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ABSTRACT 
Based upon in-service inspection of pole with traditional designs, Wyoming DOT’s inventory exhibited 

approximately a one-third cracking rate.  A ring-stiffened connection is presently used.  Sixteen fatigue 
tests were performed on twelve ring-stiffened cantilevered traffic signal pole connections to quantify the 
fatigue resistance. Two poles sizes were tested in three loading configurations: in-plane, out-of-plane, and 
diagonal. Cyclic loading was applied to produce stress ranges at several levels and up to 16 ksi in the main 
member, more than six times the stress range observed during monitoring an in-service pole.  

The WYDOT ring-stiffened connection appears to be adequate to resist Wyoming’s sustained 
winds that average approximate 12 mph in many locations. The possibility of using this connection with 
longer mast arms exists.  Connection bolt fatigue failures were observed and may be the limiting fatigue 
design feature and important for inspection. 
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EXECUTIVE SUMMARY 
Fatigue life is a major consideration in the design of cantilevered traffic signal poles. The 

governing code for traffic signal structures is the American Association of State Highway and 
Transportation Officials’ Standard Specifications for Structural Supports for Highway Signs, Luminaires 
and Traffic Signals, 4th Edition, 2001. The AASTHO Specifications require fatigue design for all 
overhead cantilevered traffic structures. In particular, the AASHTO Specifications require fatigue design 
for infinite life. That is, fatigue stresses must not exceed the allowable constant-amplitude fatigue 
threshold, or endurance limit, of the detail. The constant-amplitude fatigue threshold varies throughout 
the structure based on the types of stresses carried and the fatigue resistance of a particular physical 
configuration. 

Fatigue related failures of cantilevered traffic structures and high-mast lighting towers have 
prompted research, field inspections, and design changes throughout the United States. Because of the 
failure of cantilevered traffic signal poles in Wyoming, the Wyoming Department of Transportation 
(WYDOT) is currently using a ring-stiffened built-up box connection. Based on prior research at the 
University of Wyoming (UW) the ring-stiffened box connection is expected to perform significantly 
better under fatigue loading than a standard box connection formally used by WYDOT and currently 
used by many agencies.  Wyoming winds are sustained with average speed of approximately 12 mph, 
significantly greater than the national average.  Such sustained winds create millions of fatigue cycles in 
Wyoming’s traffic signal structures. 

The project goal was to characterize the constant-amplitude fatigue threshold for a ring-stiffened 
box connection and the complete joint penetration (CJP) groove weld of the mast arms. The fatigue 
design stresses in traffic structures are well below those that cause plastic deformations; therefore, 
research was limited to high-cycle fatigue. 

Full-scale virgin specimens were obtained from Valmont Industries. Twelve ring-stiffened 
specimens, six each of two different pole sizes, were tested in the Kester Structural Research Laboratory 
at UW.  Two pole sizes are typical for new installations by WYDOT, with the large pole being the most 
commonly used. 

Cyclic loads were applied to the test specimens in three different configurations: in-plane, out-of-
plane, and diagonal. The loading configurations were chosen for several reasons. First, the AASHTO 
Specifications require the calculation of design loads and moments in the in-plane and out-of-plane 
directions. Thus, a correlation exists between the testing loads and the design loads. Secondly, previous 
research at UW has shown that these laboratory loading configurations are representative of actual in-
service conditions. In addition, the diagonal configuration represents the simultaneous effects of in-plane 
and out-of-plane service loading, which may be critical to the fatigue resistance of box connections. 

An MTS testing system utilizing servo-controlled hydraulic actuators provided constant force 
amplitude cyclic loading.  To determine the required testing load, a nominal bending stress calculation 
was computed for each loading configuration at a point in the pole located one foot below the point of 
intersection of the pole and the mast arm.  Per AASHTO specifications the nominal stress range in the 
main member “just below the connection of the branching member” shall not exceed stress category E 
(4.5 ksi).  Current test results typically plot above an AASHTO detail stress category D (7 ksi), for 
design stresses at the design point in most cases. 

This research was performance testing of the ring-stiffened built-up box connection per WYDOT 
design drawings. The test data are only valid for the WYDOT ring-stiffened box connection design and 
for the sizes that were tested.  Therefore, extrapolation of the test data for stresses at points within the 
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box connection other than the design point, or for emulation of the WYDOT box connection for designs 
that appear to be similar, but not identical, is not recommended.  

Weld details are critical to fatigue performance and are sensitive to design and configuration 
changes and manufacturing methods. However, test results indicate that a properly designed ring-
stiffened box connection will have a higher fatigue resistance than a standard box connection of the 
same size. Moreover, the critical regions to check stress ranges are in the mast arm-to-flange plate 
welded connection, the four connection bolts, and just below the box connection. There have been no 
signs of distress with the box connection. The box connection can be considered adequate by these 
performance tests.  

Any increase in the design detail category of the ring-stiffened box connection should be 
accompanied by a frequent and detailed field inspection program to verify the test results against a 
reasonable number of field installations. The inspection program should include the entire box 
connection, arm-to-flange-plate welds and the connection bolts.   

Further investigation of arm flange plate deformation (prying action) under loading and how this 
affects connection bolt stresses is recommended to alleviate minor concerns regarding the bolt fatigue 
failures observed during testing. Diagonal loading is the most severe stress condition, as two of the bolts 
are near the centroid of the bolt pattern, while the other two (those most closely aligned with the axis of 
loading) will be carrying a majority of the load.   However, note that some element of the connection 
will be the “weak link” and it appears that this might be the bolts.  Properly installed bolts are fatigue 
resistant, easily inspected, and simply replaced.  In short, if the “weak link” is the bolts, this is a 
favorable situation. 

Finally, the findings support the possibility of increasing the mast-arm length for a given design. 
The same moment that created the 7.5 ksi and 16 ksi in-plane stress ranges were applied to the 
corresponding out-of-plane tests as a torque. Neglecting torsional stresses is conventional practice at 
present, as these stress are relatively low. Hence, in-plane galloping stresses are likely to control the 
fatigue stress checks. Whether the mast-arm length may be increased will depend upon the importance 
category and whether galloping (in-plane) actions are considered in the design. 

In summary, cyclic loading was applied to produce stress ranges of up to 16 ksi in the main 
member, more than six times the stress range observed during field testing. The WYDOT ring-stiffened 
connection appears to be adequate to resist Wyoming’s sustained winds.  The possibility of using this 
connection with longer mast arms exists.  Connection bolt fatigue failures were observed and may be the 
limiting fatigue design feature and important for inspection. 
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Notation 
A lever arm
CAFL constant amplitude fatigue limit
CH clamping height
DIAG diagonal 
i counting index for Palmgren - Miner’s Rule 
IP in-plane
L span length; large pole test identifier
LA IP in-plane lever arm
LA OP out-of-plane lever arm
M moment required to provide the desired stress range
M IP component of total moment acting in-plane with the pole
M OP out-of-plane moment
N total number of fatigue cycles accumulated for a specimen
NC no cracks observed during testing
n material exponent for Palmgren - Miner’s Rule
n i number of cycles accumulated at stress range i
OD outside diameter
OP out-of-plane 
P applied or actuator force
P amplitude actuator amplitude required to provide the desired stress range
P IP component of actuator force acting in-plane with the pole
P OP component of actuator force acting out-of-plane to the pole
R vertical leg of weld
r i inner radius of pole wall
r o outer radius of pole wall
r/t ratio of member radius to wall thickness
S section modulus; small pole test identifier
S-N stress versus number of cycles to failure
SR stress range
S Re equivalent constant amplitude stress range

S Ri magnitude of the ith stress range
T wall thickness; horizontal leg of weld
W/D ratio of box connection width to pole diameter
α angle of in-plane force
γ angle of out-of-plane force
γ i ratio of number of cycles at stress range SRi to total number of cycles

σdesired desired stress range
θ diagonal angle of actuator
%Δ percent change in magnitude



 
 

1 INTRODUCTION 
Fatigue life is a major consideration in the design of cantilevered traffic signal poles. The 

governing code for traffic signal structures is the American Association of State Highway and 
Transportation Officials’ Standard Specifications for Structural Supports for Highway Signs, 
Luminaires and Traffic Signals, 4th Edition, 2001 (referred to as “AASHTO Specifications” for 
the remainder of this report). The AASTHO Specifications require fatigue design for all 
overhead cantilevered traffic structures. In particular, the AASHTO Specifications require 
fatigue design for infinite life. That is, fatigue stresses must not exceed the allowable constant-
amplitude fatigue threshold, or endurance limit, of the detail. The constant-amplitude fatigue 
threshold varies throughout the structure based on the types of stresses carried and the fatigue 
resistance of a particular physical configuration. (AASHTO, 2001) 

Recent fatigue related failures of cantilevered traffic structures and high-mast lighting 
towers have prompted research, field inspections, and design changes throughout the United 
States. Because of the failure of cantilevered traffic signal poles in Wyoming, the Wyoming 
Department of Transportation (WYDOT) is currently using a ring-stiffened built-up box 
connection. Based on prior research at the University of Wyoming (UW) the ring-stiffened box 
connection, Figure 1, is expected to perform significantly better under fatigue loading than a 
standard box connection, Figure 2 (Hamilton, et al., 2002). The goal of this project was to 
characterize the constant-amplitude fatigue threshold for a ring-stiffened box connection and 
the complete joint penetration (CJP) groove weld of the mast arms. The fatigue design stresses 
in traffic structures are well below those that cause plastic deformations; therefore, research 
was limited to high-cycle fatigue. 

 
Figure 1 – Ring-stiffened Box Connection (Hamilton, et al., 2002) 
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Figure 2 – Standard Box Connection (Hamilton, et al., 2002) 

Full-scale virgin specimens were obtained from Valmont Industries. Twelve ring-
stiffened specimens, six each of two different pole sizes, were tested in the Kester Structural 
Research Laboratory at UW. Basic pole and arm characteristics are given in Table 1 and Figure 
3. These two pole sizes are typical for new installations by WYDOT, with the large pole being 
the most commonly used. (Huck, 2007)  

 

Table 1 – Test Specimen Description 

Quantity
Specimen 

Name

Base OD  
[in],      

Figure 3

Top OD  
[in],      

Figure 3

Wall 
Thickness 

[in],     
Figure 3

Overall 
Length 

[ft], 
Figure 3

Pole OD 
at Design 
Point [in], 
Figure 5

Material 
[ASTM]

Cross-
sectional 
Shape

Base/ 
Flange 

Plate size 
[in x in], 
Figure 3

6
Small 
Pole 11.52 9.70 0.2391 13 10.12

A595,    
grade A Round 14 x 20

6
Large 
Pole 14.30 12.48 0.3125 13 12.90

A572,    
grade 65 16-sided 17 x 27

4
Small 
Arm 12.00 10.88 0.3125 8 n/a

A572,    
grade 65 12-sided 14 x 20

4
Large 
Arm 12.00 10.88 0.3125 8 n/a

A572,    
grade 65 12-sided 17 x 27

1 in = 2.54 cm 1 ft = 0.3048 m   
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Cyclic loads were applied to the test specimens in three different configurations: in-plane, 
out-of-plane, and diagonal as illustrated in  Figure 4. The loading configurations were chosen 
for several reasons. First, the AASHTO Specifications require the calculation of design loads 
and moments in the in-plane and out-of-plane directions. Thus, a correlation exists between the 
testing loads and the design loads. Secondly, previous research at UW has shown that these 
laboratory loading configurations are representative of actual in-service conditions. In addition, 
the diagonal configuration represents the simultaneous effects of in-plane and out-of-plane 
service loading, which may be critical to the fatigue resistance of box connections. (Hamilton, 
et al., 2002)  

An MTS testing system utilizing servo-controlled hydraulic actuators provided constant 
force amplitude cyclic loading.  To determine the required testing load, a fatigue bending stress 
calculation was done for each loading configuration at a point in the main member located one 
foot below the point of intersection of the main member and the branching member (hereafter 
referred to as the “design point”), Figure 5. Per AASHTO specifications the nominal stresses 
in the main member “just below the connection of the branching member” shall not exceed 
stress category E (4.5 ksi). A distance of one foot for the design point was chosen for 
convenience and uniformity. 

Current test results typically plot above an AASHTO detail stress category D (7 ksi), for 
design stresses at the design point. Table 2 provides a summary of the constant-amplitude 
fatigue thresholds, reproduced from Table 11-3 of the 2001 AASHTO specifications, and their 
application to cantilevered traffic poles with box connections. 
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Figure 3 – Drawing of Test Specimens 

Wall 
Thickness, Typ.

Flange Plate

Base Plate

View A-A

Pole 
Overall
Length

Pole Base
Diameter

Arm Base
Diameter

Pole Top
Diameter

Arm Top
Diameter

Arm Overall
Length
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 Figure 4 – In-Plane, Out-of-Plane, and Diagonal Loading Configurations 

 

 
Figure 5 – The Design Point for Fatigue Bending Stress Calculations 

 

In-Plane Out-of-Plane

Diagonal

1 ft 

Design Point 
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Table 2 – AASHTO Detail Stress Categories for Steel (through 2006 interims) 
  

Detail 
Category 

CAFL 
[ksi] 

Application to Cantilevered Traffic Structures with Fillet-
welded Box Connections 

A 24   

B 16   

B' 12   

C  10   

D 7 Tensile stress in box connection bolts 

E 4.5 

1.  Nominal bending stress in the main member just below the 
connection of the branching member (aka design point)   

                                                                                                        
2.  Mast arm-to-flange plate full penetratoin groove weld 
connection with backing ring attached to the flange plate with 
continuous interior fillet weld 

E' 2.6 

1.  Mast arm-to-flange plate socket connection and column-to-
base plate socket connection and base plate to box component 
fillet welds  

2.  Nominal stress in the box connection components for 
stiffened box connection 

ET 1.2 
Nominal stress in the box connection componets for stiffened 
box connections for standard box connection 

K2 1 
Punching shear stress in the main member for r/t < 24 for 
standard  box connection 
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2 BACKGROUND 

2.1 Previous Research at the University of Wyoming (Hamilton, et al., 2002) 
This research project, funded by WYDOT, is the second phase of a two-part project. 

Phase I research, under the direction of UW Professors Puckett and Hamilton consisted of five 
parts: field testing, fatigue tests, static testing, finite element analysis, and acoustic emission 
testing.  

2.1.1  Field Testing 

An in-service  pole was instrumented and monitored at the intersection of Curtis and 
McCue streets in Laramie, WY. This traffic structure was observed to exhibit large amplitude 
deflections. Wind speed, direction, duration, air temperature, arm tip displacements in two 
directions, and in-plane and out-of-plane strains were recorded over a period spanning 38 
months. The measured in-plane and out-of-plane strains were correlated to nominal bending 
stresses at different areas of the structure.  Here the strains were related to the section 
properties and elastic modulus. 

2.1.2  Fatigue Tests 
Twelve previously in-service specimens from WYDOT were subject to fatigue loading. 

The primary objectives were to validate laboratory testing of in-plane and out-of-plane loading 
versus service loading and to assist in testing acoustic emission and ultrasonic crack detection 
methods. Three virgin ring-stiffened box connection specimens were tested and the results 
suggested an improvement in the out-of-plane performance versus un-stiffened box 
connections. However, concerns remained about in-plane performance due to earlier than 
expected fatigue failures that occurred in previous UW testing (Hamilton, et al., 2002). 

2.1.3  Static Testing and Finite Element Analysis 

Full-scale specimens were instrumented with strain gages at critical points and statically 
loaded to verify the findings of a finite element analysis. The test data and finite element 
analysis results were compared against the AASHTO stress categories for various details of the 
box connection assembly and stress concentration factors were determined. A parametric study 
of the ring-stiffened connection was performed to compare its hot spot and nominal stresses to 
the unstiffened box connection. 

2.1.4  Acoustic Emission Testing 
The goal of this work was to test the feasibility of using acoustic emission and ultrasonic 

non-destructive testing methods for crack detection in traffic structures. Findings were 
promising, but more work was recommended before conclusions could be drawn. 

2.1.5  Relevant Conclusions 

The relevant conclusions of the Phase I research conducted at the University of Wyoming 
are summarized here (Hamilton, et al., 2002): 

1) Results of field testing 
• Wind loadings produce signal arm movements in both the in-plane and out-of-

plane directions. In-plane and out-of-plane motions often occur simultaneously. 
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• Out-of-plane motion occurs more than was previously thought, particularly in 
areas of higher mean wind speed. 

• Some of the stress cycles encountered over the life of the structure can exceed the 
AASHTO Specifications for constant-amplitude fatigue threshold.  

• The arm of the cantilevered traffic structure was in motion approximately 99 
percent of the time. It was observed that transient vibration from a wind gust took 
dozens of cycles to dissipate and the arm-pole system was often re-excited before 
motion ceased. 

• Recorded wind speeds were higher during the coldest time of year. 
• The inherent damping of traffic signal structures was measured at 0.15 to 0.47 

percent of the critical damping ratio of these structures. 
 

2) Results of fatigue testing 
• Laboratory tests in the in-plane and out-of-plane directions caused fatigue cracks 

to form in a similar manner to those observed in traffic structures in-service. 
• Combined in-plane and out-of-plane motions in the lab may create local stresses 

that are slightly higher than the combined in-plane and out-of-plane stresses 
observed in the field. 

• Crack initiation, and the early stages of crack growth, are hard to detect by any of 
the tested non-destructive evaluation (NDE) techniques. 

• Dye penetrant is a suitable method of NDE for exterior surfaces. 
• The full penetration weld of the mast arm-to-flange plate detail performed above 

stress category D. 
• For improved fatigue resistance, a pole radius to wall thickness ratio less than 24 

is recommended. For the specimens used in current research, the r/t ratios were 
20.6 and 21.1 for the large and small poles, respectively. 

• The intersection angle of the side plate to a tangent to the pole wall, Figure 6, is 
important. The angle can also be expressed as the box connection width to pole 
diameter ratio. Testing showed that a W/D ratio above 0.9 performed significantly 
better than lower W/D ratios, and a W/D ratio of 1.0 is optimal. The current test 
specimens had a W/D ratio of 1.0. In other words, the side plate of the box 
connection intersects tangentially with the pole wall as can be seen in Figure 7. 

 
Figure 6 – Side Plate Angle and W/D Ratio 

 

D

W
Side Plate,

Typ.

Angle Angle
W

D
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Figure 7 – View of the Ring-stiffened Box Connection showing the Tangential Intersection 

of the Side Plate and Pole Wall 
 

Results of FEA and static tests 

• Out-of-plane loads on unstiffened built-up box connections cause ovalizing of the 
circular cross-section and significant stress concentrations near the corner of the 
box, Figure 8. 

• Out-of-plane stresses for the ring-stiffened connection were at least 50 percent 
less than the unstiffened connection. 

 
Figure 8 – Ovalizing of the Pole Wall caused by an Out-of-Plane Moment with High Stress 

Areas Indicated by Blue Arrows 

Mop
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2.2 AASHTO Specifications and Interim Recommendations 
The fatigue inducing loads acting on traffic signal structures are caused by wind 

excitation. Wind excitation can result from natural winds or truck-induced wind gusts. The 
AASHTO Specifications require that an equivalent static wind pressure be determined for 
galloping, natural wind gusts, and truck-induced gusts for cantilevered signal structures. The 
the individual load effects of each equivalent static pressure must then be less than the 
constant-amplitude fatigue threshold for each detail of the structure, as determined by nominal 
stresses acting on the stressed area. While design loads are determined for both the in-plane 
and out-of-plane directions the AASHTO Specifications do not require the combination of in-
plane and out-of-plane stresses.  

A goal of the 2001 Specification was to provide detailed provisions for fatigue design 
that was lacking in previous versions of the Specification. Thus, major revisions were made in 
the 2001 AASHTO Specifications. NCHRP (National Cooperative Highway Research 
Program) Report 469 provides additional guidance and interim clarifications on the fatigue 
design of traffic signal structures. A summary of the relevant content of NCHRP Report 469 
follows. (Dexter and Ricker, 2002) 

• Suggests that the most cost efficient method to increase fatigue life is in the 
redesign of connection details. 

• Suggests that the simultaneous combined effect of in-plane and out-of-plane 
loading be considered in the design process. 

• As mentioned, a goal of the Specification was to improve fatigue design. 
Evidence that this was accomplished is revealed by research that has shows that 
traffic structures in Wyoming, California and Iowa, which have experienced 
fatigue failures, and were designed according to older versions of the 
Specifications, would have been disallowed by the 2001 Specifications (Dexter 
and Ricker, 2002 and Connor and Hodgson, 2006). However, Dexter and Ricker 
have suggested that provisions are too conservative or not applicable to traffic 
signal structures. Consequently, the K2 constant-amplitude fatigue threshold 
(CAFL) for punching shear stress in the pole wall and the category F CAFL for 
shear stress in welds were not recommended.  

• The WYDOT ring-stiffened box connection, the focus of the present research, is 
recommended to become a new detail in the next AASHTO Specification. 

• The importance of fatigue design life considerations in Wyoming is emphasized 
by research indicating that Wyoming is one of the windiest locations in the United 
States. Wind velocity data from more than 285 sites shows that Cheyenne, WY is 
one of only four locations in the United States with the highest fatigue-limit-state 
wind (average) velocity. 

• All traffic structures should be given an Importance category I for locations 
- with mean wind speeds in excess of 11 mph (this includes most of the 

state of WY). 
- near the foothills of mountain ranges. 
- cantilevered traffic structures with mast arms in excess of 55 feet long or 

high mast towers in excess of 100 feet high. 
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Table 11-1 of the Specifications indicate that a cantilevered traffic signal structure is not 
susceptible to vortex shedding phenomenon. However, recent research for TxDOT shows that 
not only can these structures be excited by vortex shedding, but also large-amplitude in-plane 
oscillations can occur at relatively low wind speeds of 5 to 10 mph. (Frank, et al., 2007) 

2.3 Related Fatigue Research  
A high-mast lighting tower collapse in Iowa in November, 2003 initiated a state-wide 

inspection of all 233 towers. Twenty towers were found to have cracks at the toe of the base 
plate fillet welds. The cracks were found to be fatigue cracks caused by a combination of 
vortex shedding and natural wind gusts. Dynamic testing of the towers revealed that damping 
ratios are as low as 0.01% of critical damping, well below previously expected values. Design 
details in the lowest five feet of the towers were determined to be susceptible to fatigue, these 
details are: 

• thin walls (5/16 inches thick or less),  
• flexible baseplates (actual thicknesses were 1.25 to 1.75 inches). FEA show that 

baseplates should be at least 2.5” thick to avoid stress concentration factors (SCF) 
at the cold-formed bends in the pole wall. 

• loose anchor nuts. These cause fatigue stresses in excess of constant-amplitude 
fatigue threshold’s in two ways.  

1. Loose top nuts carry little or no load and as a consequence significantly 
reduce the fatigue life of the remaining anchor rods with properly 
tightened nuts.  

2. The effect of not having a leveling nut in contact with the bottom of the 
baseplate caused excessive stresses (up to 70 ksi) in the wall of the tower 
adjacent to the anchor rod.   

Recommendations include: Full penetration welds for the mast arm to baseplate connection 
and a minimum wall thickness for new designs of 1/2 to 5/8” for the lower portion of towers. 
(Connor and Hodgson, 2006 and Connor, et al., 2005) 

Recently, the University of Texas at Austin conducted research on 55 full scale mast arm 
specimens. The fatigue strength of the welded connections of the mast arm to baseplate was 
investigated. A category E’ constant-amplitude fatigue threshold of a typical unequal leg fillet 
welded socket connection was verified. Additionally, mast arms with transverse (gusset) 
stiffeners were lab tested. With FEA, the experimental results were confirmed and 
modifications to the detailing during FEA resulted in the following recommendations: the 
fatigue resistance of 10” diameter mast arms was found to improve when the base plate was 
increased in thickness from 1.5” to 2”, a full penetration weld would improve fatigue category 
above an E’ CAFL. Researchers also found that UIT (Ultrasonic Impact Treatment) is a viable 
method to improve the fatigue resistance of fillet welds. (Koenigs, et al., 2003) 

2.4 Summary of Research Review 
Based on a review of current and previous research, one can conclude that many factors, 

often working in combination with each other, contribute to fatigue failures in cantilevered 
traffic structures. A summary of these factors are: 

1) Structural dynamics issues: 
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• Cantilevered traffic structures are typically long thin-walled tubes that are very 
flexible. An example of the high degree of allowed flexibility is noted in NCHRP 
Report 412 and referred to in the AASHTO Specification’s commentary, which 
recommends that total deflection at the free end of a cantilevered structure be 
limited to eight inches, under the equivalent static loads of galloping and truck-
induced gusts, to allow traffic signs and signals to be seen clearly by motorists 
(Kaczinski, et al, 1998). Eight inches of deflection within a typical minimum span 
length of 35 feet is an L/52 ratio, a much larger allowable service-level load 
deflection than typically allowed for other common structures and buildings. 

• Natural winds create load effects closely corresponding to the natural frequencies 
signal poles.  

• Natural frequencies of the in-plane and out-of-plane directions are nearly the 
same and cross-excitation may result. In other words, galloping vibration may be 
enhanced by the motion caused by natural wind gusts. 

• Traffic structures have a low inherent damping, typically less than 0.5 percent of 
critical damping. 

• Gust excitation in naturally windy regions may keep a traffic structure in nearly 
constant motion. 

2) Public safety: 
• Non-redundant structures over public transportation routes pose a risk to human 

safety. 
• Fatigue failures are brittle in nature. That is, they are catastrophic failures (sudden 

and complete) and may occur without warning. 
3) Fatigue-enhancing configuration and construction methods: 

• The transition from vertical pole to horizontal mast arm has many changes in 
geometry and size that result in stress concentrations. The stress pattern in a built-
up box connection is complex. Peak stresses and fatigue resistance are sensitive to 
changes in design and to the manufacturing process. 

• Additional stress risers and concentrations result from the welding process. 
Examples include: rough surface finish, porosity, joints from multiple passes, heat 
affected zones (HAZ), intersecting welds at locations of high stress (corners of 
box connections), and fillet weld transition angle to the base metal. 

• Residual tensile stresses are often caused by the manufacturing process, cold 
forming (multiple press brake hits to form the multi-sided cross-section of a pole), 
the hot-dipped galvanizing process and welding. 

4) Installation, operation, environmental, and maintenance issues: 
• Possible peak load in a low temperature environment. Therefore, there is the 

possibility of significant stress when the pole is at a low fracture toughness state, 
resulting in the initiation of a fatigue crack. 

• Performance degradation due to corrosion. 
• Improper installation – e.g., insufficient or unequal connection bolt or anchor rod 

pre-tensioning. 
• Lack of, or insufficient, routine inspections. 
• Mitigation devices that are installed incorrectly or do not perform as expected. 
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5) Loading changes: 
• The recent use of Variable Message Signs (VMS), which are much larger and 

heavier than standard plate signs, result in significant changes in wind pressures 
and loads. Wind loads on VMS may not be adequately predicted by conventional 
design procedures. 

 

2.5 Comparison of Ring-stiffened and Standard Box Connections 
 The ring-stiffened and standard box connections are shown in Figure 1 and Figure 2, 
respectively. The addition of stiffener rings, referred to as top and bottom gusset plates on 
WYDOT design drawings, is the primary distinction, Figure 9. The stiffener rings are 0.375 
inches thick and 1.5 inches wide at their narrowest point, where they surround the pole 
opposite the built-up box, Figure 10.  The ring stiffeners form the top and bottom plates of the 
box connection.  

 
Figure 9 – Ring-stiffened Box Connection (Hamilton, et al., 2002) with Stiffeners 

Highlighted 
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Figure 10 – Stiffener Ring Profile (WYDOT, 2005) 

 

Three features of the new ring-stiffened design, when compared to the standard 
connection, are important to note. The: 

• Side palte thickenss has been increased from ¼-in to 3/8-in. 
• Welds along the sides of the built-up box, which are common to both designs, 

have been increased in size from 1/4 inch to 5/16 inch. 
• Total specified weld volume of the ring-stiffened connection, accounting for the 

weld fillet size increase, is more than three times the specified weld volume of the 
standard box connection.  

• Intersecting corners of the standard box connection, Figure 11, where both field 
and lab tested specimens exhibited fatigue cracking, are essentially eliminated in 
the ring-stiffened connection. This design change, by itself, should have a 
significant effect in improving fatigue resistance by the reduction of the SCF at an 
area known to be prone to fatigue cracking. 

Base Plate

Flange Plate

1.5"

Side Plate, Typ.

Top Gusset Plate
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Figure 11 – Standard Box Connection (Hamilton, et al., 2002) with typical intersecting 

corners indicated 
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3 DESCRIPTION OF TEST CONFIGURATION AND PROCEDURES 

3.1 Test Specimens 
Two sizes of pole specimens were tested, described in Table 1. The large poles were 

manufactured of ASTM A572, grade 65 steel (minimum yield strength is 65 ksi) with a wall 
thickness of 0.313 inches, and are 12.9 inches in outside diameter at the design point. The 
small poles were manufactured of ASTM A595, grade A steel (minimum yield strength is 55 
ksi) with a wall thickness of 0.239 inches, and are 10.1 inches in outside diameter at the design 
point. The mast arms were manufactured of ASTM A572, grade 65 steel with a wall thickness 
of 0.313 inches, and are 12.0 inches in outside diameter at their base. A flange plate of A36 
steel, matching the size of the either the small or large box connection was welded to the arm 
with a full penetration groove weld; the detail is shown in Figure 12. The flange plate sizes for 
both box connections are given in Figure 13. (WYDOT, 2005) 

Cycle counts and stress ranges (SR) for the arms were recorded, so the performance of 
the full-penetration weld of the arm could be characterized as a secondary goal of this project. 

 
Figure 12 – Full Penetration Groove Weld Detail between the Arm and Flange Plate 

(WYDOT, 2005) 
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Figure 13 – Arm Flange Plate Dimensions (WYDOT, 2005) 

The cross-sectional shapes of the poles and arms varied, depending on the manufacturing 
process used. The large poles were 16-sided, the arms were 12-sided, and the small poles were 
round. All parts, including the bolts, were hot-dip galvanized per ASTM A123 and A153. The 
connection bolts were 1-1/2 inch diameter, grade A325 structural bolts. All poles and arms 
were tapered on their diameters at 0.14 inches per foot of length. For laboratory testing 
purposes, the poles and arms were manufactured at lengths of 13 feet and 8 feet, respectively. 
An elevation drawing of a large pole is shown in Figure 14. The mast arm is at a 15 degree 
angle from horizontal. (WYDOT, 2005) 
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Figure 14 – Large Pole Elevation View (WYDOT, 2005) 

 

Fillet weld profiles for each pole were recorded for four points around the circumference 
of the poles at the two circumferential fillet welds and at four places around the circumference 
of the arm-to-flange plate connection, as shown in Figure 15. These fillet welds were chosen 
because prior research of the ring-stiffened box connection at the UW has shown that fatigue 
cracks would likely occur in or near these welds (Hamilton, et al., 2002).  

Profiles of fillet welds were taken from specimens using modeling clay. About one cubic 
inch of modeling clay was fitted onto the weld at a given location and compressed until it 
conformed to the fillet shape. The sample was then removed from the specimen and sliced in 
half to provide a flat surface. The flat surface of the sample was then placed onto graph paper 
and a pencil trace made. Digital scans of the weld profiles were taken from the traces and 
edited with software at the pixel level to remove extraneous marks. Magnification during 
editing was such that a 0.3 mm pencil line was about three pixels wide. A typical weld profile 
set for a pole is shown in Figure 16. Weld profile sets for all poles and arms are given in 
Appendix D. 
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Figure 15 – Recorded Weld Profile Locations – Four Places on the Outside of each Ring 

Stiffener and Four Places on the Arm-to-Flange Plate Connection 
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Figure 16 – Typical Fillet Weld Profile Set for a Large Pole 

 

For the circumferential fillets welds that were profiled, the WYDOT specification is a 
5/16 inch fillet weld, noted in Figure 17. The average actual fillet weld size of all specimens 
was 0.442 inches, about 1/8 inch greater than specified. A comparison was done by measuring 
and averaging the throat distance of all of the specimens and dividing it by the cosine of 45 
degrees to obtain an equivalent fillet leg length. This method avoided an inaccurate direct fillet 
leg length measurement, because many of the actual fillet profiles are concave in shape. A 
possible explanation for the deviation between actual and specified fillet size is Note 5 of the 
WYDOT specification, which states, “Ensure the radial separation between the face of the pole 
and the adjacent inside face of the top or bottom gusset plate does not exceed 3/16”. If the 
separation is greater than 1/16”, increase the leg of the fillet weld by the amount of the 
separation.” The gusset plate referred to in Note 5 is the stiffener ring. Thus, the actual fillet 
size is dependent on the supplier’s chosen process and tolerance for manufacturing the 
stiffener. Complete weld details for the box connection are shown in Figure 17. (WYDOT, 
2005) 

Comparisons of specified to actual fillet weld sizes at other locations of the box 
connection are:  

• Side plate welds – specified as a 5/16 inch equal leg fillet. The actual fillet weld is 
unequal in leg length with the range varying from 1/4 inch to 9/16 inch. The most 
common fillet size is 5/16 x 3/8 inch leg lengths. 

• Flange-plate–to-box welds – specified as a 5/16 inch fillet. The actual size range 
varies from 1/4 inch to 3/8 inch, with the most common size being 3/8 inch. 

Given in Figure 12 are the specifications for the arm to flange plate CJP weld. T is the 
arm wall thickness, 0.313 inches. The measured horizontal leg of the weld is 0.41 inches, 1.3 
times what is specified. If R is calculated based on the average measured T dimension it is 0.85 
inches. The average measured R is 0.94 inches. This is 10 percent greater than the specified R 
dimension. 
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Figure 17 – Weld Specifications for Large and Small Box Connections (WYDOT, 2005) 

 [for Full Pen. Groove Weld, see Figure 12] 

3.2 Testing System Description 
MTS actuators for all tests were 55 kip capacity with a stroke of six inches. Calibration of 

the load cells and linear potentiometers was performed by the original equipment manufacturer 
before testing began. A load cell calibration tolerance of one percent of the load set point was 
used. 

 

3.3 Testing Configurations 
 The floor of the Kester Structures Lab is a two-foot thick slab of reinforced concrete, 
with basement access. A reaction wall, Figure 18, consisting of two 18-inch by 36-inch by 72-
inch reinforced concrete blocks, provided a vertical surface for actuator attachment. The 
reaction wall assembly was restrained to the floor with two 1-1/2 inch diameter DYWIDAG 
threaded rods, each post-tensioned to 100 kips.  
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Figure 18 – In-Plane Test Setup showing the Reaction Wall 

A typical in-plane setup is illustrated in Figure 19. Notice that the pole is in a horizontal 
orientation and the mast arm is 15 degrees from vertical. This pole orientation was used for the 
out-of-plane and diagonal test configurations as well. The actuator, for in-plane configurations, 
is at 90 degrees to the arm, measuring from its unloaded (neutral) position. The moment arm is 
the distance from the actuator to the design point, measuring parallel to the axis of the pole, 
Figure 20. Moment arm lengths varied between tests and are given for each test on their 
respective data sheets in Appendix F.  

Reaction 
Wall 

Post-tensioning 
Rods 
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Figure 19 – Typical In-Plane Test Setup 

 
 

 
Figure 20 – The Moment Arm for the In-Plane Testing Configuration  
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An example of the out-of-plane setup is given in Figure 21. Here, the moment arm is the 

vertical distance from point of intersection of the actuator axis and arm axis to the centerline of 
the pole, Figure 22. The setup angles and moment arm distances are given on each test’s data 
sheet in Appendix F. 

 
Figure 21 – Typical Out-of-Plane Test Configuration 
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Figure 22 – The Moment Arm for the Out-of-Plane Testing Configuration 
 

The diagonal test configuration is shown in Figure 23. The in-plane moment arm, LAIP, 
is defined the same as for the in-plane configuration, Figure 20. The out-of-plane moment 
arm, LAOP, is shown in Figure 24. Three angles, α, θ, and γ, are needed to characterize the 
diagonal configuration and to calculate stresses at the design point. They are illustrated in 
Figure 24, Figure 25, and Figure 26, respectively. The target for θ was 45 degrees, but the 
actual diagonal angle was dependent on the size of pole and the physical constraints of a 
particular setup. Setup angles and moment arm distances are given on each test’s data sheet in 
Appendix F. 

 Often, two in-plane tests were running simultaneously. When this was the case, a small 
and a large pole were tested at the same stress range. Occasionally, an out-of-plane test was 
running concurrently with either one or two in-plane tests or with a diagonal test. Because of 
space limitations, diagonal tests could only be conducted after completion of the in-plane tests.  
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Figure 23 – Typical Diagonal Test Setup 

 
 

Figure 24 – Side Elevation View of the Diagonal Test Schematic 
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Figure 25 – Plan View of the Diagonal Test Schematic 

 

 
Figure 26 – Front Elevation View of the Diagonal Test Schematic 
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3.4 Clamping 
 A clamping method that provided sufficient restraint over the duration of a runout fatigue 
experiment (10 to 13 million cycles) and capable of withstanding the loads required for a stress 
range of 16.0 ksi tests proved to be difficult to construct. Several refinements made during the 
first five tests are discussed in this section. Tests 1 through 5 were all in-plane experiments.  

The in-plane clamping configuration that proved adequate is shown in Figure 27. The 
key elements for this setup are: 

• Two cast-in-place concrete clamping blocks at 6 feet on center, using 5800 psi 
compressive strength concrete, heavily reinforced with #3 reinforcing bar. 

• 1-1/2 inch diameter DYWIDAG threaded rods, one in each block, post-tensioned 
through the floor to 90 kips. 

• Additional horizontal confinement of the concrete with 5/8 inch diameter threaded rod 
and clamping bars post-tensioned to the capacity of the rod. 

• Use of plates between the top DYWIDAG nut and the clamping block to distribute the 
post-tensioning force over approximately 60 square inches. 

• Filling the inside diameter of the pole with concrete and reinforcing it with #3 
longitudinal bars. The internal concrete extended the length of the pole between the 
outside faces of the front and rear clamping blocks. 

• Minimal through-hole size in the pole wall for the post-tensioning rods, Figure 28. A 
hole was torch-cut through the pole walls for insertion of a PVC pipe that fit to the 
corresponding hole of the floor. This formwork allowed for the insertion and removal 
of the post-tensioning rod through the floor independent of the cast-in-place concrete 
block, and the re-use of the rods for later tests. During Test 4, when a larger through 
hole was used, the pole walls of the small and large pole experienced fatigue failure 
before the desired cycle runout for the box connection, see Figure 29. The failure point 
was at the through hole in the clamping blocks closest to the box connection.  
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Figure 27 – Refined In-Plane Clamping Method 

 
 

 
Figure 28 – Typical Through Hole in Pole Walls for the Post-tensioning Rods  

– In-Plane Clamping Setup 
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Figure 29 – Failure of the Pole Wall Inside the Clamping Block – Test 4 

 
 To avoid clamping system influence on the stress distribution near the design point a 
minimum clear distance of two pole diameters was maintained for all tests, Figure 30. When 
the strain gauge calibration was performed (explained in Section 3.5.1), it was observed that a 
clear distance of one pole diameter is sufficient to provide an in-plane bending stress 
magnitude consistent with beam theory. 
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Figure 30 – Minimum Clear Distance between Clamping Restraints and the Design Point 

 

Hydro-Stone® manufactured by the United States Gypsum Company, is a high-strength 
quick-setting gypsum cement. It was used as a leveling and adhesive grout between mating 
surfaces of metal or concrete throughout the test setups. Hydro-Stone® has a compressive 
strength of 10,000 psi, sets in 20 minutes, and reaches 40 percent of its full strength in one 
hour. (United States Gypsum Company, 1999) 

A strut-and-tie analysis of the concrete components for the out-of-plane and diagonal test 
configurations showed that a large heavily-reinforced clamping block would be necessary. 
Thus, a reusable clamping arrangement was designed, Figure 31. The lower half of the 
clamping block was cast-in-place and remained unmoved throughout the duration of testing. 
The removable upper half was held in place with four post-tensioned DYWIDAG rods. Hydro-
Stone® filled the gap between the clamping block segments and the pole wall. The poles were 
filled with concrete throughout their clamped length. Initially, horizontal plates were welded to 
the pole wall just inside the edge of the clamping block closest to the actuator. These “torsion” 
plates were intended to resist the out-of-plane moment exerted by the actuator and transfer it to 
the lower clamping block, Figure 32.  Thus, the gripping area of the clamping block would not 
have to provide rotational restraint and could firmly grip the pole without slippage. Tests 7, 8, 
and 9 were terminated prior to reaching the desired runout limit, because of cracks in torsion 
plate welds or in the pole wall adjacent to the torsion plate, Figure 33. For Tests 10 and 11, no 
torsion plates were used. A combination of frictional clamping pressure and adhesion of the 
Hydro-Stone® to the pole wall were the only rotational restraints. This clamping method 
proved adequate for the duration of those tests. However, neither Tests 10 nor 11 were cycled 
to a full runout limit, see Table 4. 

Minimum clear distance 
of two pole diameters 

Design Point 
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Figure 31 – Out-of-Plane Clamping Method 

 
Figure 32 – Elevation View of Out-of-Plane and Diagonal Clamping Setup 
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Figure 33 – Crack in Pole Wall Adjacent to Torsion Plate Weld – Test 8  
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3.5 Testing Regimen and Applied Loads 

3.5.1  Applied Loads 

 The method of determining the applied testing force for an in-plane experiment is given 
here in algebraic form. The calculation is simply a nominal stress calculation for the bending 
stress at the design point resulting from the in-plane load. Axial stresses are neglected and, 
from detailed calculations, are shown to affect the total principal stresses by less than five 
percent. 

 

      Eq 1 

  ·   Eq 2 

   Eq 3 

    Eq 4 

 

 

 

 

 

 

Before Test 1 was started, both the small and large poles in that experiment were 
instrumented with strain gauges to verify that the calculated applied force was producing the 
desired bending stress in the pole. The measured stresses in both poles were found to be within 
five percent of the calculated stresses and the stress-strain relationship was linear, passed 
through the origin and did not show any hysteresis. 

The applied force for the out-of-plane tests was defined as the force needed to provide the 
same moment about the design point as an in-plane test of the same stress range. For example, 
for the small pole in the out-of-plane Test 6 the desired stress range was 7.5 ksi. The in-plane 
testing load for Test 3, also a 7.5 ksi test, was 1.17 kip at a LAIP = 57.44 inches, Figure 34. 
This produces an in-plane moment, MIP, of 67.2 in-kip. The out-of-plane moment was set 
equal to the in-plane moment, then the out-of-plane actuator force, POP, Figure 35 was 
determined. The lever arm for the out-of-plane setup for Test 6 is 65.89 inches. An unadjusted 
out-of-plane force of 1.02 kips is required to produce a moment equal to MOP and MIP  of 67.2 
in-kip. The out-of-plane force, adjusted for γ = 15 degrees, is 1.06 kip, which becomes the 
actuator amplitude force. A detailed principal stress analysis, similar to the calculation done in 
Appendix B, shows that the actual stress range is 24 percent less than the defined stress range. 

 

The section modulus, S, is determined from the inner 
and outer pole radii at the design point (AISC, 2001) 
 
 

σdesired is the desired stress range of the fatigue test at 
the design point, e.g. 16 ksi  
 
 

The actuator force to produce the desired stress, σ, is 
found by dividing the required moment by the lever 
arm, A 
 

The testing amplitude of the actuator force to 
produce the desired stress range is ½ of P Pamplitude is 
the testing force amplitude required to produce the 
desired stress range at the design point. It is applied 
in both directions (push and pull) from the unloaded 
position of the arm.  
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Figure 34 – In-Plane Moment at the Design Point 

 

 
Figure 35 – Out-of-Plane Moment at the Design Point 
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For the diagonal tests, the in-plane and out-of-plane moments generated by the applied 
actuator load about the design point were combined using the square root of the sum of the 
squares method (vector combination). An actuator load was determined to provide the desired 
stress range for nominal bending stress at the design point. Axial, direct shear and torsional 
stresses were neglected for determining testing loads. Appendix B (part A) shows a complete 
set of calculations for a diagonal test. 

A detailed principal stress analysis for the diagonal configuration that includes axial, 
direct shear and torsional stresses was done and is given in Appendix B (parts B and C). The 
detailed analysis shows that the maximum principal tensile stress is 14 percent greater than the 
nominal combined bending stress calculation.  

The MTS testing system was configured for force-control mode for all of experiments 
after Test 3. Thus, the control system kept the actual force feedback value (from the actuator’s 
load cell) within a few percent of the desired applied force. Tests 1 through 3 were operated in 
displacement control, because of a control system error. Even during displacement control, it 
was possible to maintain the actual actuator force within three percent of its desired value. The 
waveform of the applied force was sinusoidal for all tests. 

 

3.5.2  Typical Startup and Operation Procedures 
A summary of typical startup and operation procedures are: 

• Post-tension the clamping rods. 
• Apply a static load, in force-control mode, equal to 1.2 times the desired applied 

force. 
• Tighten the two box connection bolts on the compression side of the flange plate. 
• Reverse the static load and tighten the other two connection bolts. This procedure 

was followed for two reasons: 
o To ensure that the connection bolts were pre-tensioned sufficiently to not 

loosen during cycling.  
o To remove a portion of the curvature in the arm flange plate. Curvature of 

the arm flange plates was observed to be 1/8 to 1/4 inch, illustrated in 
Figure 36. The curvature is similar among all arm specimens and is 
presumed to be caused by the full penetration weld process performed on 
the opposite side of the plate. Small connections flange plates vary in 
curvature from 1/8 inch to 3/16 inch and large connection flange plates are 
warped from 1/8 inch to 1/4 inch. 
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Figure 36 – Arm Flange Plate Curvature (exaggerated) 

 

• Begin cycling at a low frequency at full force amplitude.  
• Increase the cycling frequency in peak-valley compensation mode. This mode of 

operation allows the control system to achieve higher performance than basic 
force control. The testing frequency was slowly increased until the control system 
could no longer maintain the desired force. The frequency was then reduced a few 
percent to ensure that the control system could maintain the desired force in the 
event of a reduction of stiffness during testing.  

 
Another means to maximize cycling frequency was to increase the 

stiffness of the mechanical apparatus and clamping setup. The limiting parameter 
in the MTS system was found to be the rate of hydraulic fluid flow. Thus, any 
reduction in the amount of needed displacement for a given force would reduce 
the required rate of hydraulic flow to the actuator. For example, the testing 
frequency could be increased by more than 30 percent between Tests 1 and  3 by 
increasing clamping system stiffness and thereby reducing the displacement (and 
hydraulic flow) demand on the actuator.  

Testing was stopped once daily for either visual or dye penetrant 
inspection. System information, such as: number of cycles, mean displacement, 
displacement amplitude, and operational comments, was recorded daily 
throughout the duration of the test. A portion of a typical test data sheet is shown 
in Table 3. Abbreviated test data sheets are compiled in Appendix F. 

 

Flange
Plate

Base Plate

Arm



 

Table 3 – Typical Test Data Sheet 

Test Freq                  Actual Displacement on Meter Test # 5,          Pg 2

2.25 Hz                  (Mean/Amplitude) all in inches

# Cycles
S

m
al

l 
P

ol
e

La
rg

e 
P

ol
e 2006 

Date Time Visual
Dye 
Pen

Small P    
Mean

Small P 
Amplitude %D

Large P    
Mean

Large P 
Amplitude %D             Comments

2,118,508 x x 20-Nov 3:45p Restart, rezero offsets, snug pivots
2,149,600 x x 20-Nov 7:37p 0.013 0.154 0.0 0.003 0.185 -19.2 2.25 Hz
2,284,300 x x 21-Nov 12:25p x 0.008 0.146 -5.2 -0.003 0.181 -2.2 NC
2,509,600 x x 22-Nov 4:53p x 0.009 0.147 0.7 -0.007 0.185 2.2 2.22 Hz, NC
2,685,000 x x 23-Nov 2:57p x 0.007 0.148 0.7 -0.003 0.182 -1.6 NC
2,851,900 x x 24-Nov 11:42a x 0.002 0.146 -1.4 -0.010 0.182 0.0 NC
3,082,700 x x 25-Nov 4:54p x 0.008 0.150 2.7 -0.002 0.184 1.1 NC
3,262,700 x x 26-Nov 3:25p x 0.009 0.152 1.3 0.002 0.186 1.1 NC
3,452,850 x x 27-Nov 3:56p x 0.003 0.150 -1.3 0.003 0.191 2.7 2.20 Hz, NC
3,609,275 x 28-Nov 11:41a 0.006 0.186 -2.6 Observed movement in base plate of SP (large

pole) arm. Replace broken bolt in NW position
looking down at plate

3,609,275 x 28-Nov 12:21p Restart testing; retighten all bolts at a load
20% over the full amplitude cycling load (P)

3,629,900 x x 28-Nov 3:21p x 0.005 0.147 -2.0 -0.007 0.179 -3.8 NC
3,782,051 29-Nov 10:34a 0.006 0.145 -1.4 -0.002 0.177 -1.1
3,840,550 x x 29-Nov 5:57p x 0.002 0.147 1.4 -0.006 0.181 2.3 NC
3,956,600 30-Nov 8:58a 0.003 0.149 1.4 0.000 0.182 0.6

1in = 2.54cm  
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3.5.3  Duration of Tests 

A runout limit of 13 million cycles was chosen to ensure that the beginning of the 
constant-amplitude fatigue threshold for the E detail category was exceeded by at least 10 
percent. The constant-amplitude fatigue threshold starts at approximately 11.5 million cycles 
for category E, Figure 37. Because of time constraints, 10 million cycles was chosen as the 
runout limit for the out-of-plane and diagonal tests after Test 6. 

Figure 37 is a log-log plot of AASHTO Detail Stress Categories and their constant 
amplitude fatigue thresholds. Because the chart was intended to be used for design, i.e. 
calculated fatigue stresses shall be below an allowable value, the category values were 
conservatively chosen at the lower bound of the test data. The seminal work upon which these 
plots are based is NCHRP Reports 102 and 147.  Herein Fisher et al conducted hundreds of 
fatigue tests associated with steel bridge girders and associated weld details.  The design 
values for the finite life portion of the chart, such that the detail has a 95 percent chance of 
failure with a confidence limit of also 95 percent.  Sufficient data were available for statistical 
analysis.  As the stress range is set during a fatigue test and the dependent variable is number 
of cycles to failure, the design curve was shifted to the left from the mean data.  Based upon 
data presented in Reports 102 and 147, it appears that an estimated shift is approximately 2/3 
of the mean value (cycles).  For example, a mean test value of one million cycles would have a 
design value of approximate 660,000 cycles.  The variability of various details was similar 
and, in all cases, a normal distribution with log N was demonstrated.  Fisher et al did not 
address the CAFL as this was not considered as part of the design procedure at this time. 
(Fisher et al 1970, Fisher et al, 1974) 

Thus, the mean  number of cycles to failure is greater than that associated stress category 
for design.  The shift to the mean values may be estimated, if desired.  In the present work, the 
design S-N curves are used. 

Tests 2 and 4 were “continued” tests at a higher stress level. Because no fatigue cracking 
was observed during Tests 1 and 3, the same poles were tested at a higher stress range. An 
equivalent constant-amplitude stress range (CASR) was then calculated for the combined tests 
using Palmgren-Miner’s Rule (refer to Section 5.1).  

Several tests were terminated prior to reaching their predetermined runout limit; these are 
explained in section 4.2. The only tests terminated due to fatigue failure of the box connection 
were Tests 10 and 11, see Table 4.  
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Figure 37 – S-N Chart of AASHTO Detail Stress Categories (AASHTO, 2007) 

 

3.6 Crack Inspection 
Crack detection was performed with a commercially available dye penetrant. A test kit 

contains three different aerosol cans: cleaner, dye, and developer. The basic procedure is 
summarized here; additional details are given in (Sherwin Incorporated, 2005): 

• A thorough cleaning of the area to be checked is done with the cleaning agent 
provided in the test kit. Prior cleaning should be done for areas with obvious dirt 
or grease accumulation or corrosion. The cleaner is removed with an unsoiled 
cloth.  

• After a minimum drying time of five to 10 minutes, dye penetrant is applied to the 
test areas. 

• Five minutes of penetration time is given before the dye is removed with a clean 
cloth without the direct use of the cleaning spray. Cleaner may be sprayed onto 
the cloth, which may then be used to remove the dye. 

• When all visible signs of dye have been removed, the developer is applied in one 
or two thin layers. Recommended development time is at least five minutes. 

 As noted earlier, the dye penetrant method has been shown to be effective for traffic 
signal structures (Hamilton, et al., 2002). However, the limitations of the procedure must be 
understood and the technique mastered to obtain reliable results.  
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 Dye penetrant is an externally applied agent. Thus, a crack that has not yet propagated to 
the surface cannot be detected. When the crack is small (less than one inch in length), it may 
not be detectable (Hamilton, et al., 2002).  

 It was observed that weld porosity and joints between multiple weld passes could make 
the external dye cleanup process difficult. Many iterations of cleaning may be required. It is 
possible that the dye cannot be completely removed from deep weld pits. A technique to aid 
with this problem is to photograph the problem area and then compare successive inspections 
to the picture. A true fatigue crack will grow in size with additional cycling, where a weld pit 
or joint will remain the same size over time. It was further observed that false positive dye 
indications at a weld joint or undercut will fade and widen over the span of a few hours, 
presumably because the small amount of dye remaining is completely drawn out of the surface 
feature. An example of a typical dye penetrant inspection is shown in Figure 38 . The dye 
indications in this picture are remnants of dye that could not be removed from the surface, they 
are not an indication of actual cracks. 

The advantages of the dye penetrant process: it is a simple, direct, inexpensive, as well 
as, portable crack detection method.  When used correctly, this process can detect cracks that 
may not be visible with the unaided eye. Further, it is the field testing method of choice for 
field inspection of poles by WYDOT (Huck, 2007) and other DOTs.  

Pictures of final dye penetrant inspection results for the specimens are located in 
Appendix E. 

 
Figure 38 – Typical Dye Penetrant Inspection Results 
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4 TEST RESULTS 

4.1 Summary 
 A summary of the fatigue test results is given in Table 4. “Pole Test ID” labeling, for 
column two of the table, is described in Appendix A. The applied force is the actuator 
amplitude force, i.e., this force was applied equally in the push and pull directions from the 
neutral position. The applied force values may be different for the same size pole and the same 
stress range because of changes in the moment arm length or actuator angles. 

 The in-plane stress ranges are computed based upon the flexural bending moment divided 
by the section modulus of the pole at the design point. This calculation is straight forward. 
However, for the out-of-plane case, it is conventional to neglect the load effects of torsion. For 
the out-of-plane tests, the applied moment (torque) was set to be the same as the flexural 
moment of the in-plane test of the same stress range. This load creates a flexural bending stress 
and it is this nominal flexural bending stress that is provided in the data sheets of Appendix F. 
(Note that torsion creates a less critical shear stress in the weld near the design point and is 
thus neglected). Therefore, the applied out-of-plane moment that creates a nominal flexural 
stress of 3.1 ksi is associated with a 7.5 ksi in-plane stress range. Similarly, the nominal out-of-
plane flexural stress of 6.5 ksi is associated with the 16 ksi in-plane stress range. In summary, 
the in-plane and out-of-plane moments for each test level are equal, though their stress ranges 
per se are not. 

 The actuator load for the diagonal test was set based upon the vector combination of the 
in-plane and out-of-plane stresses. See Appendix B – Part B for diagonal computations. 

 Table 5 contains data for arms that failed due to fatigue. The nominal stress range for a 
given test is different from the pole because of a different section modulus and moment arm. 
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Table 4 – Summary of Pole Test Data 

Pole Test 
Number

Pole Test 
ID

Pole 
Size Test Type

Applied 
Force   

±        
[kip]   

Nominal 
Stress 
Range  
[ksi]

Cycles 
of Test   

Weld 
Fatigue 
Failure 
[Y/N] Comments

1L-IP-7.5 Large In-plane 2.47 7.5 13M N Virgin pole & arm.                                              
Test ended - no cracks detected

1S-IP-7.5 Small In-plane 1.17 7.5 13M N Virgin pole & arm.                                              
Test ended - no cracks detected

2L-IP-16.0 Large In-plane 5.27 16.0 137K N
This test is a continuation of test 1L-IP-7.5, 
Nominal stress range (NSR)  increased.              
Test ended - actuator malfunction

2S-IP-16.0 Small In-plane 2.50 16.0 411K N This test is a continuation of  test 1S-IP-7.5, 
NSR doubled. Test ended - clamping block failed

3L-IP-7.5 Large In-plane 2.46 7.5 13M N Virgin pole                                                        
Test ended - no cracks detected                         

3S-IP-7.5 Small In-plane 1.17 7.5 13M N Virgin pole                                                        
Test ended - no cracks detected

4L-IP-16.0 Large In-plane 5.24 16.0 146K N

This test is a continuation of test 3L-IP-7.5, NSR 
increased.  Connection bolt failures.                    
Test ended - pole wall fatigued within the front 
clamping block.

4S-IP-16.0 Small In-plane 2.49 16.0 4M N

This test is a continuation of test 3S-IP-7.5, NSR 
increased.                                                         
Test ended - pole wall fatigued within the front 
clamping block.

5L-IP-16.0 Large In-plane 5.24 16.0 13M N Virgin pole. Test ended - no cracks detected. 
Connection bolt failures.

5S-IP-16.0 Small In-plane 2.49 16.0 13M N Virgin pole. Test ended - no cracks detected 

6 6S-OP-3.1 Small Out-of-Plane 1.03 3.1 13M N Virgin pole. Test ended - no cracks detected

7 7S-OP-6.5 Small Out-of-Plane 2.20 6.5 1.91M N

Virgin pole. Pole wall cracked just inside the 
clamping block at torsion plate weld, was 
repaired twice, re-cracked thru repair at current 
cycles.

8 8L-OP-6.5 Large Out-of-Plane 4.33 6.5 542K N Virgin pole. Pole wall cracked just inside the 
clamping block at torsion plate weld.

9 9S-DIAG-
16.0

Small Diagonal 3.10 16.0 876K N Virgin pole. Pole wall cracked just inside the 
clamping block at torsion plate weld.

10 10L-OP-6.5 Large Out-of-Plane 4.33 6.5 4.63M Y

Virgin pole. Crack first observed at 1.9M cycles. 
Lengthed to 5.2", with no appreciable increase in 
displacement. Test ended due to equipment 
failure.

11 11L-DIAG-
16.0

Large Diagonal 6.97 16.0 3.06M Y Virgin pole. Crack first observed at 2.78M 
cycles. Sudden 120% increase in displacement.

1 in = 2.54 cm        1 ksi = 6.895 MPa    K = 1,000               M = 1,000,000

1

2

3

4

5
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Table 5 – Arm Data 

Arm ID Pole Test ID

Nominal 
Stress 
Range  
[ksi]

Cycles of Test  
until Arm 
Failure

1L-IP-7.5 6.4 13,050,164
2L-IP-16.0 13.6 137,466
3L-IP-7.5 6.4 13,000,000

4L-IP-16.0 13.6 146,050
5L-IP-16.0 13.6 2,118,508

L-IP-002 5L-IP-16.0 13.6 6,291,492
L-DIAG-004 11L-DIAG-16.0 11.2 2,025,211

1 in = 2.54 cm  1 ksi = 6.895 MPa

L-IP-001

 
 

4.2 Explanation of terminated tests   
 An explanation of tests that were stopped short of the desired runout is summarized:  

• 2L-IP-16.0  Actuator load cell malfunctioned. A large impulse load was applied to 
the pole and moved the reaction wall out of position. 

• 2S-IP-16.0  Concrete clamping block failed. 

• 4L-IP-16.0 and 
4S-IP-16.0 

Both pole walls fatigued just inside the front clamping block, Figure 29. 

• 7S-OP-6.5 Pole wall crack at torsion plate weld, similar to Figure 33. First cracked 
at 717,100 cycles, repairs made twice, cycling continued to 1,908,000 
cycles before cracks occurred at same place. 

• 8L-OP-6.5 and 
9S-DIAG-16.0 

Pole wall crack at torsion plate weld (not a crack in the tested 
connection), similar to torsional crack shown in Figure 33. 

• 10L-OP-6.5 Failure of the fillet weld joint where the box connection meets the pole, 
Figure 39. Cycling continued until failure of the MTS control system. 
Final crack length was 5.2”. 

• 11L-DIAG-16.0 Failure of the fillet weld joint where the box connection meets the pole. 
The crack propagated through the stiffener plate at the bottom of the box 
connection, Figure 40. 
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Figure 39 – Dye Penetrant Results of Fillet Weld Joint Failure, Test 10 
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Figure 40 – Dye Penetrant Results of Fillet Weld Joint Failure, Test 11 
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4.3 Miscellaneous results and findings 
Four connection bolt fatigue failures occurred during Tests 4L-IP-16.0 and 5L-IP-16.0 

and one failure for each of Tests 10L-OP-6.5 and 11L-DIAG-16.0. Calculated tensile forces 
are below AASHTO and AISC Specification constant-amplitude fatigue thresholds. Because 
test results contradicted this, a detailed bolt fatigue analysis was performed and is presented in 
Appendix C. Results show that the bolts do not have a sufficient safety factor and indicate that 
if the large box connection were used at a 16.0 ksi in-plane nominal stress range, the limiting 
design feature may be the bolt fatigue life. However, a similar analysis of the small pole also 
gives an insufficient factor of safety – yet, no bolt failures occurred during small pole testing.  

Two preliminary conclusions are suggested by the analysis:  

• There may be prying action caused by deformation of the arm flange plate under in-
plane loads.   

• Improper pre-tensioning of the connection bolts, perhaps due to curvature of the 
flange plate (Figure 36), results in an unexpected distribution of the load throughout 
the bolt-flange plate system. 

At the conclusion of Test 5, it was noted that two connection holes in the base plate of the 
large pole had experienced thread fatigue. The first internal thread of the 1-1/2 inch tapped 
hole in the base plate was broken away from the base material, see Figure 41. This is a shear 
lag issue; i.e., the first thread carries more load comparable to successively deeper threads in a 
tapped hole. The internal threads that fatigued were subjected to 13 million loading cycles. 

 
Figure 41 – Fatigue of the First Internal Thread of the Pole Base Plate – Test 5, Large Pole 
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5 ANALYSIS OF RESULTS 

5.1 Palmgren-Miner’s Rule 
Palmgren - Miner’s Rule has been shown to be a valid method to account for variable 

amplitude and duration loading (Fatigue Reliability, 1982). An equivalent constant amplitude 
stress range (CASR) is found that sums the effects of fatigue damage for specimens that have 
experienced multiple stress ranges. 

∑ /          Eq 5 

 

where,  

SRe is the equivalent constant amplitude stress range, 

γi is the fraction of total cycles the specimen experiences at stress range SRi,  

   

ni  is the number of cycles accumulated at stress range i, 

N is the total number of cycles of all of the stress ranges, therefore Σγi = 1.0, 

SRi is the magnitude of the ith multiple stress range, and 

for steel, the exponent n is three. 

Raw test data are considered to be “adjusted”, after applying Palmgren - Miner’s Rule to 
the tests that were conducted at multiple stress ranges (Tests 2 and 4). The adjusted pole test 
data are summarized in Table 6.  

With regard to the secondary purpose of testing the detail category of CJP welds for the mast 
arms, the adjusted arm data are provided in Table 7. Also relevant, is the small arm used in Tests 
1 through 5 (S-IP-001) that accumulated 43.5 million cycles of in-plane loading at a 5.0 ksi 
CASR and did not experience fatigue failure. 
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Table 6 – Summary of Adjusted Pole Test Data 

Pole Test 
Number Pole Test ID

Pole 
Size

Total Cycles 
on Pole       

Equivalent
CASR    
[ksi]

Weld 
Fatigue 
Failure 
[Y/N]

Plotted   
on S-N 
Figure 

No.
1L-IP-7.5 Large 13,050,000 7.5 N 43

1S-IP-7.5 Small 13,050,000 7.5 N 42

2L-IP-16.0 Large 13,188,000 7.7 N 45

2S-IP-16.0 Small 13,462,000 8.1 N 44

3L-IP-7.5 Large 13,000,000 7.5 N 43

3S-IP-7.5 Small 13,000,000 7.5 N 42

4L-IP-16.0 Large 13,146,000 7.7 N 45

4S-IP-16.0 Small 17,036,000 10.9 N 44

5L-IP-16.0 Large 13,000,000 16.0 N 45

5S-IP-16.0 Small 13,000,000 16.0 N 44

6 6S-OP-3.1 Small 13,000,000 3.1 N 42

7 7S-OP-6.5 Small 1,908,000 6.5 N 44

8 8L-OP-6.5 Large 542,000 6.5 N 45

9 9S-DIAG-16.0 Small 876,000 16.0 N 44

10 10L-OP-6.5 Large 4,630,000 6.5 Y 45

11 11L-DIAG-16.0 Large 3,060,000 16.0 Y 45

1 in = 2.54 cm                                                  1 ksi = 6.895 MPa

1

2

3

4

5
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Table 7 – Adjusted Arm Data 

Arm ID

Equivalent 
CASR     
[ksi]

Cumulative  
Cycles     

Plotted on     
S-N Figure No.

L-IP-001 7.7 28,452,188 46
L-IP-002 13.6 6,291,492 46

L-DIAG-004 11.2 2,025,211 46

1 in = 2.54 cm                            1 ksi = 6.895 MPa
 

5.2 Adjusted Test Data Plotted on AASHTO S-N Charts 
The CASR and total number of cycles for each specimen from Table 6 are plotted on 

AASHTO S-N charts in Figure 42 through 45. The data points are for nominal bending 
stresses at the design point, described on page 5 and illustrated in Figure 5. For the two tests 
that experienced fatigue failure, the data point was plotted at the number of cycles the crack 
was first observed. 

For reference, a vertical line is marked at the 13-million cycle location. The diameter 
given on the charts for each pole, 10.1 inches or 12.9 inches, is the outside diameter (OD) at 
the design point for the small and large poles, respectively. 

For readability, the adjusted pole test data are provided on four separate plots: 

• Small pole, SR = 7.5 ksi in-plane and 3.1 ksi out-of-plane, Figure 42 
• Large pole, SR = 7.5 ksi in-plane, Figure 43 
• Small pole, SR = 16.0 ksi in-plane and 6.5 ksi out-of-plane, Figure 44 
• Large pole, SR = 16.0 ksi in-plane and 6.5 ksi out-of-plane, Figure 45 

The adjusted arm data are plotted in Figure 46, showing the three arms that failed due to 
fatigue (Table 7) and one that accumulated 43.5 million cycles and did not fail. The data 
points for the arms are for nominal bending stresses in the arm adjacent to the CJP weld. 
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Figure 42 – Adjusted Test Data, Small Pole, 7.5/3.1 ksi 

 
Figure 43 – Adjusted Test Data, Large Pole, 7.5 ksi 
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Figure 44 – Adjusted Test Data, Small Pole, 16.0/6.5 ksi 

 
Figure 45 – Adjusted Test Data, Large Pole, 16.0/6.5 ksi  
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Figure 46 – Adjusted Arm Data 

  

Arm Data

CAFL 
B: 16ksi
C: 10ksi
D: 7.0ksi
E: 4.5ksi

joint failure, single stress range
no failure - single stress range (no cases shown here)
joint failure, multiple stress ranges
no  failure - multiple stress ranges

1 in = 2.54 cm
1 ksi = 6.895 MPa

L-IP-002

S-IP-001
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6 CONCLUSIONS AND RECOMMENDATIONS 

6.1 Summary 
AASHTO stress categories, based on interim recommendations, for the box connection 

elements, mast arm, and the pole in vicinity of ring-stiffened box connection have detail 
categories E or lower (i.e. 4.5 ksi or lower constant-amplitude fatigue thresholds), Figure 47. 
(AASHTO Specifications, 2006). An analysis of nominal stresses in the WYDOT box 
connection shows that the controlling stresses occur at the design point. 

 
Figure 47 – AASHTO Stress Categories for areas in and near the Ring-stiffened Built-up 
Box Connection 

The load effect of a design wind event, computed according to AASHTO Specifications, 
is a peak stress that rarely occurs. Only one in 10,000 cycles (0.01 percent of all cycles) is 
expected to exceed the constant-amplitude fatigue threshold given by the AASHTO 
Specifications (Dexter and Ricker, 2002). 

Current research was conducted at constant amplitude loading. Therefore, a valid 
comparison of lab-tested versus field-observed stress ranges is to consider the constant 
amplitude stress range field findings from prior UW research. For observed field wind loads, 
given in  

Table 8, the worst case combined CASR for the main member design point is 2.48 ksi, 
(Hamilton, et al., 2002). Thus, current tests at 16.0 ksi are more than six times the observed 
field values. Based on current design practice, a stress range of 16.0 ksi at the design point is 
severe loading. 
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Table 8 – CASR Combined Stresses for a Field Pole (Hamilton, et al., 2002) 

 

Previous research at UW collected in-service loading data over a time span of 38 months 
for an instrumented pole in Laramie, WY ( Figure 48).  

 

 

 Figure 48 – Instrumented Pole in Laramie, WY (Hamilton, et al., 2002) 
 

  

CAFL (ksi) (MPa)
In‐Plane Out‐of‐Plane IP + OP SRSS CQC E

All Stress 
Ranges 0.95 (6.5) 0.0 (0.0) 0.95 (6.5) 0.95 (6.5) 0.96 (6.6) 4.5 (31)

Ignore Lowest 
Stress Range 2.46 (16.9) 0.0 (0.0) 2.46 (16.9) 2.46 (16.9) 2.48 (17.1) 4.5 (31)

Constant Amplitude Stress Range (Miner's Rule) (ksi) (MPa)
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In Table 9, the instrumented pole data are extrapolated for a 25 year theoretical design life. For 
the 50’ arm and pole installation the data show that a 16.0 ksi stress has a probability of 
occurrence much less than one in 10,000 as either repeated loading or an extreme one-time 
event. 

Table 9 – Stress Cycles for a 25 Year Exposure (Hamilton, et al., 2002) 
 

 

 

 

 

 

 

 

 

 

 

  

Stress  Range Stress  Range

(ksi)* Extrapolated Life Cumulative (ksi)* Extrapolated Life Cumulative

0.0 ‐ 0.3 633,906,706 671,781,219 0.0 ‐ 0.5 649,859,733 668,572,937
0.3 ‐ 0.7 27,793,755 37,874,513 0.5 ‐ 1.0 15,233,360 18,713,204
0.7 ‐ 1.0 4,511,100 10,080,758 1.0 ‐ 1.5 2,522,946 3,479,844
1.0 ‐ 1.3 1,447,069 5,569,658 1.5 ‐ 2.0 619,505 956,898
1.3 ‐ 1.7 813,729 4,122,589 2.0 ‐ 2.5 200,435 337,393
1.7 ‐ 2.0 585,117 3,308,860 2.5 ‐ 3.0 73,711 136,958
2.0 ‐ 2.3 492,100 2,723,743 3.0 ‐ 3.5 30,278 63,247
2.3 ‐ 2.7 401,957 2,231,643 3.5 ‐ 4.0 14,261 32,969
2.7 ‐ 3.0 345,694 1,829,686 4.0 ‐ 4.5 7,613 18,708
3.0 ‐ 3.4 291,756 1,483,992 4.5 ‐ 5.0 4,091 11,095
3.4 ‐ 3.7 255,530 1,192,236 5.0 ‐ 5.5 2,700 7,004
3.7 ‐ 4.0 222,806 936,706 5.5 ‐ 6.0 1,746 4,304
4.0 ‐ 4.4 193,533 713,900 6.0 ‐ 6.5 1,462 2,558
4.4 ‐ 4.7 158,708 520,367 6.5 ‐ 6.9 771 1,096
4.7 ‐ 5.0 125,476 361,659 6.9 ‐ 7.4 254 325
5.0 ‐ 5.4 90,265 236,183 7.4 ‐ 7.9 51 71
5.4 ‐ 5.7 61,774 145,918 7.9 ‐ 8.4 20 20
5.7 ‐ 6.0 38,550 84,144 8.4 ‐ 8.9 0 0
6.0 ‐ 6.4 27,598 45,594 8.9 ‐ 9.4 0 0
6.4 ‐ 6.7 17,996 17,996 9.4 ‐ 9.9 0 0

No. of Cycles ‐ In‐plane No. of Cycles ‐ Out‐of‐plane

*To obtain stress  in MPa, multiply values  by 6.895
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Pole tests that were terminated prior to cycle runout are outlined in Section 4.2. These 
tests were categorized according to the following algorithm: 

State at termination: Considered conclusive/inconclusive: 

• Terminated prior to cycle runout and prior 
to reaching a CAFL, with no fatigue cracks 

Inconclusive  

• Terminated prior to cycle runout, but 
number of cycles greater than a CAFL, with 
no fatigue cracks 

Provides useful information about the lower 
bound of the data 

• Terminated prior to cycle runout, with  
fatigue cracks 

Conclusive 

 

Thus, Test 8L-OP-6.5, Figure 45, is considered inconclusive. Tests 2L-IP-16.0 and 4L-
IP-16.0, Figure 45, provide useful information regarding the allowable stress of the detail, 
because the number of test cycles places the data point in the “infinite life” region of the plot 
and no fatigue cracks were observed. 

As described earlier, the AASHTO S-N charts are intended to be used for design, and the 
mean number of cycles (test data) is approximately 50% greater than that permitted for design.  
Shifting the number of cycles by this amount has a minor effect on the estimated fatigue 
category.    

Tests not described in Section 4.2 were completed to the desired cycle runout. There were 
seven poles with cycle runouts above category D (7.0 ksi). In addition, Test 11 plots above the 
category B’ curve (12.0 ksi), Figure 45.  Test 10 plots between E and E’. Note that the applied 
out-of-plane moment for Test 10 is the same moment (torque) as the in-plane moments at the 
16 ksi stress range. Considering only the flexural component of the stress normal to the weld, 
the applied stress range is approximately 6.5 ksi for Test 10. This stress is consistent with the 
manner in which out-of-plane stress are computed for design. 

The secondary objective of this project was to quantify the detail category of the CJP 
weld of the mast arms, shown in Figure 12. Three CJP joint failures plot above the detail 
stress category D, Figure 46. The small arm, S-IP-001, that did not experience fatigue cracks, 
accumulated over 43 million cycles plots above a CAFL category E (4.5 ksi).  

Considering only the in-plane test results for the box connection: there were seven poles, 
tested at 7.5 ksi or 16 ksi constant amplitude stress ranges. None experienced a fatigue failure. 
However, if the ring-stiffened box connection is used at in-plane stresses approaching 16.0 ksi, 
the limiting fatigue design factor may not be the box connection details, rather: 

• connection bolt fatigue 
• internal thread fatigue seen in the large pole base plate, or 
• mast arm’s flange plate near the CJP weld 

Pictures of the fatigue failures of the box con`nection welds of Tests 10 and 11 are 
presented in Section 4.2 Explanation of terminated tests.  The nature of the fatigue crack 
propagation was different for each test. For the out of plane test, Test 10, Figure 39, the crack 
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initiated at the toe of the second weld pass and increased in length to 5-1/8 inches over 500,000 
cycles. The crack was first observed at 1.9 million cycles and did not increase appreciably in 
length for the duration of the test to 4.6 million cycles. The amplitude of the stroke, at the test 
load of 4.33 kips, also did not increase significantly throughout the entire test, even after the 
crack was observed. The crack propagated circumferentially 5-1/8” through the pole wall 
staying within the weld bead. Near the end of testing, the crack entered the pole wall and 
stiffener plate, see Figure E8 in Appendix E.  

For the diagonal test, Figure 40, the crack initiated at the toe of the weld and increased in 
length to 4 inches over 300,000 cycles. The stroke amplitude more than doubled as the crack 
increased to its full length. The crack did not follow the toe of the weld, but propagated 
through the ring stiffener, thus accounting for the large increase in displacement during the 
pull stroke. 

For fatigue design considerations with the ring-stiffened WYDOT connection, test results 
indicate that out-of-plane and diagonal loading is more severe than in-plane loading at the 
same stress range.  

6.2 Scope and Limitations of Current Research 
 Research conducted at UW was performance testing of the ring-stiffened built-up box 
connection per WYDOT design drawings (WYDOT, 2005). The test data are only valid for the 
WYDOT ring-stiffened box connection design and for the sizes that were tested. The data 
points plotted in Figures 42 - 45 are for nominal bending stresses at the design point, described 
on page 5 and illustrated in Figure 5. Therefore, extrapolation of the test data for stresses at 
points in the box connection other than the design point, or for emulation of the WYDOT box 
connection for designs that appear to be similar, but not identical, is not recommended.  

Weld details are critical to fatigue performance and are highly sensitive to design and 
configuration changes and manufacturing methods. For example, per the observation noted  in 
Section 3.1, resulting from practical application of Note 5 (sheet 2) of the WYDOT standard 
signal pole plans, a specimen manufactured by a different supplier may have different 
performance results – i.e., a ring stiffener plate with more or less clearance to the pole can 
result in a significant difference in fillet size. In addition, all box connection weld sizes 
deviated from specified sizes, as discussed in Section 3.1 Test Specimens. 

However, test results indicate that a properly designed ring-stiffened box connection will 
have a higher fatigue resistance than a standard box connection of the same size. Moreover, the 
critical regions to check stress ranges are in the mast arm-to-flange plate welded connection, 
the four connection bolts, and just below the box connection. There have been no signs of 
distress with the box connection. The box connection can be considered adequate by these 
performance tests.  

6.3 Recommendations 
 An increase in the design detail category of the ring-stiffened box connection should be 
accompanied by a frequent and detailed field inspection program to verify the test results 
against a reasonable number of field installations. The inspection program should include the 
entire box connection, arm to flange plate welds and  the connection bolts. 

Because it was difficult to clamp the pole without incurring large stress concentration 
factors in either the box connection, pole wall, or clamping apparatus, it is suggested that 
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future box connection fatigue testing be done using a section of pole with an identical box 
connection on both ends, Figure 49. One side of the specimen can be clamped rigid, while the 
other is loaded. In essence, two box connections are tested simultaneously.  

 

   

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

To best emulate current test results, specify a tolerance on the inside diameter of the ring 
stiffener in conjunction with a minimum circumferential fillet weld size to ensure that a net 
desired weld size is met, regardless of the manufacturer or fabricating process. 

A 30 degree transition angle for fillet welds at connections (typically used for mast arm 
construction) is mandated in the Fatigue Design portion of the interim AASTHO 
specifications. While the pole-to-box joint is not a socket connection, a low transition angle 
fillet weld may perform better for this connection. A 5/16 inch by 45 degree fillet weld is 
specified for the tested joint, Figure 17. The weld profiles of the fatigued joint of Test 10 are 
given in Appendix D. Measurements of the actual transition angle at four points around the 
circumference of the pole, range from 19 degrees to 43 degrees, with an average of 30 degrees. 
The concavity of the weld profile accounts for the difference between the specified 45 degree 
fillet and the actual transition angle of the toe of the weld to the pole wall. For Test 10, the 
fatigue crack initiated at the toe of the weld where the local transition angle is greater than 45 
degrees. 

 Further investigation of arm flange plate deformation (prying action) under loading and 
how this affects connection bolt stresses is recommended to alleviate concerns regarding the 
bolt fatigue failures observed during testing. Diagonal loading is the most severe stress 
condition, as two of the bolts are near the centroid of the bolt pattern, while the other two 
(those most closely aligned with the axis of loading) will be carrying a majority of the load. A 
non-zero force at the center of stroke could be used to simulate the effect of dead load, which 
may have implications on the test results.  

 Finally, the findings support the possibility of increasing the mast-arm length for a given 
design. The same moment that created the 7.5 ksi and 16 ksi in-plane stress ranges were 
applied to the corresponding out-of-plane tests as a torque. Neglecting torsional stresses is 
conventional practice at present, as these stress are relatively low. Hence, in-plane galloping 

Resisting 
Clamping Force = 
Applied Force

Applied Force = P

Figure 49 – Schematic of Proposed Double Box Connection Test 
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stresses are likely to control the fatigue stress checks. Whether the mast-arm length may be 
increased will depend upon the importance category and whether galloping (in-plane) actions 
are considered in the design.  
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