would have more
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influence on dT i, and D iy on a light snow day than the snow temperature and load would

have on a heavy snow day.
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FIGURE 13

Variations of Thermal Loads and Deflections with Snow

The thermal loads and deflections of the bridge were investigated for two kinds of snow
patterns: climatic temperature falls quickly or falls slowly. Figure 14 illustrates the variations of
thermal loads and deflections during snow days when the climatic temperatures fell quickly:
climatic temperature was always much lower than the two surface temperatures. At first, the
large convection on the upper surface, induced by the strong wind, made the upper surface
temperature lower than the bottom surface temperature. With an increased thickness of the snow
layer on the upper surface, however, the snow protects the upper surface from the strong
convection induced by low climatic temperatures, causing the upper surface temperature to
become higher than the bottom surface tempurature. Although the dT curve steepened, the
corresponding panel deflection did not follow the trend because of the protection from the thick
snow layer.

Figure 15 shows the variations of thermal loads and deflections of the bridge during the
snow days when the climatic temperatures changed slowly. The thermal load dT and deflection D

are smaller in this case than those when temperatures changed quickly.

17



Monitoring time(Jan. 4 5 2005)
30 s 1

i From 8:40 to 23:40 | o8
25 |
= From: 000 | 0.6 £
o 201 " To: 20:50 104 g
w T _upper £
2 45 —T_bottom +02 €
S —_—dT [
‘5 T_weather + 0 g
g 10 4| - - - -D_center 1 09 §
r :’ oy = -l.... 1 _0 6 D
0 L PL PLL ! 1 L E
"+ 08
-5 1
0:30 10:06 19:42 5:18 14:54
Time
FIGURE 14

Thermal Loads and Deflections with Quick Temperature Descent
on Snow Days
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on Snow Days
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3.3 Annual Extreme Deflections

The weather patterns that form extreme deflections of the bridge were investigated by

selecting two sets of maximum and minimum deflections during the monitoring period.

3.3.1 Annual Maximum Deflection

The annual maximum deflections were usually produced on very clear days, i.e. strong
solar irradiation days, after several cloudy or rainy days. Figure 16 shows the weather pattern
that caused that year’s penultimate loads and deflections. Those values occurred on a clear day
that came after four unclear days in which it had rained the final two.

Figure 17 shows the weather pattern that caused that year’s largest thermal loads and
deflections. Similar to the weather pattern yielding the penultimate values, the largest values

happened during a clear day after four days of rainy and unclear weather.
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FIGURE 16
The Penultimate Largest Thermal Loads and
Deflections

Three factors induced this phenomenea. Firstly, there was a large thermal load (dT), as
was recorded on the clear days. Secondly, with such climatic conditions, the temperature in the
cross-section of the panel along the thickness direction was distributed in such a way to produce
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thermal forces that generated larger deflections than would be generated under usual climatic
conditions. During several, consecutive unclear or rainy days, the temperature differences dT
become very small, as shown in Figure 16 and 17, so a thermal steady state with small
temperature gradients were formed in the cross-section. When the day turned clear, the strong
solar irradiation produced large gradients in the outer portions of the two surface plates and a
large dT. This temperature distribution resulted in more deformation. Thirdly, the upper surface
contained more moisture than the lower surface. A small portion of the bridge deflection was due

to this hygroload.
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FIGURE 17
Variations of the Maximum Thermal Loads and Deflections

3.3.2 Annual Minimum Deflection

The annual minimum thermal deflections were usually produced during several days of
rapid, continuous temperature decent in the cold season. Figure 18 shows the weather pattern that
caused the second largest downward deflection during the monitored year. The daily T i, and
D _min continually decrease with the climatic temperature in all four days. Figure 19 shows the

weather pattern that caused the largest downward deflection during the monitored year. Similar
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to the climatic conditions that produced the second largest downward deflection, the largest
downward deflection occured after one day of rapid temperature decline following two days of

extremely low climatic temperature.
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FIGURE 18
Weather Pattern for the Second Minimum Thermal Loads and
Deflections

The annual minimum deflections were induced by two factors. First, these deflections
happened when the negative thermal load dT was very large. Second, the temperature
distributions in the panel cross-section along the vertical direction form the thermal forces were
larger than in usual climatic conditions. With the continuous temperature decent, the upper panel
surface was subjected to larger temperature changes than the bottom surface due to convection.
As such, the temperatures of the upper portion of the panel became significantly lower than the
bottom portion, producing larger thermal forces between the two surface plates, which, in tern,

generated the largest and the second largest downward deflections, as shown in Figure 18 and 19.
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Chapter 4: Statistical Analysis of the Bridge Responses to
Weather

In this section, the annual variations of the thermal loads and deflections induced by local
weather are investigated. The probability distribution method is used to evaluate the extreme
states of thermal loads and deflections for a 50 year period. Annual variations of the gradient of
the deflection to the temperature (dD/dT) were examined and the zero-deflection position were

derived.

4.1 Determination of 2% Probability Distributions

Composite bridge designers want to know the possible maximum weather-induced
thermal lads and deflections during the life of the bridge. The acquisition data merely reflected a
single year of variations of the thermal loads and deflections with respect to local weather;
however, by employing a statistical method, the acquired data can predict the possible extreme
states of the bridge using the historical climatic record.

The probability distribution method is used to realize the prediction. Figure 20 illustrates
the various climatic temperatures at the bridge site over time. T poyr, obtained from the NCDC
website [9], represents the hourly climatic temperatures in the monitoring period. The average
climatic maximum, mean and minimum temperatures are denoted by T ax, T mean, and T pin,
respectively. T hmean, T hmax, a0d T pmin, Obtained from AOL National Weather [10], represent the
mean, maximum, and minimum temperatures from the past 50 years. The climate was warmer in
the monitoring period since the temperatures T ,,can are much high in the winter compared with
T hmean- According to the probability distribution principle, the possibility of the occurrence of
T pmax and T pmin should be 2% (1 time/50 year); the daily maximum and minimum temperatures
should exceed by 7.3 times the (or equal t0) T pmax OF T pmin in the monitoring period. In Figure
20, there are 7 days in which temperatures exceeded the historic extreme values and 3 days in
which the temperatures equaled these values. The possibility of this occurrence is 2.7 %, so the

discrepancy is small.

23



As shown in Figure 20, the bounds of 2% probability for temperature are derived from
the average T . and T in using the probability distribution method. Assuming that the daily
average extreme temperatures have Gaussian distributions, the upper-bound T 0, and lower-
bound T 59, are obtained by moving the curves of T .x and T i by 2.04 units of the standard
deviation (2% of occurrence), respectively. These new curves have a good fit with the historical

extreme temperatures, as shown in Figure 20.
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FIGURE 20

Comparison of the Historical and Monitored Temperatures

The discrepancy of the fit between the 2% probability bounds and the historical extreme
curves for temperatures is investigated by subtracting the bound values from the historical values
with a different unit of standard deviation (percentage of probability). The results in Figure 21
demonstrate that the minimum discrepancies are near 2% for both bounds. This further proves

that the assumption of a 2% probability distribution is correct for our cases.
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4.2 Bridge Temperatures

Appendix I presents the bridge upper and lower surface temperature curves and the
climatic temperature curves within the 52 week monitoring period. The upper surface
temperature is the average temperature derived from 6 thermal sensors located on the upper
surface and the lower surface temperature is the average temperature derived from 6 thermal

sensors located on the bottom surface. The climatic temperature is from the local weather station.
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4.2.1 Upper Surface
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FIGURE 22
Temperatures on the Upper Surface During Monitoring
Period

Figure 22 illustrates the variations of temperatures on the panel upper surface. These
temperatures have the same tendencies as the climatic temperatures. However, the measured
mean T j,ean 1S much higher than the climatic mean T ean due to solar irradiation. Similarly, the
measured T . and T ., are higher than the relative climatic temperatures. The standard
deviation of T nax 1s 13.1 °F and is larger than that of T in (9.95 °F). The extreme temperatures
with 2% of occurrence are 126 °F and —4 °F, obtained from the curves of T yp20 and T jy20,. The

measured temperatures are 114.28 °F and —7.526 °F.

4.2.2 Bottom Surface

Figure 23 illustrates the temperatures of the panels bottom surface. The measured mean
temperature T ean 1S approximately equal to the climatic temperatures T  mean. Their differences
become large in January and February, which may be caused by the rapid climatic temperature

change and snowy weather. The standard deviations of T ,.x and T i, are 10.3 °F and 8.73 °F,
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which are smaller than those on the upper surface. The maximum extreme temperatures with 2%

of occurrence are 108 °F and 8 °F. The measured temperatures are 103 °F and —3.712 °F.
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FIGURE 23
Temperatures on the Panel Bottom Surface

4.2.3 Temperature Difference dT between the Upper and Lower Surfaces

The weekly temperature difference curves between the upper and lower surfaces are
shown in Appedix II. Figure 24 illustrates the variations of the temperature differences between
the upper and bottom surfaces during the whole monitoring period. The fluctuations are much
larger at dT max than at dT . The average dT nax varies with climatic temperatures, but the
tendency is interrupted by Zone A1 and A2. In Zone Al, dT .x is very large, but D . is
modest, since the continuous temperatures increase rapidly in a short period of several days. In
Zone A2, large positive dT ax and negative dT ., are caused by the thermal lag between the
upper and bottom surfaces, which will be analyzed using FE simulation. The maximum extreme

dT with a 2% possible occurrence is 33 °F and —15 °F.
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FIGURE 24

Temperature Difference between the Upper and Bottom Surfaces

4.3 Bridge Deflection

The weekly bridge panel deflection curves are shown in Appendix II. Figure 25 shows
the various deflections of the bridge’s center panel. The maximum daily deflections greatly
change with the season, but the minimum daily deflections have small changes. The
characteristics of the bridge deflections can be described as follows: (1) The standard deviation
of D_ax 1 1.12 mm and much larger than that of D, (0.38 mm). (2) The deflections of bridge
D max are proportional to the seasonal temperatures. (3) The actual maximum deflection (6.90
mm) occured in June and the maximum D 0, that appeared in both June and July was 6.14
mm. Their difference was small. (4) The actual D _,j, was -2.36 mm. It occurred in January. The

minimum D_jp50,, was —1.83 mm.
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FIGURE 25
Deflections of the Bridge Center Panel During the Monitoring
Period

4.4 Bridge Position with Zero Thermal Load

Figure 26 shows the variations of the bridge position when the daily temperature
differences between the two surfaces dT are equal to zero. The actual zero thermal load points
flutter near the horizontal line (D = 0), so this line is regarded as the zero thermal load line. All
deflections in this report took this line as the baseline. Hence, the values of these deflections

reflect the actual position of the bridge.
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Bridge Panel Vertical Positions whiledT =0

Most of the deflections produced by the zero thermal loads match the baseline well,
particularly from August to March, except for a few modest deviation points. There are some big
deviation points from April to July, which may be caused by steep temperature changes at dT=0,

thermal lag, storm, and so on.

4.5 Relations of Deflection and dT

Appedix II shows the relations between the bridge deflection and the temperature
difference between the bridge upper bottom surfaces. Figure 27 shows the variations of the
weekly gradient (dD/dT) in the monitoring period. The gradients slightly vary with time and are
proportional to the seasonal temperature. The reason may be that the gradient of solar irradiation
and climatic temperature are larger in the cold season than in the hot season, so the interior
composite plates have less volumes and less thermal forces in the cold season than in the hot

season when the dT are equal.
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FIGURE 27
Variation of Gradient (dD/dT) During the Monitor Period

4.6 General Characteristics

Based upon the recorded data, the method of 2% probability Gaussian distribution can be
used to predict the annually extreme states that occurred at a probability rate of 2% for local
climatic temperature, temperature diferrence between the upper and lower panel surfaces, and the
bridge deflection.

The climatic T ¢mean Was much lower than the measured T can 0Of the panel upper surface,
but was almost equal to the T j,can Of the panel bottom surface. The annual extreme temperatures
with a 2% occurrence was 126 °F and —4 °F for the upper surface and 108 °F and 8 °F for the
bottom surface. The fluctuations were much larger at dT . than at dT ,,;,. The daily average
maximum dT varied with climatic temperatures; however, it was not the case in zones Al and A2,

in which irregular thermal states were observed. The deflections of bridge D _,.x were obviously
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proportional to the seasonal temperatures. The actual measured maximum deflection was 6.90
mm; the maximum D 0, was 6.14 mm. The actual measured D ,,;, was -2.36 mm; the

minimum D_jpp0,, was —1.83 mm.
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Chapter 5: FE Heat Transfer Simulation of the Composite
Bridge

In this section, FE simulation was conducted to derive the distribution of temperatures of
the bridge panel with respect to weather and to investigate the effects of thermal boundary
conditions during different seasons. This would provide insight into temperature distribution

within the interior panel and into the thermal lag phenomenon (Zone A2).

5.1 FE Experiment
5.1.1 FE Model

A 15” long segment of the bridge panel is used to build a 2D symmetric FE model, as
shown in Figure 28. The right side of the model is the symmetric surface. The red region is filled
with polyester and stone, within which a thermal sensor is embedded. In the FE model, a high
conductivity and diffusivity thin plate is added to the top of the soil that covers the bridge panel.
The thin plate absorbs the heat flux from the sun. The test verified that the error induced by the

special plate can be neglected. There are 4200 Plane55 elements with a side length of 0.04”.

5.1.2 Material Thermal Properties

The material thermal properties of the composite bridge are listed in Table 2. The upper
and bottom Glass-fiber composite plates have very low conductivity and diffusivity properties.
The mixture that covers the thermal sensors consists of polymer (adhesive), rock and air, so its

thermal property is assumed by the volume fraction of these three materials.

33



Polyster/Stone Fill

Clay i;":"i;'g'i‘: """ :i:ii:i’i:‘i? Eé;iiiigﬁi'iiiiiiiiii- ‘.= —2.36"
C t : = =. i: . H E‘:: I IIIII“II “IIIIIII I_'
ONCretS eSS 152 ---===-= g .07
Upper 067"
Composite
Honey 2.05"
Core
Bottom H & |
Composite | aa FEEERE 069"
1 5Il
FIGURE 28
A 2D FE Model of the Composite Bridge Panel
TABLE 2
Material Thermal Properties of the Bridge Composite
Name Conductivity Density Specific Heat
(J/kg'F)
(W/m-F) (kg/m*)
Clay 0.6 1649 1800
Concrete 0.79 1600 840
Glass Composite | 0.45 1800 1300
Air 0.0181 1.766 1003
Honey Core 0.083 13.5 1003
Polyester/Rock 0.23 1200 1800
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The honeycomb core consists of flat and sinusoidal plates constructed from short fibers
oriented randomly, known as Choop Strand Mat (ChopSM). The core contains most of the
bridge’s internal volume, so its thermal properties has a large effect on its response to weather.
Figure 29 illustrates the 2D geometry of the honeycomb core. The volume fraction of the

composite is about 15%. Hence, the conductivity, specific heat, and density of the core are
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5.1.3 Boundary Conditions

The right end of the FE model is a symmetrical surface and the left end is an insulated
surface. The thermal loads consist of convection and solar irradiation. The time-dependent
convection is applied to the upper and bottom panel surfaces, while the time-dependent solar
irradiation is only applied to the upper surface.

(1) Solar irradiation: Daily solar energy and intensity in Russell, KS (Lat. 38.86° N, Lon.
08.83°) can be interpolated by the data listed in the solar manual received from the nearest
stations, Goodland, KS (Lat. 39.37° N, Lon. 101.70° W) and Dodge, KS (Lat. 37.77° N, Lon.
99.97° W) [7] [8]. Figure 30 illustrates the distributions of daily solar energy intensity in three

typical months. The absorptivity of the soil surface on the bridge from solar irradiation was about
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0.75 [10]. The curves of the daily solar intensity had obvious differences in accordance with the
season. The shape became tall and narrow in the hot season, short and wide in the cold season.
This kind of distribution resulted in large gradients of heat flux on the upper surface in the winter
and small gradients in the summer. The daily solar energy at the bridge site varyed with respect

to the month and was derived according to the data obtained from the nearest city’s solar station

records [7][8], as shown in Figure 32.
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FIGURE 30
Daily Solar Distributions During Three Seasons in
Russell, KS

(2) Ambient Temperatures: The ambient temperatures measured near the upper surface
and near the lower surface were similar and close to the climatic temperatures. Therefore, the
climatic temperature was taken as the ambient temperature for both the upper surface and the
lower surface.

(3) Convection heat transfer: Convection coefficient strongly depends on fluid material
properties, velocity, solid surface geometry and roughness. ASHRAE [10] suggests that the
outside surface of a building convection coefficient ng winter =34.0 W/m2 and wind speed = 15mph;

ho, summer =22.7 W/m2 and wind speed = 7.5 mph. The employed coefficients are interpolated
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according to the actual wind speeds shown in Figure 32. The convection coefficient on the
bottom surface is usually much smaller than that on the upper surface. The ratio is assumed to be

1:2.
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FIGURE 31
Typical Ambient Temperatures of Three Seasons in
Russell, KS
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FIGURE 32
Monthly Average Wind Speeds and Solar Energy in Russell, KS

5.1.4 FE Program

The simulations run automatically on ANSYS using the APDL program. The heat steady
state at the initial time was obtained according to the measured surface temperatures. Then the
loading curves of solar irradiation, ambient temperatures, and convection coefficients were

applied to the relevant surfaces of the panel at a one hour interval.

5.2 Simulated Results
5.2.1 Typical Weathers

The two clear days from the hottest and coldest seasons are selected to make a
comparison of the results obtained from both the experimental and numerical methods. By
including solar irradiations, ambient temperatures and convection coefficients in boundary
conditions, as shown in Figures 30-32, the results of FE simulations are generally in good

agreement with the experimental results.
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(1) Cold Weather

The temperatures of the panel surfaces obtained from FEM are compared with the
experimental results in the coldest season, shown in Figure 33. The measured daily minimum
temperature of the upper surface T pper in the morning were lower than the daily minimum
climatic temperature that was assumed to be the ambient temperature. This phenomenon
demostrates the actual ambient temperatures of the upper surface were lower than the climatic
temperature T yweamer- Therefore, the temperatrues of the upper surface derived from numerical

simulation, T .y, rem, are generally higher than the relevant measured temperatures.

Winter (Dec.15, 2004)
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FIGURE 33

Variations of Temperatures on the Panel Surfaces in the
Coldest Season

(2) Hot Weather

Figure 34 shows the comparison of temperatures of the panel surfaces obtained from the
measured and FEM methods. The measured temperatures of the bottom surface T porom Were
slightly lower than climatic temperature T yeamer in the day time, which may have been caused

by 1) the big discrepancy between the actual ambient temperatures near the bottom and the
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climatic temperature and 2) the low convection under the bridge. Generally speaking, numerical

results and experimental results are in good agreement with the measured results.

Summer (June 23 2005)
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FIGURE 34

Variations of Temperatures on the Panel Surfaces in the
Hottest Season

(3) Thermal Lag

In the statistic analysis section, the large thermal lag between the upper and bottom
surfaces (Zone A2) appeared from July 5 through August 15. Refer to Appendix II. In this period,
the thermal deflection changes lag the thermal load changes applied to the bridge. Figure 35
shows the results obtained from both the measured method and the FEM. FE simulation
demonstrates that the large thermal lag is produced from the solar irradiation and convection

characteristics, ambient temperature distribution, and the soil humidity on the bridge surface.
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Summer (July 22 2006)
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FIGURE 35

Variations of Temperatures on the Panel Surfaces in the
Hottest Season

5.2.2 Internal Temperature Distribution

Figure 36 shows the temperature distributions along the cross-section of the bridge panel
at dT . for both the hot and cold seasons. As shown in Figure 33 and 34, dT_,,.x was about 13
°F for both cases. The minimum temperatures appeared in the middle of honeycomb core. Both

curves in the three segments have similar shapes.
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Internal Temperature Distributions in the Hot and Cold
Seasons

The temperature slope of the two surface plates were slightly steeper in the cold season
than in the hot season, which could be due to the difference in the daily solar irradiation and
ambient temperature patterns. At the moment of dT ., the temperature gradient was slightly
lower in the outer portion of the two surface plates in the hot season than in the cold season, so
the average temperature differences between two surface plates were larger in the hot season
than in cold season. Therefore, the distributions of thermal load in the panel can form larger

deflections in the hot season than in the cold season.
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Chapter 6: Conclusions

From the analysis of the experimental and FE methods, the responses of the composite
bridge to weather are summarized as follows:

(1) The temperatures of the upper and bottom panel surfaces and their differences dT
greatly change with time of day and season. The extreme dT . usually appears in the early
afternoon and dT i, usually appears in the early morning or in the night. The bottom surface
temperature is near the climatic temperature.

(2) The bridge deflections D are approximately proportional to the temperature
differences dT; and, D_.x and D i appear at T . and T i, respectively.

(3) The annual dT max (35 °F) and D_pmax (6.90 mm) occurred in the hot season. The
annual dT iy (21 °F )and D_ i (—2.36 mm) happened in the cold season. The average gradient
(dD/dT) is about 0.16 mm/ °F. The bridge has a significant upward deflection on a sunny day
during the summer with the maximum often occurring between 3:00-5:00PM. The bridge has a
downward deflection during the night with it being the most severe in the winter.

(4) No-Name Creek FRP bridge is designed to support an AASHTO HS-25 load in both
lanes. In 2004, the response of the bridge to a truck of 70,340 1b was measured. The middle panel
deflection under the truck load was 3.93 mm. Comparing climate induced deflection to traffic
load induced deflection, the climate induced deflection is at least on the same order of deflection
as allowable traffic load. Therefore, it should be considered in the FRP bridge design process.

(5) Thermal load dT and deflection D usually are larger on clear days than on unclear,
rainy, and snowy days. The gradients (dD/dT) slightly vary with the seasons.

(6) 2% probability Gaussian distribution slightly underestimated the annual extreme
states occur at a probable rate of 2% at local climatic temperatures and thermal loads for the two
panel surfaces and bridge deflections. Maximum D 29, 1S 6.14 mm and D_ 59, 1s —1.83 mm.

(7) The results of FE simulation generally are in good agreement with the experimental
results if the simulation is loaded with the dynamic boundary conditions obtained from the

authorized station and manuals. The variations of thermal loads and deflections with respect to
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time are mainly caused by the distribution pattern of daily solar intensity, daily solar energy,
ambient temperature, and convection coefficient.

(8) The variations of gradients (dD/dT) are caused by small changes in thermal load
distribution inside panels. From the FEM analysis, at the moment of dT ,,,x, one finds that the
temperature gradient in the outer portion of the two surface plates in the hot season is slightly
lower than in the cold season, so the differences of the average temperatures between the two
surface plates are larger in the hot season than in cold season. Therefore, the distributions of
thermal load in the panel can form a larger amount of deflection in the hot season than in the cold

s€ason.
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Appendix |: Measured Bridge Penal Temperatures and
Climatic Temperatures
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Appendix Il: Temperature Load and Deflections
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W eek 13 (12127104 ~ 01/02/04) Week 14 (01/03/05 ~ 01/09/05)
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Week 19 (02/07/05 ~ 02113/05) W eek 20 (02/14/05 ~ 02/20/05)
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W eek 25 (03/21/05 ~ 03/27/05) W eek 26 (03/28/05 ~ 04/04/05)
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D center: deflection of the center panel 4% Raining
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Week 31 (05/02/05 ~ 05/08/05) W eek 32 (05/09/05 ~ 05/15/05)
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— dT: temperature difference between the upper ‘
and bottom surfaces +% Snowing
D _center: deflection of the center panel &% Raining

D _south: deflection of the south panel

D _orin: deflection of the north panel
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D _south: deflection of the south panel

D _orn: deflection of the north panel

3 Accumulated sonw

Week 37 (06/13/05 ~ 06/19/05) W eek 38 (06/20/05 ~ 06/26/05)
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W eek 43 (07/25/05 ~ 07/31/05) 2 Week 44 (08/1/05 ~ 08/07/05) o
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— dT: temperature difference between the upper

and bottom surfaces _,} Snowing
D _center: deflection of the center panel %:? Raining

— D_soun: deflection of the south panel
Accumulated sonw
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— D_porn: deflection of the north panel
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W eek 49 (09/04/05 ~ 09/10/05)

W eek 50 (09/12/05 ~ 09/17/05)

D _center: deflection of the center panel

— D_soun: deflection of the south panel

— D _jorh: deflection of the north panel
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Appendix lll: Relations of Bridge Deflection and Thermal

Loads

W eek 1 (10/04/04 ~ 10/10/04) | Week 2 (10/11/04 ~ 10/17/04)
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W eek 7 (11/15/04 ~ 11/21/04) Wy W eek 8 (11/22/04 ~ 11/28/04)
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W eek 13 (l%/27/04 ~ 01/02/04)

W eek14 (01/03/04 ~ 0L/09/04)
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W eek 19 (02/07/05 ~ 02/13/05) W eek 20 (02/14/05 ~ 02/20/05)
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W eek 25 (03/21/05 ~ 03/27/05)

W eek 26 (03/28/05 ~ 04/04/05)
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W eek 31 (05/02/05 ~ 05/08/05) W eek 32 (05/09/05 ~ 05/15/05)
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W eek 37 (06/13/05 ~ 06/19/05) W eek 38 (06/20/05 ~ 06/26/05)
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North panel

Trendline of north panel
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W eek 43 (07/25/05 ~ 07/31/05) W eek 44 (08/01/05 ~ 08/07/05)
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W eek 49 (09/04/05 ~ 09/10/05) W eek 50 (09/12/05 ~ 09/17/05)
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Modified figures

(Described by daily extreme deflections and temperatures are selected)

Modified Gradient W eek 40 (07/04/05 ~ 07/10/05) Modified Greidient W eek 41 (07114/05 ~ 07/17/05)
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