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ABSTRACT

In this thesis, a fatigue assessment was performed for structural support such as
highway signs, luminaires, and traffic signals. A particular focus was on truck-
induced gusts that occur when trucks pass beneath a structure in order to estimate
whether fatigue stress due to truck-induced gusts is larger than the threshold stress or
not. Because it is difficult to simulate truck-induced gusts in a wind-tunnel test, this
research was carried out through field tests. The target of the field tests was involved
the use of a variable message sign (VMS) which is subjected to the biggest fatigue
stress according to the AASHTO due to its large projected area in the horizontal
plane.

Three types of the sensors were used in the field tests with a focus on the
fatigue-critical part which is the lower mast arm. Three and eight strain gauges were
installed on the bottom and the front of the mast arm, respectively, in order to
estimate the range of the fatigue stress. Three pressure sensors were installed on the
bottom and the front of the VMS, respectively, to understand the characteristics of
truck-induced gusts and an anemometer was installed at the same height of the VMS
for use in distinguishing the effects between truck-induced gusts and natural wind
gusts.

Measured nominal stress was calculated in order to obtain the fatigue stress
range by the rainflow counting algorithm and compared with the threshold stress

suggested by details of the fatigue-critical part according to the AASHTO. In
i



addition, the characteristics of truck-induced gusts, as analyzed from measured wind
pressure data, were verified through data from both wind pressure gauges and strain
gauges.

The measured fatigue stress range was compared with an equivalent static gust
pressure. In other words, the equivalent static gust pressure which accounts for the
measured fatigue stress range was inversely calculated and compared with the
design value for fatigue wind loads suggested the AASHTO.

During the field tests, truck-induced gusts were only estimated because the high
wind velocity was not measured. However, if the a larger fatigue stress range had
occurred when effect of natural wind gusts was added to truck-induced gusts, it
became necessary to analyze the effect of natural wind gusts in a subsequent

research.

Keywords: Fatigue assessment, Truck-induced gust, Field test, Structural

support, Rainflow counting algorithm

Student Number: 2013-20948
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CHAPTER 1

INTRODUCTION

Structural supports such as highway signs, luminaires, and traffic signals are
simple structures that are commonly seen. Although these are not complex
structures such as long span bridges, they are vulnerable to fatigue failure. Up to
now, examples of fatigue failure have been reported and this phenomena is
frequently seen during periods of strong winds.

To design the structural supports for these structures, fatigue design as well as
structural design should be considered. Design criteria such as AASHTO, DMRB,
Eurocode recommend equivalent static fatigue loads for various situations, while
domestic design criteria do not consider fatigue failure. This design criteria
suggests that galloping, vortex-induced vibration, truck-induced gust, natural wind
gust are the main causes of fatigue failure. Although both galloping and vortex-
induced vibrations during the four reasons generate a larger stress than truck-
induced gusts and natural wind gusts, the repetition rate of galloping and vortex-
induced vibrations is relatively lower than the other two phenomena.

Preliminary studies (Albert et al. 2007) have shown that truck-induced gusts
generally generate the lowest stress among the four primary reasons and structural
supports which satisfy the fatigue designs for natural wind gusts are automatically

included in the fatigue design criteria for truck-induced gusts. Truck-induced gusts



are generated when a truck passes beneath a structural support and gust loads
induced due to the passage of trucks by attachments mounted to the horizontal
support of the structure (AASHTO 2013). The AASHTO especially mentions that
the critical direction for applying gust loads is the exposed horizontal surface of the
attachment and the horizontal support. In particular, variable message sign (VMS)
structures which have large projected areas in the horizontal plane are reported to
be particularly sensitive to truck-induced gusts.

Unlike the AASHTO or other design specifications, there are no design
specifications for the fatigue design of structural supports in this country. It is
necessary to check how structural supports in the country are stable against fatigue
failure. Moreover, the design standards for structural supports varies from country
to country. However, preliminary studies point to improvements that could be
applied to structural supports in this country. First point is that most preliminary
studies (Johns, Dexter 1998) were carried out using a small number of samples.
Considering the characteristics of our country, the rate of heavy vehicle transport is
high compared to other countries. The second reason is that types of structural
supports are different from one country to another and this is reflected in their one
design specifications. So it is necessary to understand the characteristics of
structural supports in a country in order to apply alternate design specifications.

Field tests should be carried out to verify the effect of truck-induced gusts due
to difficulty of simulating truck-induced gusts in wind-tunnel tests. The site used in

the field tests was selected considering vehicle speed, traffic volume and the

2



characteristics of the structural support. The focus of this thesis was on truck-
induced gusts and effect of the truck-induced gusts on the stability of VMS

structured was estimated.



CHAPTER 2

DESIGN SPECIFICATIONS FOR TRUCK-

INDUCED GUSTS

2.1 AASHTO

The AASHTO, which is standard specifications for structural supports for
highway signs, luminaries, and traffic signals has published recommended criteria
for fatigue design and states that galloping, vortex-induced vibrations, natural wind
gusts and truck-induced gusts are the four main reasons for causing fatigue failure.
In particular, the AASHTO suggests an equivalent static truck gust pressure range

like below Eq. 2.1.

2
V.
Pe :9OOCd[3OnT]/S] x|.  (Pa) (2.1a)
V 2
P, =18.8C, (GSHquh] 1. (psh) (2.1 b)

V7 is truck speed and Cq4 and Ir are drag coefficient and fatigue importance
factor, respectively. The drag coefficient for VMS is 1.7 suggested by the
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AASHTO. Recommended fatigue importance factors are 0.3 — 1.0, depending on

both types of structures and the location where the structures are installed. Fatigue

importance factors are shown below in Table. 2.1 (AASHTO 2013) and structures

classified as category I mean a high hazard in the event of failure when the truck

speed exceeds 60 km/h and the average daily traffic (ADT) exceeds 10,000 or the

average daily truck traffic (ADTT) exceeds 1,000. Because the target for field tests

is classified as category I, 1.0 was used for field tests.

Table 2.1 Fatigue importance factors, I¢

Fatigue importance category | Galloping | Natural wind gusts | Truck-induced gusts
Sign 1.0 1.0 1.0
3 Traffic signal 1.0 1.0 1.0
> Sign 0.70 0.85 0.90
% Traffic signal 0.65 0.80 0.85
3 Sign 0.40 0.70 0.80
Traffic signal 0.43 0.55 0.70
= Sign - 1.0 1.0
< Traffic signal - 1.0 1.0
= Sign - 0.85 0.90
3 Traffic signal - 0.80 0.85
§ Sign - 0.70 0.80
Traffic signal - 0.55 0.70

The AASHTO suggests this equation based on 108 km/h, which is a function

of truck speed. Equivalent static truck gust pressure is proportional to the square of




the ratio between the truck speed and 108 km/h. Therefore, if a truck speed is less
than 108 km/h, the equivalent static struck gust pressure can be reduced.

The direction of the equivalent static truck gust pressure range is vertical to the
horizontal support like mast arms as well as the area of all signs, attachments,
walkways and/or lighting fixtures projected on a horizontal plane. The part of the
structures not located directly above a traffic lane is also excluded as a target of
truck-induced gusts. Truck-induced gusts are restricted to apply only to a structure
where the height of the structure is more than 3 m and less than 7 m. This height
range can create the maximum fatigue stress range and truck-induced gusts are
fully applied for heights up to and including 6 m. This wind pressure is linearly
reduced for heights above 6 m to a value of zero at a height of 10 m.

Because truck-induced gusts are estimated to be the most insignificant fatigue
design load among the four fatigue design loads, the AASHTO suggests that truck-
induced gust loading can be excluded unless required by the designer. However the
AASHTO emphasizes that recent vibration problems due to truck-induced gusts on
sign structures with large projected areas in the horizontal plane, such as variable
message sign (VMS) enclosures have caused attention to be focused on vertical

gust pressures.

2.2 DMRB

Unlike the AAHSTO, the Design Manual for Road and Bridge (DMRB)
6



suggests truck-induced gusts in both vertical and horizontal directions. Truck-
induced gusts are referred to as high vehicle buffeting in the DMRB and the

pressure P4 due to high vehicle buffeting is using Eq. 2.2, below.

P, =600h™°%* 400 (MPa) (2.2)

The “h’ denotes either the distance from the top of the high sided vehicle to the
underside of any horizontal surface or the distance from the top of a high sided
vehicle to the center of pressure of any vertical surface. This Equation is applied
for values of up to 5 m and applied loads can be calculated as the product of the

appropriate pressure and projected area.



CHAPTER 3

PREPARATION OF THE FIELD TEST

3.1 Site of the field test

The site of the field tests was selected considering vehicle speed, the
characteristics of VMS structures and the accessibility of VMS structures. Because
the static equivalent pressure of truck-induced gusts is a function of vehicle speed
according to the AASHTO, the preferred site was a highway. Because VMS
structures are also installed at entrances to highways according to need, the section
of a highway where VMS structures are installed was investigated. Among the
investigated sections of a highway, several sections were sorted by maximum
vehicle speed which was surveyed by the Korea Express Corporation. A number of
highway lanes was considered so as to prevent the occurrence of traffic jams.
Vehicle type was also considered because box-type dump trucks are known to
generate the greatest stress (Albert, 2006). Finally, the characteristics of VMS
structures were investigated through field investigations to check the size of the
mast arm and to determine how many highway lanes affect the mast arm.

The site from the Ansan jct. to the Palgok jct. in The Seohaean expressway
was finally selected as the site for the field test. Especially, large-sized buses and

box-type dump trucks pass through this section, due to its proximity to the harbor.
8



Table. 3.1 and Fig. 3.1 show the properties and a view of the site fro above,

respectively.

Table 3.1 Properties of the site

No. of lanes Bus Truck Mean vehicle Maximum
(both ways) (ADTT) (ADTT) speed vehicle speed
6 1,750 2,534 92.8 km/h 103.5 km/h

Fig. 3.1 A sky view of the site

3.2 Target of the field test

The target of the field tests was select as VMS structures because it is known
as the most vulnerable structure to truck-induced gusts and is shown in Fig. 3.1 as a

9
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red circle. Because there are no standard designs for VMS structures in the country,
it was necessary to measure the size of the VMS structures prior to the field tests
and the measurements were compared with values from blueprints.

The type of the VMS structure is a cantilevered structure and the mast arms
are extended from third lane to second-half lane. The VMS structure is located in a

downhill road and below Fig. 000 shows the field test target.

Fig. 3.2 The target of the field test

10
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The blueprints of the field test target are shown in both Fig. 3.3 and Fig. 3.4.

The size of the VMS is 8.3 mx2.3 mx0.5 m (width x height x depth) and

installation height of the VMS from the ground is about 7.4 m.

3.3 Fatigue analysis for the fatigue-critical parts

A fatigue analysis was carried out regarding the fatigue-critical parts which are
the connections between the mast arm and column and between the column and

base plate, as shown in Fig. 3.5.

12



Fatigue-critical part 1

s : ﬂ
Range of applied load (3.6 m)  ~~= | —
Direction of truck-induced gusts —
Fatigue-critical part 2
Va \‘
' AW NS,
\- —,

Fig. 3.5 Fatigue-critical parts of the field test target

AASHTO suggests a threshold stress of 48 MPa for fatigue-critical parts that
are classified as Category D. The equivalent static wind pressure for natural wind
gusts and truck-induced gusts was applied according to the AASHTO. Although the

AASHTO suggests the range of the applied load to be 3.7m where truck-induced

13
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gusts are applied, truck-induced gusts were applied to the entire exposed horizontal
surface of the attachment and horizontal support. It was therefore assumed that two
trucks could pass simultaneously beneath the VMS structures and the maximum
fatigue stress range was estimated irrespective of whether it was bigger than the
threshold stress or not.

Among the two fatigue-critical parts, the greatest fatigue stress was found to
occur in the connection between the mast arm and column. This fatigue-critical part
corresponds to section 6 of the fatigue details that the AAHSTO suggests and is
defined as a tube-to-transverse-plate connection stiffened by longitudinal
attachments with fillet welds in which the tube is subjected to longitudinal loading
and the welds are wrapped around the attachment termination. An example for this
is shown in Fig. 3.6 and the red lines in Fig. 3.6 indicate the expected fatigue

failure line.

14



Fig. 3.6 Example for the detail of fatigue-critical part

Table 3.2 Results of fatigue analysis

Fatigue-critical part Load Frgaiggil\s;}raeas)s StTr?SrfS(:/IOIPO;)
1 Truck-induced gust 12.9 48.0
2 Truck-induced gust 2.3 48.0
1 Natural wind gust 12.0 48.0

Fatigue analysis results are summarized in Table 3.2. The maximum fatigue
stress range that is generated in the connection between the mast arm and column
due to truck-induced gusts is 12.9 MPa and is generated in the connection between

the column and base plate due to truck-induced gusts is 2.3 MPa. The maximum

15




fatigue stress range generated in the connection between the mast arm and column
due to natural wind gusts is about 12.0 MPa. Therefore, truck-induced gusts
generate a maximum fatigue stress range in the VMS structure and the field tests

were focused on the connection between the mast arm and column.

3.4 Measurement sensors

The field tests were carried out to evaluate the effects of truck-induced gusts.
The fatigue stress range in the connection between the mast arm and column was
estimated using strain gauges. The distribution of truck-induced gusts applied to
the front and bottom of the VMS were also estimated using pressure sensors.
Natural wind gusts as well as truck-induced gusts were also estimated using an

anemometer. All of the sensors used are shown in Fig. 3.7.

16



Measurement of value and distribution of wind
pressure by wind pressure sensors

-1 I'I.":>
'3

.,.--5——.—

F

8 strain gauges
Front: 3ea/ Bottom:5ea

Measurement of fatigue stress range by strain gauges

Fig. 3.7 Sensors used for the field tests

All of the sensors were waterproof and functioned 24 hours a day. Data were
collected as 100 sampling frequency via a commercial program which is the R-

DAS.

3.4.1 Wind pressure

Six wind pressure sensors were used to estimate the distribution of wind
pressure due to truck-induced gusts as shown in Fig. 3.8. The AASHTO suggests
that truck-induced gusts are only applied to the exposed horizontal surface of an
attachment and the horizontal support because the wind pressure of the front

surface of the VMS where loads are applied in a horizontal direction is relatively
17
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insignificant compared to natural wind gusts according to the AASHTO.

)t

215m|215m
|
\
H

[reerereerrerrrrrrrrrrrnd

1.8m 1.8m

2NN

(b) Pictures of the installed wind pressure sensors

Fig. 3.8 Wind pressure sensors used for the field tests
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It is necessary to check how much wind pressure is generated from truck-
induced gusts affects to the front surface of the VMS. Three wind pressure sensors
were installed in front of the VMS and the other three wind pressure sensors were
installed at the bottom of the VMS, as shown in Fig. 3.8.

The three wind pressure sensors were installed at the middle height of the
VMS which is 1.15 m from the bottom of the VMS and were used for estimating
effects of natural wind gusts and truck-induced gusts to the front of the VMS. The
other three wind pressure sensors were installed at the middle bottom of the VMS.
The distance between the three sensors was 1.8 m, respectively which is half of one
lane width and a sensor in the middle among the three sensors is on the middle of

the three-lane.

3.4.2 Strain

A total of eight strain gauges were used to check the fatigue strain range as

shown in Fig. 3.9.

19



Fig. 3.9 Strain gauges used for the field tests

The main mode directions of the VMS structure are in both the horizontal and
vertical directions. Horizontal support vibrations caused by forces due to truck-
induced gusts are known as the most critical factor according to the AASHTO. The
five strain gauges were installed at the bottom of the under mast arm where the
maximum fatigue stress is generated. The other three strain gauges were installed
on the front of the mast arm.

The distance between the strain gauges was determined taking stress into
consideration. According to the NCHRP Project 10-70, stress can be generated as

far away as half of the steel tube outer diameter as shown in Fig. 3.10.
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Fig. 3.10 Stress distribution result from the NCHRP Project 10-70

A structural analysis by ABAQUS was also performed for checking the stress
that the VMS structure was subjected to, as shown in Fig. 3.11. This result is
similar with that of the NCHRP Project 10-70 in which stress can appear as far

away as the half of the steel tube outer diameter

21
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Structural analysis result from ABAQUS
== Strain gauges installed at the front of the VMS : 5ea
=@= Strain gauges installed at the bottom of the VMS : 3ea

70.0
65.0
60.0
55.0
50.0
45.0
40.0
35.0
30.0
25.0
20.0

Stress (MPa)

—_—— ‘o

100 200 300 400
Distance from the stiffeners (mm)

Fig. 3.11 Stress distribution result from the ABAQUS analysis

The five strain gauges shown as white circles in Fig. 3.11 were installed at 10
mm, 30 mm, 50 mm, 200 mm, 300 mm away from the fillet-weld between the mast
arm and the stiffener. The other three strain gauges shown as red circles in Fig. 3.11
were installed at 10 mm, 30 mm, 200 mm away from the fillet-weld between the

mast arm and the stiffener.

3.4.3 Wind velocity
Wind velocity was measured to estimate the effects of natural wind gusts. It

22
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was utilized to distinguish the effects on the front of the mast arm caused by truck-
induced gusts versus that from natural wind gusts. It was also used to check the

effect natural wind gusts on the front of the mast arm.

Fig. 3.12 Pictures of the installed anemometer

An anemometer was installed at the same height at the middle of the VMS as
shown in Fig. 3.12. It was installed 1 m in front of the column in order to minimize
interference by the VMS structure. The anemometer measured wind velocity that

blows only in the vertical direction relative to the VMS

23
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CHAPTER 4
CHARACTERISTICS OF TRUCK-INDUCED

GUSTS

4.1 Wind pressure of truck-induced gusts

Six wind pressure sensors were analyzed in order to understand the
characteristics of truck-induced gusts. When trucks pass beneath the VMS structure,
pressure sensors installed in front of the VMS as well as pressure sensors that are
installed at the bottom of the VMS responded to truck-induced gusts and the value
of wind pressure measured by the wind pressure sensor installed in front of the
VMS corresponds to about 65% of the value of wind pressure measured by the
wind pressure sensor installed at the bottom of the VMS. In particular, a negative
wind pressure occurs when trucks pass beneath the VMS structures. Therefore, if a
negative wind pressure larger than -10 Pa was measured, this indicates that trucks
passed in the other analysis as shown in both Fig. 4.1 and Fig 4.2. Wind pressure
sensors 1, 2 and 3 shown in both Fig. 4.1 and Fig. 4.2 are expressed in Fig. 4.3. The
wind pressure sensors 1 and 2 were installed at the bottom of the VMS and the

wind pressure 3 is installed on the front of the VMS.
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Fig. 4.3 Wind pressure sensor 1, 2 and 3

The above characteristics of wind pressure were used in order to distinguish
them from the results of the strain gauges. Although the wind pressure applied in
the front of the VMS was 35% less than the wind pressure applied at the bottom of
the VMS, the cross-section area of the front of the VMS is 4.6 times larger than

cross-sectional area of the bottom VMS.

4.2 Distribution of truck-induced gusts
The reduction in wind pressure ratio from the point where truck-induced gusts

were generated was analyzed according to the distance from the point. This

analysis was carried out by dividing into two cases shown in Fig. 4.4.
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Fig. 4.4 Description of the two case for analyzing distribution of truck-induced

gusts

One case is that when a truck passes beneath the VMS structure through three-
lane (i.e. the orange arrow in Fig. 4.4), wind pressure reduction ratio through
pressure sensors between above three-lane and above midpoint of both two-lane
and three-lane. Among the many cases that trucks pass the beneath the VMS
structure, trucks that pass through three-lane were detached by using the pressure
sensor installed above three-lanes. For example, although all wind pressure sensors
responded to truck-induced gusts, the value of sensor above the three-lane is
always bigger than value for the other sensors. The other case is that when a truck
passes beneath the VMS structure through a two-lane (i.e. the blue arrow in Fig.
4.4), wind pressure reduction ratio through the pressure sensors between above the
two-lane and above the midpoint of both the two-lane and three-lane. Among the

many cases where trucks pass the beneath the VMS structure, trucks that pass
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through the two-lane were detached by using the pressure sensor installed above

the two-lane.

When a truck passes
through the two lane

30 1 » When atruck passes
through the three lane

Ratio of trucks (%)

5 15 35 45 55 65 75

Reduction ratio (%)

. Wind pressure sensor 2

" Wind pressure sensor 1

. Wind pressure sensor 1

" Wind pressure sensor 2

85 95

Fig. 4.5 Reduction ratio of wind pressure when a truck passes beneath the VMS

structure

Two cases show that 25 % wind pressure reduction ratio is occurred most

frequently as shown in Fig. 4.5.
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Fig. 4.6 Example for distribution of wind pressure occurred by truck-induced gusts

In other words, wind pressure occurred by a passing truck is decreased by 25 %

for every 1.8 m around the passing truck as shown in Fig. 4.6.
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CHAPTER 5

FATIGUE ASSESSMENT

5.1 Rainflow counting algorithm

The rainflow counting algorithm (S.D. Downing and D. F. Socie, 1982) was
used for calculating the fatigue stress range from measured strain gauge data. It is
useful to access the fatigue life of a structure subjected to a complex loading.
Although it was first developed in 1968, Downing and Socie created the most
commonly used rainflow counting algorithm in 1982.

This algorithm of rainflow counts a measured stress history of peaks and
valleys in sequence. Rainflow counting algorithm is as the following steps (S.D.

Downing and D. F. Socie 1982).

1) Read the next peak or valley

(if out of data, STOP)
2) Form ranges X and Y

(if the vector contains less than 3 points, go to the step 1)
3) Compare ranges X and Y

a. If X<Y,gotothestepl

b. If X >Y, go to the step 4
30



4) Count range Y, discard the peak and valley of Y, go to the step 2

X is range under consideration and Y is previous range adjacent to X.

5.2 Nominal stress point

It is necessary to find the nominal stress point because the AASHTO suggests
that the threshold stress represents the nominal stress. Before the field tests, an
FEM analysis based on three-dimensional elements was performed in order to
check the stress distribution obtained from measured data and find the nominal
stress point.

In the beginning, the program requires a partial modeling of the VMS
structures in order to perform the analysis. The VMS structure, except for the
column, was modeled using ABAQUS and the end of the mast arms connected to
column was modeled as the fixed end. The load was applied to the bottom of the
VMS as a uniformly distributed load. Stress concentration appeared up to about
200 mm from the stiffeners as shown in Fig. 3.11 and a constant stress was
generated at a distance of at least 200 mm from the stiffener.

Measured stresses were estimated in order to find the nominal stress point. On
the basis of the stress measured at a distance of 200 mm away from the stiffeners,
the stress ratio of the other measured stresses were estimated and the results are

shown in Fig. 5.1 And Fig. 5.2 explains the distance from the stiffeners
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Fig. 5.1 Stress ratio according to the distance from the stiffeners
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Fig. 5.2 Description about the distance from the stiffeners
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FEM analysis results were also estimated by calculating the stress ratio on the
basis of the measured stress in the 200 mm away from the stiffeners and measured
stresses were compared with FEM analysis results.

Stresses measured closer than 200 mm from the stiffener showed a stress
concentration and measured stresses 10 mm away from the stiffeners were about
twice larger than the stresses that were measured 200 mm away from the stiffeners.
These results are slightly larger than the FEM analysis results. Results measured 30
mm and 50 mm away from the stiffener are similar to the FEM analysis results.
The results farther than 200 mm away from the stiffeners show consistent stresses
and the results measured 200 mm away from the stiffeners were regarded as a
nominal stress. 200 mm corresponds to both a half of an outer diameter of the mast

arm and the result of the NCHRP Project 10-70.

5.3 Measurement result

Using previous analysis results regarding the nominal stress point, the fatigue
stress range was calculated by means of a rain-flow algorithm and stresses
measured 200 mm away from the stiffeners were utilized for estimating the fatigue
stress range. The maximum fatigue stress range measured during the field tests was
9.3 MPa which was measured on the front of the mast arm.

Fatigue stress range measured on the front of the mast arm belonged to 1 MPa
— 5 MPa and was mostly less than 3 MPa as shown in Fig. 5.3. Fatigue stress range

measured at the bottom of the mast arm was mostly less than 2 MPa and the
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maximum stress range measured during the field tests was 1.8 MPa as shown in

Fig. 5.4.

4000 7 m Strain gauge 1 (200 mm away from the stiffeners)

3500 - ® Strain gauge 2 (30 mm away from the stiffeners)
3000 - Strain gauge 3 (10 mm away from the stiffeners)
2500 -

2000 -

Cycles

1500 -

1000 -

500 -

ol =
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Fatigue stress range (MPa)

Fig. 5.3 Cycles of fatigue stress ranges measured on the front of the mast arm
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4000 1 m Strain gauge 4 (300 mm away from the stiffeners)
3500 - ® Strain gauge 5 (200 mm away from the stiffeners)
Strain gauge 6 (50 mm away from the stiffeners)
3000 1 . .
m Strain gauge 7 (30 mm away from the stiffeners)
., 22007 Strain gauge 8 (10 mm away from the stiffeners)
[«5)
'S 2000
O
1500 1
1000 1
500 -
0 ol

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Fatigue stress range (MPa)

Fig. 5.4 Cycles of fatigue stress ranges measured at the bottom of the mast arm

Although the fatigue stress range measured on the front of the mast arm was
bigger than that measured at the bottom of the mast arm, all of the fatigue stress
range was less than the threshold stress recommended by the AASHTO. Because
on the days when fatigue stress range was measured, there was almost no wind,
fatigue stress range resulted from truck-induced gusts. In other words, all of the
fatigue stress range measured during the field tests due to truck-induced gusts did

not exceed the threshold stress.
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Fig. 5.5 Time history graph of sensors when the maximum stress range was

occurred

A time history analysis was performed regarding the maximum fatigue stress

range due to truck-induced gusts as shown in Fig. 5.5. Fig. 5.5 shows both wind

pressure and fatigue stress of the front of the VMS during the 10 seconds near the

occurrence of the maximum stress range.

Four trucks passed beneath the VMS structure in this time period and the time

interval between the first truck and the last truck was about 7.2 seconds. The

fatigue stress range was increased during these 7.2 seconds whenever a truck

passed beneath the VMS structure and the maximum fatigue stress range occurred

after the fourth truck passed. In other words, this maximum fatigue stress range due
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to truck-induced gusts accumulated while trucks were continuously passing.

5.4 Verification of the distribution of truck-induced gusts

Previously analyzed distribution of truck-induced gusts was verified by

comparison between fatigue stress ranges calculated from wind pressure sensor and

strain gauge. Fig. 5.6 shows wind pressure of the bottom of the VMS and fatigue

stress of both the front of the VMS and the bottom if the VMS during 70 seconds.

— Wind pressure measured on the bottom of the VMS (Pa)
— Wind pressure measured at the front of the VMS (Pa)
Strain measured at the bottom of the mast arm (MPa)
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Fig. 5.6 Time history data used for verification of distribution of truck-induced

gusts
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The fatigue stress and wind pressure that was measured when a truck passed
beneath the VMS structure was used for calculating the fatigue stress range and this
moment is expressed as a red box in the Fig. 5.6. The previously analyzed
distribution of truck-induced gusts was also applied in the calculation process and

the result are shown in Table. 5.1.

Table 5.1 Result of fatigue stress range calculated from two sensors

Calculation of fatigue stress range
Category Error (%)
From wind pressure | From strain gauge

Bottom of the VMS 0.43 0.42 2.3

Front of the VMS 0.83 2.2 -62.1

The fatigue stress range calculated from wind pressure which occurs at the
bottom of the VMS is 0.43 MPa and from strain gauge is 0.42 MPa. These two
results are almost the same, as the error between the two results is 2.3 %. However,
the fatigue stress range generated in the front of the VMS which was calculated
from the two sensors has 62.1 % error unlike the results from the bottom of the
VMS.

Fatigue stress ranges calculated using wind pressure sensor data and strain
gauge data were 0.83 MPa and 2.2 MPa, respectively. The negative wind pressure

that occurred at the rear of the VMS was determined to be the cause of the different
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fatigue stress ranges. These phenomena are similar with the end-effect shown in
soundproof walls or wind barriers that increase wind velocity. Therefore, the wind
pressure used for estimating the fatigue stress range was less than the wind
pressure actually applied to the VMS and this accounts for the different fatigue

stress range between two results.
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CHAPTER 6
COMPARISON BETWEEN AASHTO AND

MEASUREMENT RESULTS

6.1 Equivalent static gust pressure of both the front and bottom

surface

Measured fatigue stress range was compared with the AASHTO design value

as equivalent static gust pressure and the results are shown in Table. 6.1.

Table 6.1 Comparison between measured results and the AASHTO design value

Measurement result AASHTO design value
Category Maximum fatigue | Equivalent static | Truck-induced Natural wind
stress range pressure gusts gusts
Bottom of
the VMS 1.8 MPa 370 Pa 1530 Pa -
Front of the
VMS 9.6 MPa 427 Pa - 425 Pa

1.8 MPa which is the maximum fatigue range at the bottom of the mast arm
measured during field tests was transformed as equivalent static gust pressure. In

other words, equivalent static gust pressure which creates 1.8 MPa at the bottom of
40




the mast arm was inversely calculated. In the calculation process, it is assumed that
equivalent static gust pressure was only applied to the width of one lane and speed
of a truck is 108 km/h.

1.8 MPa corresponds to an equivalent static gust pressure of 370 Pa, about a
quarter of the 1530 Pa recommended AASHTO design value for truck-induced
gusts. This design value is four times larger than the inversely calculated equivalent
static gust pressure obtained from measured results. The overestimated AASHTO
design value has one thing in common with the previous studies.

Unlike the result of the bottom of the mast arm, 9.6 MPa measured on the
front of the mast arm was compared with the AASHTO design value for natural
wind gusts because truck-induced gusts suggested by the AASHTO are only
applied to a horizontal surface of the attachment. In the calculation process, it is
assumed that the wind velocity is 5 m/s and 9.6 MPa corresponds to an equivalent
static gust pressure of 427 Pa, nearly the same as the 425 Pa suggested by the
AASHTO specification for natural wind gusts. 9.6 MPa was due to truck-induced
gusts and this result mentions that truck-induced gusts should be considered to

vertical surface of the attachment.
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CHAPTER 7

Further studies

7.1 Wind pressure of the VMS rear surface

Through verification for wind pressure of truck-induced gusts, it was
confirmed that wind pressure occurred of the VMS rear surface increases wind
pressure applied to front of the VMS. However, wind pressure applied to front of
the VMS was only measured during the field tests. These phenomena are similar to
the end-effect shown in soundproof walls or wind barriers that increase wind
velocity. These structures have in common the fact that the VMS depth in the
direction that the wind is blowing is relatively shorter than the length of the VMS.
Therefore, the drag coefficients for structures like soundproof walls or wind
barriers are appear to be different according to the ratio of height and length. For
example, these negative wind pressures occurred at the rear of the VMS, resulting
in larger drag coefficients by 2 times. If additional field tests would to be carried

out, it would be necessary to install wind pressure sensors at the rear of the VMS.

7.2 Fatigue assessment about natural wind gusts
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During the field tests, the measured maximum wind velocity was less than 3
m/s and the measured mean wind velocity was less than 1 m/s. Therefore, the
measured fatigue stress ranges are mostly generated due to truck-induced gusts.

Although wind pressure in a direction vertical to the VMS generates the
maximum fatigue stress range, wind pressure not in the direction vertical to the
VMS can also actually generate fatigue stress. However, because the installed
anemometer could only measure the wind velocity in a direction vertical to the
VMS, the effects of natural wind gusts would be underestimated. Moreover, if
truck-induced gusts are overlapped with natural wind gusts, fatigue stress range

will be increased.
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CHAPTER 8

CONCLUSIONS

The following conclusions can be made based on the obtained results:

1. The field tests were carried out in order to evaluate the characteristics of
truck-induced gusts because it is hard to simulate truck-induced gusts in
wind-tunnel tests. The target of the field tests was selected as a VMS
structure on the highway which is known as the type of structure that is
most affected by truck-induced gusts. The site of the field tests was the

highway where vehicle speed is usually higher than in other sites.

2. Truck-induced gusts are applied to not only the vertical direction but also
the horizontal direction. In particular, the maximum fatigue stress range
was measured on the front of the mast arm. Unlike the AASHTO
assumptions for truck-induced gusts, truck-induced gusts should be

considered about both vertical and horizontal directions.

3. Truck-induced gusts are applied to not width of one lane but entire width
of the VMS. And wind pressure occurred due to truck-induced gusts is

reduced by 25 % for every 1.8 m (i.e. half of a lane width) around the
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passing truck. This distribution is also applied to the front of the VMS as

well as the bottom of the VMS but also.

All of the measured fatigue stress ranges were less than the threshold
stress recommended by the AASHTO. And the fatigue stress range
measured at the bottom of the mast arm corresponds to a quarter of the
equivalent static truck gust pressure range recommended by the AASHTO
and this result is consistent with data published in previous studies. In
other words, the truck-induced gusts suggested by the AASHTO are
overestimated. However, because during the field tests there were days
when the wind almost did not blow, fatigue stress can be largely attributed
to truck-induced gusts. Therefore, if natural wind gusts can increase
effects of truck-induced gusts, a parametric study about natural wind gusts
should be carried out in order to understand the overlapping effects

between truck-induced gusts and natural wind gusts.
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