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Fatigue Assessment of Traffic Signal
Mast Arms Based on Field Test Data
Under Natural Wind Gusts

Genda Chen, Jingning Wu, Jiaging Yu, Lokeswarappa R. Dharani, and

Michael Barker

In recent years, several statesincluding Missouri, Wyoming, Califor-
nia, and Texasexperienced fracturefailuresof traffic signal mast arms.
Almost all thefailuresareassociated with the propagation of defectsor
cracks. It isthereforeimperative to evaluate existing mast armsusing
asimpleyet accurate procedure. A statistical methodology isproposed
to predict the fatigue life of signal mast arm structures on the basis of
field-measured strain data. The annual occurrence of various stress
levelsis determined using the historical wind speed data in the vicin-
ity of amast arm structureand thestrain readingsof thestructureunder
specific wind gusts. For each stresslevel, the crack initiation and prop-
agation lives are estimated with the strain-life approach and the Paris
crack-growth-rate model. They are combined to account for variable
stresses by means of Miner’s rule and the root-mean-square model,
respectively. The stress concentration factor around the arm-post con-
nection is determined using a finite element model. The parametersin
the life prediction models are determined with ASTM flat tension and
compact tension tests. The proposed methodology wasapplied toa 12.8-m
(42-ft) long octagonal mast arm and a 16.5-m (54-ft) long circular mast
arm in Missouri. It is concluded that signal structuresin perfect con-
dition will not crack under natural wind gustsduring their servicelife.
However, the 16.5-m-long arm islikely to be vulnerableto tiny defects
around the weld connection, but the 12.8-m-long arm is safe unless a
visible crack exists.

Inthe past 6 years, adozen traffic signal mast armsin Missouri frac-
tured at the arm-post weld connection. Most of them lost their func-
tion after 1to 2 years of service, whereas others stayed in servicefor
about 20 years. Other states (1; 2, pp. 1107-1110) also experienced
similar failuresin signal mast armsduring the last few decades. Itis
likely that these failures result from overstressing, poor welding
quality, and low fatigue strength. To explore the direct causes for
the failures and devel op retrofit techniques for existing signal mast
arm structures, the Missouri Department of Transportation initiated
a research project on fatigue failure investigation of signal mast
arms. As an important part of the project, the fatigue life of two in-
service mast arms is predicted on the basis of field test data. A sta-
tistical methodology isintroduced for estimating the cyclic loading
on the mast arms due to natural wind gusts and assessing thefatigue
condition of the existing signal support structures.

G. Chen, J. Wu, J. Yu, and L. R. Dharani, Butler-Carlton Civil Engineering Hall,
University of Missouri—Rolla, 1870 Miner Circle, Rolla, MO 65409-0030.
M. Barker, Department of Civil Engineering, E2509 Engineering Building East,
University of Missouri—Columbia, Columbia, MO 65211.

FIELD TESTS OF SIGNAL MAST ARMS

Two signal mast arms, located at Providence and Green Meadows
Boulevardsand at Forum and Stadium Streetsin Columbia, Missouri,
were considered as typical structuresin this study. Both structures
were instrumented in the field to monitor truck- and wind-induced
vibration. An anemometer was used to measure the speed of wind
gusts. The signal support structure at Stadium and Forum Streetsis
shown schematically in Figure 1a and atypical arm-post connection
inMissouri isdetailed in Figure 1b. The cantilever mast armiswelded
to a base plate that is bolted to the post. The mast arm and the post
are made of circular steel pipes31.75cmby 11.81 cm by 16.5 m by
7 gauge (GA) (12.5in. by 4.65in. by 54 ft by 7 GA) and 36.83 cm
by 28.96 cm by 8.23 m by 0.556 cm (14.5in. by 11.4in. by 27 ft
by 0.2188in.), respectively. The structure at Providence and Green
Meadows Boulevardsis similar except that the mast arm is octag-
onal. Thedimensionsof thearm and the post are 26.67 cm by 8.89 cm
by 12.8 mby 7 GA (10.5in. by 3.5in. by 42 ft by 7 GA) and 36.20 cm
by 29.21 cm by 8.38 mby 0.556 cm (14.25in. by 11.5in. by 27.5ft by
0.2188in.), respectively.

During the field tests, both truck- and wind-induced vibrations
were recorded. However, the strain of the mast arm caused by truck
passage is significantly lower. Therefore, the following fatigue life
prediction is mainly focused on the effect of natural wind gusts. A
total of 31 wind events (518 s of accumulated time) were recorded
for the signal support structure at Providence and Green Meadows
Boulevardsand 26 events (451 sof accumul ated time) were recorded
at Stadium and Forum Streets. The wind speed, v, measured during
thetestsrangesfrom 2.67 to 13.33 m/s (6 to 30 mph). Each structure
wasinstrumented with 12 strain gauges (3, pp. 1111-1114) asshown
in Figure 2. Among the 12 strain records, emphasisis placed on ana-
lyzing the responses at Strain Gauges 1, 3, 5, and 7. They measured
thelongitudinal strainslocated 10 cm (4 in.) away from the arm-post
connection. Presented in Figure 3 is atypical stress-time history at
Strain Gauge 3, whichis converted directly from the measured strain
at awind gust of 7.33 m/s (16.4 mph).

EVALUATION PROCEDURE

Fatigue failure of a properly designed and carefully constructed
structure usually takes place after along period of service. It results
from the accumulated effect of a significant amount of minor dam-
age. Thereforeit is prudent to assumethat, for the purpose of predict-
ing thefatigue stress, natural wind gusts arerepeatableevery 10 years
inadatistical sense.
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FIGURE 1 Traffic signal support structure at Stadium
and Forum Streets: (8) elevation view; (b) typical arm-
post connection.

Both instrumented structures were modeled using an ABAQUS
finite element program. Their fundamental frequencies were found
to be dightly less than 1 Hz, which isin good agreement with the
test data presented in Figure 3. These frequencies are significantly
larger than the dominating frequency of natural wind fluctuation (4),
for example, lessthan 0.1 Hz. Therefore, wind fluctuations will not
induce the resonant vibration of the mast arm structures. Although
dependent on the direction and angle of wind gusts, the dynamic
responses of the mast arms are most likely proportiona to the wind
pressure or the square of average wind speed. If the ratio between
the wind-induced stress and the square of wind speed is of asimilar
statistical distribution to that for a range of the measured wind
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FIGURE 2 Strain gauge location on mast arm
at Stadium and Forum Streets: (3) base;
(b) midspan.
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FIGURE 3 Stress time history from Gauge 3.

speeds, the same distribution can be reasonably extended to higher
wind speed ranges that are rarely recorded in field tests. The fol-
lowing procedure is recommended to estimate the number of stress
cycles at various levels due to natural wind gusts and to predict the
fatigue life of an instrumented signal structure:

1. Analyze the historical wind gust records (10 years) in the
vicinity of the instrumented structures to determine the statistical
distribution of the wind speed,

2. Determine the number of cycles at various stress levels (nor-
malized by the square of wind speed) from the field test data on the
instrumented mast arms,

3. Extrapolate the stress distribution in Step 2 into the corre-
sponding stress for the rare wind gusts of higher speed,

4. Compute the number of cycles corresponding to different
stress ranges by multiplying the wind speed distribution by theload
spectrum from Steps 2 and 3,

5. Determine the number of cycles that the mast arm can endure
before afatiguefailure occurs under different cyclic loads of constant
amplitude, and

6. Dividetheresultsin Step 4 by thosein Step 5 to calculate the
minor damages and combine them to predict the fatigue life of the
signal structure under avariable stressloading.

WIND-INDUCED STRESS ON SIGNAL
MAST ARMS

Wind Speed Distribution at Columbia, Missouri

The wind speed information at Columbia, Missouri, is provided by
theNational Climatic Data Center (NCDC). Thedatawere collected
during the period 1969 through 1978. They include the monthly and
annual statistics on the occurrence of wind events at various hourly
mean wind speedsin 16 horizontal directions. Since only the distri-
bution of wind speed is needed, the wind gusts with the same wind
speed were grouped into one category regardless of their direction.
Figure 4 shows the annual statistics of wind speed. The wind speed
generally follows alogarithmic normal distribution.

Horizontal Vibration of Mast Arms

Strain Gauges 3 and 7 were used to measure the longitudinal strains
at two sides of the mast arm near the base. The strains are associated
with the out-of-plane (horizontal) vibration of the signal support
structure. Sincetheir responses are of the same magnitude, only the
records at Strain Gauge 3 are used for the following analyses. The
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FIGURE 4 Annual wind speed statistics from Columbia, Missouri.

strains measured in the field are converted to stresses by multi-
plying by the modulus of elasticity of steel materials. Theresulting
stress-time history is shown in Figure 3.

Load Spectrum due to Natural Wind Gusts

Asexplained before, the fundamental frequency of thearm structures
is significantly higher than the excitation frequency of wind gusts.
Therefore, the responses of the mast arm mainly correspond to the
vibration of the fundamental mode of the structure as observed from
the field tests. To determine the fatigue load on the mast arm, the
stressrange from peak to valley of each cycle of vibration, asshown
in Figure 3, iscomputed for every event. The minimum stressrange
considered in the calculation is 1.378 MPa (0.2 ksi) for the Provi-
dence and Green Meadows mast arm and 3.445 MPa (0.5 ksi) for
the Stadium and Forum mast arm. Thetotal number of cyclescanthen
be counted for each stresslevel. Figure 5 (solid bars) presentsthe
number of stress cycles divided by the total test time asafunction
of stresslevel at the arm-post connection, whichisreferred to asthe
load spectrum.

To see whether the load spectrum shown in Figure 5 (solid bars)
isrepresentative for all wind gusts regardless of wind speed, the test
datawere grouped into three subsets according to the corresponding
wind speeds. For the signal support structure at Stadium and Forum
Streets, thewind speed of each subset rangesup to 5.8 m/s (13 mph),
5.810 7.11 m/s (13 to 16 mph), and greater than 7.1 m/s (16 mph).
For the mast arm at Providence and Green Meadows Boulevards, it
ranges up to 7.1 m/s (16 mph), 7.1 to 8.9 m/s (16 to 20 mph), and
greater than 8.9 m/s (20 mph), respectively. The load spectrum for
each subset can be determined in the same fashion. All three spec-
traare compared with the overall spectrum (solid bars) in Figure 5a
for the Stadium and Forum mast arm and in Figure 5b for the Prov-
idence and Green Meadows signal support structure. Ascan be seen,
they arevery similar interms of stressdistribution though small dif-
ferencesin detail exist at several points. Therefore, theresponsedis-
tribution based on the compl ete set of test data can be used for other
wind speed ranges.

Annual Number of Cycles at Various Stress Levels

Thewind speed distribution presented in Figure 4 and the load spec-
train Figure 5 are used to predict the number of cycles of vibration
amast arm may be subjected to at different stress levels. For each
wind speed from Figure 4, the occurrence frequency at various stress
levels can be computed by multiplying the square of the wind speed
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FIGURE 5 Load spectra due to natural wind gusts:
(8) Stadium and Forum mast arm; (b) Providence and
Green Meadows mast arm.

by theratio of stressover the square of wind speed in Figure 5. After
every wind speed in Figure 4 istaken once, the occurrence frequen-
cies corresponding to the same stress level are added into the total
number of cycles per second. The annual number of cyclesof vibra-
tion at various stresslevelsisthen obtained. Tables1 and 2 give the
predicted annual occurrence of different levels of stress at the Sta-

TABLE 1 Crack Initiation Life of
Mast Arm at Stadium and
Forum Streets

Stress Annual

Range Loading Fatigue
(MPa) Cycles Life
4.5 1.404x107 *
13.7 5.412x10° *
27.1 2.559x10° *
452 8.401x10° *
63.4 2.445%10° *
81.5 1.086x16° *
99.7 5.767x10" *
117.8 4.335x10* *
136.0 1.295x10* *
154.1 8.216x10° *
172.3 4.773x10° *
199.4 5.378x10° *
235.6 2.133x10° *
2719 7.807x10? 5.15x10°
308.0 6.934x10? 1.08x10°
3443 5.825x10' 2.64x10°
380.6 8.159x10' 7.32x107
416.9 4.663x10" 2.24x107

* Number of Cycles > 10'°



Chen et al.

TABLE 2 Crack Initiation Life of
Mast Arm at Providence and Green
Meadows Boulevards

Stress Annual
Range Loading Fatigue
(MPa) Cycles Life
2.0 1.742x107 *
6.0 5.515x10° *
10.9 3.401x10° *
17.0 9.522x10° *
24.8 4.648x10° *
34.8 1.269x10° *
44.6 2.814x10* *
54.4 1.289x10* *
69.4 6.387x10° *
89.3 1.207x10° *
109.2 2.943x10° *
129.0 3.044x10! *
148.9 2.029x10' *

Number of Cycles > 10'°

dium and Forum and the Providence and Green Meadows mast arms,
respectively.

Vertical Vibration of Mast Arms

The bending stresses at the top and bottom of mast arms are associ-
ated withthe vertical vibration of the signal support structures. Such
structures aretypically more flexible out of planethanin plane. Itis
likely that the horizontal vibration isstronger than thevertical vibra-
tion sinceitsnatural frequency isrelatively closer to the predominant
frequency in wind fluctuation. Thefield test data at Strain Gauges 1
and 5 confirm that the stress associated with the vertical vibrationis
less than one-third of that with the horizontal vibration. Therefore,
only the bending stress at the side of the arm-post connection needs
to be considered for the assessment of fatigue life, at least for the
mast arms under consideration.

STRESS CONCENTRATION
AT ARM-POST CONNECTION

A computer model (global model) of the entire mast arm structure
was used to determine the global distribution of internal forces and
momentsunder atypical natural wind gust. Another computer model
(local model) was set up to investigate the local distribution of stress
around the arm-post weld connection. A 1.14-m (45-in.) segment of
the mast arm was cut, and refined finite el ement meshes were gener-
ated for the segment with a detailed modeling of the weld profile. It
was observed from field inspections that the weld leg of the instru-
mented structuresistypically 0.635cm (% in.) long on the base plate
and 1.11 cm (%gin.) long onthemast arm wall. There are over 36,000
three-dimensional solid elements with the minimum element sizing
0.1016 cmby 0.1016 cm by 1.016 cm (0.04in. by 0.04in. by 0.4in.).
The external |oads on the refined model are the force and moment at
the cut section of the entire signal structure from the global model. It
isnoted that for the octagonal arm, a1.588-cm (0.625-in.) radiuswas
used to simulate the transition of the mast arm wall around the cor-
ner of the octagonal section for realistic modeling. This treatment
also eliminates the singularity of the stress amplitude in numerical
computation.
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Thefinite element analysisindicates that the longitudinal stressin
the direction of the mast arm centerline is aways dominant under
wind loads from any direction. The maximum stress occurs near the
toe of welding at the corner of the octagonal section and at the upper-
most point of thecircular section. To seethiseffect clearly, the stress
distribution along the centerline of thearmisgivenin Figure®6. It can
be seen that thelongitudinal stressisat the maximum at thetoe of the
weld and rapidly dropsto its asymptotic valuein the area away from
the weld connection. The stress concentration factor, presented in
Figure6, isdefined astheratio of stressesat any point along the mast
arm to those at the point far away from the weld toe. The maximum
concentration factor is determined from Figure 6 to be 2.88 for the
octagonal arm and 2.63 for the circular arm. The Missouri Depart-
ment of Transportation has recently introduced a so-called fatigue-
resistant weld profile with varying slopes. To understand the effect
of weld profile on stress concentration, three profiles are selected as
shownin Figure 7a. Their effects on stressdistribution are presented
inFigure 7b. It can be observed that the actual weld yieldsthe small-
est concentration of stress even though itsweld leg on the base plate
isthe shortest, mainly because the actual weld has the longest weld
leg on the mast arm wall, whereas the fatigue-resistant weld is the
shortest. Therefore, it is concluded that the stress concentration
depends on theweld length along the mast arm wall regardless of the
slope of aweld profile near the toe, and the fatigue-resistant design
could lessen the stress concentration if used to lengthen the weld leg
onthearmwall.

PREDICTION OF FATIGUE LIFE OF SIGNAL
MAST ARM STRUCTURES

A well-designed engineering structure may potentially fail under
low-amplitude cyclic loading in two stages: initiation and crack
propagation. In general, thefirst stage lasts significantly longer than
the second stage. The fatigue life of the instrumented mast armsis
predicted as follows.

Crack Initiation Under Variable Stress Cycles

The strain-life approach (5) is used to predict the life of mast arms
inthefirst stage. It requiresthe use of thefollowing stress-strain and
strain-life relationships:

35 .
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FIGURE 6 Stress distribution along centerline of
mast arms.



192 Paper No. 01-2801

Transportation Research Record 1770

0.455cm
0.635cm 2990 0.840cm 45° 0.715cm 30°
Lllem .840c¢ 0.833011#
(i) Actual weld (ii) 45° weld (iii) Fatigue resistant weld
(@)
35 :
i
{
]
3.0 !
i
1
25 — Actual weld —
g —45° weld
%‘ z0 — Fatigue resistant weld — |
£
«
& 15
§ I
8 1.0 \
4 N —1
2 s ! Location of weld toe
. J \ 1
1
]
0.0 k—v E
0.5
[} 2 4 6 8 10 12 14 16 18

Distance from Arm-Post Connection {cm)

L)

FIGURE 7

Ae Ao | pgho "

_ = —t = 1
2 2 k'O @
Ne o c

== E‘(zr\u)b +€(2N;) (2)

where

Ae = cycle strain range,
Ao = cyclic stressrange,
E = modulus of elasticity,
K' = cyclic strength coefficient,
n' = cyclic strain hardening exponent,
N¢ = minimum number of cyclesfor initiation of crack,
o = fatigue strength,
€f = ductility coefficient, and
b, ¢ = constantsin strain life model.

To determine the parameters in the foregoing equations, several
flat-sheet specimens of rectangular cross section were made and
tested on the MTS810 machine. The test results are presented in
Figure8. The parametersin Equations 1 and 2 areidentified by curve-
fitting the strain-stress and the strain-life model swith the experimen-
tal data; they are givenin Table 3. The corresponding parameters of
A-595A steel determined using the monotonic stress-strain relation
and other associated material properties are also given in Table 3.
Thereis general agreement between the two sets of data.

(a) Various weld profiles; (b) stress concentration factors.

The fatigue life at each stress level in Tables 1 and 2 is deter-
mined from Equations 1 and 2 and included in the last column of
those sametables. Thefatiguelives corresponding to various stress
ranges are combined with Miner’s rule to determine the fatigue
life accounting for variable amplitude stress cycling. On the basis
of thisrule, both the Stadium and Forum and the Providence and
Green Meadows arms are found to be fatigue adequate to survive
natural wind gusts.

Crack Propagation Under Variable Stress Cycles

Even if thereisasmall surface crack (defect or discontinuity) near
the toe of the weld profile of a mast arm, the arm can still support
the external loads until the defect propagates around the cross sec-
tion of the arm. The crack growth rate is related to the range of the
stress intensity factor, AK (in megapascals), by the following Paris
equation:

da _ m
N C(AK) ©)

where

a = crack length (m),
N = number of stress cycles applied to structure, and
C, m= materia constants of crack growth model.
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To determine these constants, several compact tension specimens
were made and tested in the laboratory. The notch on the specimens
was oriented at 90 degrees with the test arm axis. The material con-
stants can be estimated as C = 4.48 x 1012 and m = 3.11 from the
test data shown in Figure 9.

For athumbnail surface crack, the stressintensity factor isafunc-
tion of the stressrange at the arm-post connection and the crack size.
For any initial crack size, astressintensity factor can be calculated
for each stress level. To account for the variable amplitude loading,
theintensity factors corresponding to various stress levels are com-
bined with the root-mean-square rule. The resulting factor is substi-
tuted in Equation 3 to determine the crack propagation life in this
study. For instance, a 0.127-cm (0.05-in.) crack will lead to the
fracture of the Stadium and Forum mast arm after 40 years of ser-
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vice and the Providence and Green M eadows mast arm will not frac-
ture even after 100 years. Even a0.265-cm (0.104-in.) crack will not
cause the collapse of the Stadium and Forum armin 9 years and the
Providence and Green Meadows arm for over 100 years. Thus, it
is concluded that the first arm is likely vulnerable to tiny defects
around the arm-post weld connection, but the second arm is not
unless avisible crack exists.

CONCLUSIONS AND RECOMMENDED
FUTURE RESEARCH

From theforegoing analysis, thefollowing conclusions can be drawn:

1. Boththewind speed and theratio between stress and the square
of wind speed follow a logarithmic normal distribution. Since the
ratioisinsensitivetowind speed, itsdistribution can be used for weak
and strong wind gusts.

2. Theaverage stressinthesignal arm structure at Forum and Sta-
dium Streetsis significantly larger than that at Providence and Green
Meadows Boulevards because of its greater span length.

3. Theintensity of the vertical vibration caused by natural wind
gustsislessthan one-third that of the horizontal vibration.

4. The stress concentrates at the weld toe of the arm-post con-
nection. The maximum stress occurs at the uppermost point of the
circular section with a concentration factor of approximately 2.63
and at the corner of the octagonal section with a concentration fac-
tor of approximately 2.88. The stress concentration depends on the
length of weld leg along the mast arm wall. The fatigue-resistant
design proposed by the Missouri Department of Transportation may
therefore be helpful.

5. Neither of theinstrumented signal structureswill crack during
their service life. However, the mast arm at Stadium and Forum
Streetsislikely to be vulnerable to the development of a crack, but
the mast arm at Providence and Green Meadows Boulevardsiis not
unless avisible crack has devel oped.

Although the fatigue-resistant weld profile has been shown by the
analytical study to be effective in reducing the stress concentration,
its actual performance needs to be verified experimentaly. In addi-
tion, past studies (6) led to the recommendation of new fatigue design
specifications, which have recently been approved by AASHTO (7).
On the basis of the AASHTO specifications, the maximum stress
range at the arm-post weld toe was determined to be from 42 MPafor
the Stadium and Forum arm to 45 M Pafor the Providence and Green
Meadows arm for Fatigue Category Il. This range is substantially
greater than the average stressrange of 13 MPaand 5 MPa, respec-
tively, observed from field data. Future study should be directed
at the evaluation of more in-service structures based on field datato
confirm the code recommendations.

TABLE 3 Parameters in Stress-Strain and Strain-Life Models

Material E (MPa) K' (MPa) n of (MPa) & b c
Mast Arm Steel 222.5x10° 880.23 0.1427 783.46 1.8256 -0.0808 -0.7089
A-595A Steel 199.8x10° 793.04 0.1463 792.35 0.9943 -0.0878 -0.5~-0.7*

* Estimated based on experience.
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FIGURE 9 Crack growth rate versus stress intensity factor range.
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