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Fatigue Life Prediction and Variability of 
New and Existing Welded CHS Y-Joints

CHRISTOPHER M. FOLEY, JOHN L. PERONTO, and RAYMOND A. FOURNELLE

The design and analysis methods for ancillary highway 
structures have recently become the focus of many 

research efforts as a result of unsatisfactory in-service 
performance (Chavez, Gilani, and Whittaker, 1997; Dexter 
and Ricker, 2002; Gilani and Whittaker, 2000a; Gilani and 
Whittaker, 2000b; Gilani, Chavez, and Whittaker, 1997; 
Kaczinski, Dexter, and Van Dien, 1998). One structure type 
receiving significant attention is the overhead welded high-
way sign support truss (both full span and cantilevered span). 
These structures are prevalent throughout the United States 
and typical full-span truss configurations used are shown in 
Figure 1.

Many of these structures contain circular hollow shapes 
(CHS) and connections that employ circumferential fillet 
welds. There have been many recent reports of cracking in 
these structures in the vicinity of the welded connections 
(Dexter and Ricker, 2002). A first step in understanding the 
cause of these cracks is to quantify connection fatigue life 
performance and the variability in that performance. The 
goal of the present effort is to contribute to the process of un-
derstanding the fatigue life variability of welded connections 
composed of CHS typical of those used in ancillary highway 
sign support structures. This statistical data can then be used 
to generate rational fatigue life predictions and quantify the 
variability in the fatigue lives for these structures using ac-
cepted procedures (Moses, Schilling, and Raju, 1987).

Relatively little research has been conducted in the specif-
ic area of transportation sign support structures when com-
pared to other structure configurations, even though they are 

Christopher M. Foley is an associate professor, department 
of civil and environmental engineering, Marquette University, 
Milwaukee, WI.

John L. Peronto was formerly a graduate research assistant, 
Marquette University, Milwaukee, WI.  He is currently a struc-
tural engineer at Thornton-Tomasetti Group, Chicago, IL. 

Raymond A. Fournelle is professor, department of mechani-
cal and industrial engineering, Marquette University, Milwau-
kee, WI.

(a)

(b)

Fig. 1.  Typical sign support structures containing  
welded connections and round HSS shapes:  

(a) Type 1 aluminum supported sign and tri-chord truss;  
and (b) variable message sign (VMS) or changeable message  

sign (CMS) and four-chord box truss.
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found throughout the entire transportation network. Much of 
the present knowledge in the area of welded CHS connec-
tions typically found in these structures has been contributed 
by the offshore structure industry. Analytical efforts related 
to CHS connections are numerous and have spanned nearly 
two decades. The advent of finite element analysis as a wide-
ly available tool facilitated these efforts and they continue 
today. There have been numerous analytical and numerical 
efforts devoted to welded tubular connections (Chiew, Soh, 
and Wu, 1999; Chiew, Soh, and Wu, 2000; Karamanos, Ro-
meijn, and Wardenier, 1999; Karamanos, 2000; Lee, 1999; 
Lee and Wilmshurst, 1996; Lee and Wilmshurst, 1997; 
Noordhoek and de Back, 1987; Snijder, Gijsbers, Dijkstra, 
and ter Avest, 1987; Soh and Soh 1993). The present re-
search effort concentrates on experimental work and fatigue 
life variability, and this focus will remain for the literature 
review and synthesis to follow.

A large amount of experimental research in fatigue perfor-
mance of welded CHS connections has been carried out. It 
has primarily focused on connection details that are used in 
the design of offshore structures. The elastic stress distribu-
tion in the chord wall of CHS T-joints commonly found in 
offshore structures was the objective of one of the first in-
vestigations carried out in the United States (Brown, 1966). 
Similar investigations for Y-joints were also conducted 
(Chen, 1966). Experimental programs investigating the in-
plane static behavior of T-, Y-, and K-joints have also been 
undertaken (Beale and Toprac, 1967). The behavior of CHS 
T-joints subjected to fatigue loading with different stress 
ranges and different weld profiles — convex (as-welded sur-
face) or concave (ground smooth surface) — has been evalu-
ated (Natarajan and Toprac, 1968). This effort also sought to 
establish stress-life (S-N) curves for crack initiation in these 
joints. Investigations into the fatigue failure mechanism of 
welded tubular joints using fracture mechanics theory and 
experimental investigation data for crack initiation and prop-
agation have also been conducted (Becker, Bouwkamp, and 
Gerberich, 1970).

Stress analyses and fatigue tests have been performed on 
overlapping K-joints (Moe, 1987), and detailed evaluation 
of strain gage readings measured during a fatigue test of a 
tubular Y-joint has been undertaken (Camisetti, 1987). The 
fatigue testing of overlapping YT-joints has been conducted 
and application of S-N curves developed for nonoverlap-
ping connections for predicting the fatigue life of overlap-
ping joints has been validated (La Lani and Forsyth, 1987). 
The impact of residual stresses on the initiation and fatigue 
crack growth in welded tubular joints has also been studied 
(Glinka, Dharmavasan, and Dover, 1987), and the effects 
of seawater submersion on the fatigue performance of K-
joint specimens with random loading have been quantified 
(Schmale and Kreiskorte, 1987). European experimental 
fatigue testing results have been compared to analytical  

estimates generated for T-, Y-, K-, and X-joints (van Delft, 
Noordhoek, and DaRe, 1987), and the effect of material 
fracture toughness on the fatigue life of welded HSS joints 
has been assessed (van Den Brink and ter Avest, 1987).

The Comité International pour le Développement et  
l’Etude de la Construction Tubulaire (CIDECT) design guides  
for HSS (Rondal, Wurder, Dutta, Wardenier, and Yeomans, 
1992; Wardenier, Dutta, Yeomans, Packer, and Bucak, 1995; 
Wardenier, Kurobane, Packer, Dutta, and Yeomans, 1991; 
Zhao, Herion, Packer, Pthli, Sedlacek, Wardenier, Weynand, 
van Winderde, and Yeomans, 2001) and the text by Mar-
shall (Marshall, 1992) are currently the most comprehen-
sive sources for fatigue life prediction and static strength of 
welded CHS joints. These documents pull together the vast 
quantity of research conducted prior to 1999 and provide 
design recommendations for joint strength and stress-life 
curves using a number of methodologies (for example, the 
classification method and the hot-spot stress method). There 
have been several significant efforts related to the fatigue 
strength of welded HSS joints conducted since the publica-
tion of these documents. The behavior of welded T-joints 
composed of CHS and rectangular hollow shapes (RHS) has 
been experimentally quantified, and the use of the hot-spot 
stress methodology for fatigue life and static strength of these 
joints has been evaluated (Bian and Lim, 2003). Simplified 
stress concentration factor formulas for fatigue life predic-
tions have also been proposed and evaluated (van Wingerde, 
Packer, and Wardenier, 2001). An extensive evaluation of the 
fatigue life of CHS joints and their use in bridge structures 
has also recently been completed (Schumacher, 2003).

The extensive information related to CHS joints found in 
previous research efforts appears to omit information highly 
important to fully understanding the variability in the ex-
pected fatigue life of a sign support structure. Fatigue de-
tail categories have been recommended (AASHTO, 2001; 
Zhao et al., 2001), but the statistical distributions that model 
fatigue life variability have remained undefined. If fatigue 
life estimates (either the initial expected fatigue life or the 
remaining fatigue life given pre-existing service) are to be 
generated using established procedures (Moses et al., 1987), 
quantifying the fatigue life variability is a must. Furthermore, 
if reliability-based fatigue life estimates are to be generated, 
this information will be required.

The present paper outlines an experimental program un-
dertaken to quantify fatigue-life variability of the ET fatigue 
detail category for welded CHS connections commonly 
found in sign support structures. The program included fa-
tigue testing of existing and fabricated Y-joint specimens 
composed of CHS, detailed material characterization, and 
comparison of experimentally determined fatigue lives with 
a variety of analytical methodologies. Further details of the 
experimental portion of the study are available elsewhere 
(Peronto, 2003). The results of the research effort serve as 



ENGINEERING JOURNAL / FIRST QUARTER / 2006 / 59

the foundation for quantifying the expected service life for 
overhead sign support structures in relation to the fatigue 
limit state of the welded connections. Without statistical in-
formation related to the expected fatigue lives of the welded 
joints provided by the present effort, reliability-based design 
procedures that consider the fatigue limit state cannot be de-
veloped. The present data have been used as the basis for a 
procedure for predicting the service lives of full-span over-
head sign support trusses (Foley, Ginal, Peronto, and Four-
nelle, 2004; Ginal, 2003).

SPECIMEN FABRICATION AND  
FATIGUE-TEST FIXTURING

Three groups of specimens were fabricated, fixtured, and 
tested. The first group, denoted NS, consisted of 12 joint 
specimens fabricated from ASTM A513 DOM (drawn over 
mandrel) material. Three of the NS specimens included 
“back-grinding” to alleviate the need for filler weld metal 
around the circumference of the brace member. The differ-
ence in brace “fit” is shown in Figure 2. The second group, 
denoted ES, was composed of eight specimens that were cut 
from a decommissioned Wisconsin Department of Transpor-
tation (WisDOT) sign support structure. The structure went 
into service in 1962 and was decommissioned in 2002. The 

service life was therefore a little over 40 years. The final 
specimen group was a replacement for the NS group. The 
A513 DOM material used in the NS specimens is not allowed 
for sign support structures (AASHTO, 2001). Therefore,  
a third group of specimens, denoted NSx, was fabricated  
to provide data for specimens composed of specification-
compliant material (ASTM A53 or A500).

The authors are aware of several instances (AWSTech, 
2004; SEAINT, 2000) where the ASTM A513 DOM mate-
rial was requested as a substitution for ASTM A53 or A500 
material. The pricing pressures and material availability in 
recent history related to structural steel may result in suppli-
ers requesting substitutions for which the structural engineer 
has little documented evidence to support refusal. Such a 
substitution might be A513 DOM material (commonly used 
in mechanical engineering applications; for example, motor-
cycle frame design, automotive chassis design) for A500 or 
A53 CHS. Therefore, testing on both the NSx and NS speci-
mens was carried out to make definitive recommendations 
in this regard and provide the structural engineer with ex-
perimental evidence supporting the need for A500 and A53 
material in structures subjected to fatigue loading. The weld-
ing parameters for the NS and NSx specimens are given in 
Table 1. The dimensions of the specimen brace and chord 

Table 1.  Welding Parameters Used in Specimen Preparation (Peronto, 2003)

Electrode
(1)

Wire 
Diameter

(2)

Voltage
(3)

Amperage
(4)

Wire Feed
(5)

Shielding
Gas
(6)

E70S6 0.035 in. 24 V 190 A 636 in./min
75%—Argon

25%—CO2

(a) (b)

Fig. 2.  Saddle connectivity: (a) back-ground or fish-mouth specimen;  
(b) non-back-ground or straight-cut specimen (Peronto, 2003).
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members are given in Table 2. It should be noted that the 
specimens are full size and typical of those found in welded 
highway sign support structures. Therefore, it is expected 
that no “size effect” is present in the results.

An experimental fixture was designed and constructed to 
facilitate fatigue testing in an existing MTS 810 load frame 
with controller. Figures 3 and 4 illustrate the test fixture used 
to test the Y-joint specimens. The NS and NSx setups had 
slightly different fixturing with respect to the actuator side 
as shown. Further details regarding the experimental setup 
are available (Peronto, 2003).

MATERIAL CHARACTERIZATION

The material from which the fatigue specimens were fab-
ricated was characterized using chemical composition  
analysis, microscopic examination, Rockwell B testing and 
tensile testing. Samples were taken from the chord and brace 
members and were machined into ASTM compliant ten-
sion test specimens (ASTM, 1999a). The specimens were 
machined such that the axis of the specimen was parallel 
to the direction of rolling and (for the chord members) per-
pendicular to the axis of the cyclical loading applied to the 

Table 2.  Fatigue-Test Specimen Dimensions (Peronto, 2003)

Specimen 
Group

(1)

Specimen
I.D.
(2)

Chord Member Brace Member

O.D. (in.)
(3)

tw (in.)
(4)

O.D. (in.)
(5)

tw (in.)
(6)

NS

1 4.50 0.194 1.66 0.131

2 4.50 0.190 1.66 0.130

3 4.50 0.193 1.65 0.129

4 4.50 0.194 1.66 0.128

5 4.50 0.195 1.68 0.128

6 4.50 0.194 1.66 0.138

7 (B.G.)* 4.50 0.192 1.65 0.130

8 (B.G.)* 4.50 0.194 1.65 0.130

9 4.50 0.196 1.65 0.135

10 4.50 0.198 1.65 0.130

11 4.50 0.194 1.65 0.129

12 (B.G.)* 4.50 0.195 1.65 0.130

ES

1 5.625 0.284 1.91 0.149

2 5.625 0.289 1.90 0.152

3 5.625 0.281 1.93 0.153

4 5.625 0.275 1.90 0.156

5 5.625 0.290 1.92 0.157

6 5.625 0.275 1.89 0.160

7 5.625 0.290 1.89 0.158

8 5.625 0.285 1.91 0.160

NSx

1 4.50 0.237 1.66 0.140

2 4.50 0.237 1.66 0.140

3 4.50 0.237 1.66 0.140

4 4.50 0.237 1.66 0.140

5 4.50 0.237 1.66 0.140

6 4.50 0.237 1.66 0.140

* B.G. indicates that the specimen has been fabricated using back-grinding.
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Fig. 3.  Schematic for experimental fatigue testing.

  

 (a) (b)

Fig. 4.  Typical specimen support fixture in MTS machine: (a) ES and NSx specimen fixturing (ES shown); (b) NS fixturing.
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brace. Four tensile test specimens for chord material were 
generated for the NS joints, three for the NSx joints, and 
three for the ES joints.

An extensometer was mounted to the specimens and 
modulus of elasticity data were obtained. The experimen-
tal data indicated that the materials had modulus values in 
the expected range (28,000–29,000 ksi) for structural steels 
(Peronto, 2003). Unfortunately, an extensometer capable of 
providing full stress-strain response data was not available. 
Therefore, the tension testing conducted resulted in graphical 

display of applied stress (engineering stress) versus displace-
ment of the testing machine cross-head. While this cannot 
allow stress-strain data to be generated, it certainly allows 
yield stress, ultimate tensile stress, and percent elongation at 
rupture to be determined. These were felt to be sufficient to 
characterize the materials. Figures 5 through 7 illustrate the 
tensile testing data generated for all specimens.

The stress-extension behavior of the ES material had 
a well-defined yield plateau typical of hot-rolled, mild- 
carbon structural steel. The yield plateau was utilized to de-
fine the yield stress for the material by selecting the lower 
yield point. The NS and NSx materials had stress-extension 
behavior that exhibited no well-defined yield stress. An ap-
proximate yield stress for these materials was determined 
visually using the stress-elongation curves. Figures 5 and 7 
illustrate the approximate yield stress chosen for these mate-
rials. The lack of an extensometer for the testing precluded 
use of the 0.2% offset or other technique for defining the 
yield stress (ASTM, 2004).

Table 3 provides the average percent elongations, yield 
stress and ultimate stress for the tensile tests conducted for 
each specimen group. There is a significant difference in 
percent elongation in the NS material when compared to 
the NSx and ES materials. The ramifications of this lack  
of ductility in the material will be related to the fatigue life 
of joints composed of NS material as well as the material’s 
microstructure. The minimum yield strength and minimum 
ultimate tensile strength requirements for ASTM A500  
(Gr. B and C), A53 (Gr. B and C), and the various versions 
of A513 material are also provided in Table 3. The NSx and 
ES specimen groups both demonstrate yield stress, ultimate 
stress, and ductility similar to that required for ASTM A500 

Fig. 5.  Stress-extension behavior of material comprising  
NS specimen group.

Fig. 6.  Stress-extension behavior for material comprising  
ES specimen group.

Fig. 7.  Stress-extension behavior for material comprising  
NSx specimen group.
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Table 3.  ASTM Minimum Tensile Test Data Requirements and Properties  
Determined via Tensile Testing (Peronto, 2003)

ASTM Designation or Specimen Designation
(1)

Fy (ksi)
(2)

Fu (ksi)
(3)

Percent
Elongation

(4)

A53 A53 Gr. B 35 60 n/a

A500
A500 Gr. B 42 58 23

A500 Gr. C 46 62 21

A513
(AISI 1026)

Sink Drawn 55 70 7

Mandrel Drawn 70 80 5

Mandrel Drawn Stress-Relieved 65 75 10

Present

NS 83.0 † 95.2 10.6

NSx 52.3 † 70.4 26.0

ES (avg.) 45.4 70.5 26.8
† Indicates value obtained by rational visualization of Figures 5 and 7 for NS and NSx materials, respectively.

Table 4.  Material Chemistries (percentage of total weight with balance being iron)  
for NSx and ES Specimen Material (Peronto, 2003)

Element
(1)

ASTM NSx ES ASTM

A53 Gr. B  
Type S & E

(2)

Chord (1022)
(3)

Brace (1010)
(4)

Chord (1026)
(5)

Brace (1022)
(6)

A500 Gr. B
(7)

A500 Gr. C
(8)

Si n/a 0.02 0.03 0.02 0.13 n/a n/a

S 0.045 0.006 0.004 0.027 0.019 0.045 0.045

P 0.05 0.014 0.017 0.007 0.011 0.045 0.045

Mn 1.20 0.70 0.56 0.76 0.71 1.40 1.40

C 0.30 0.22 0.07 0.26 0.23 0.30 0.27

Cr 0.40 0.01 0.07 0.07 0.04 n/a n/a

Ni 0.40 0.01 0.06 0.05 0.02 n/a n/a

Mo 0.15 < 0.01 0.01 0.02 < 0.01 n/a n/a

Cu 0.40 0.02 0.10 0.08 0.04 0.18 0.18

V 0.08 < 0.005 < 0.005 < 0.005 < 0.005 n/a n/a

Pb n/a < 0.01 < 0.01 < 0.01 < 0.01 n/a n/a

Al n/a 0.047 < 0.033 0.028 0.021 n/a n/a

Ti n/a < 0.005 < 0.005 n/a n/a n/a n/a
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Table 5.  Material Chemistries (percentage of total weight with balance being iron)  
for NS Specimen Material (Peronto, 2003)

Element
(1)

ASTM NS ASTM

A513
(1026)

(2)

Chord  
(1026)

(3)

Brace 
(1008)

(4)

A53 Gr. B  
Type S & E

(5)

A500
Gr. B
(6)

A500  
Gr. C
(7)

Si n/a 0.03 0.01 n/a n/a n/a

S < 0.035 0.007 0.007 0.045 0.045 0.045

P < 0.035 0.012 0.016 0.05 0.045 0.045

Mn 0.60 – 0.90 0.71 0.43 1.20 1.40 1.40

C 0.22 – 0.28 0.24 0.08 0.30 0.30 0.27

Cr n/a 0.03 0.03 0.40 n/a n/a

Ni n/a 0.02 0.01 0.40 n/a n/a

Mo n/a < 0.01 < 0.01 0.15 n/a n/a

Cu n/a 0.02 0.02 0.40 0.18 0.18

V n/a < 0.005 < 0.005 0.08 n/a n/a

Pb n/a < 0.01 < 0.01 n/a n/a n/a

Al n/a 0.042 0.06 n/a n/a n/a

Ti n/a n/a n/a n/a n/a n/a

Gr. B and C materials. The yield stress, ultimate tensile stress 
and ductility values determined for the NS material via test-
ing indicate that it meets requirements for A513 mandrel- 
drawn (DOM) material. The ductility magnitudes seen in 
the test results indicate that it may be stress-relieved. The  
Fy /Fu ratios are 0.50 for the NS specimens, 0.66 for the NSx 
specimens, and 0.64 for the ES specimens.

Rockwell B hardness tests were also conducted for the 
chord, brace, and the weld materials. Measured Rockwell B 
data were typical for mild-carbon steels and weld electrode 
material. The weld material, brace material, and chord mate-
rial showed consistent values in the range of 77 to 91 (Peron-
to, 2003). Several of the joints (NS and ES) were examined 
for weld penetration into the base material at the fillet welds. 
The study indicated that the joints examined had very good 
weld penetration into the base metal without undercutting 
(Peronto, 2003).

Chemical composition analysis for all materials was con-
ducted. Tables 4 and 5 contain the material chemistry data 
for the NS, NSx, and ES specimens. Based upon chemical 
composition, the NSx, ES, and NS material certainly appears 
to satisfy the ASTM A53 and A500 chemical composition 
requirements. However, the ductility of the NS material is 
lacking. Therefore, the importance of ductility requirements 
in material specification is reinforced. It should be noted 
that the values contained in the table are percentages of total 

weight with the balance being iron. As a result, only the al-
loying element percentages are reported.

The material characterization continued with examination 
of the material’s microstructure. Three regions were exam-
ined for each of the specimens (NS, NSx, and ES): the chord 
material, brace material, and material in the heat affected 
zone (HAZ). Microstructures typical for all materials are 
shown in Figures 8 through 10. Darker regions in the figures 
are pearlite and the lighter regions are proeutectoid ferrite. A 
greater percentage of pearlite in the field of view relative to 
the ferrite indicates greater carbon content. The amounts of 
pearlite in the chord and brace material are consistent with 
the carbon contents of the components given in Tables 4 and 
5. Comparison of the 500x material microstructures for the 
ES and NSx material illustrates the significant difference for 
the two materials’ microstructures and is the reason for the 
difference in the stress-elongation response shown in Fig-
ures 6 and 7.

The ES and NSx microstructures exhibit a relatively uni-
formly distributed (regular) mixture of pearlite and ferrite; 
therefore, the material ductility is at the levels demanded for 
structural engineering purposes. However, the material in 
the NS specimens is heavily banded (refer to Figure 8). The 
proeutectoid ferrite and the pearlite form well-defined layers 
parallel to the rolling direction and the longitudinal direction 
of the chord. This banding results from the micro-segregation  



ENGINEERING JOURNAL / FIRST QUARTER / 2006 / 65

of alloy elements, especially carbon, during solidification of 
the steel at its initial stage in production. This extreme band-
ing can result in anisotropic behavior in the steel and can 
have an adverse affect on the material’s ductility and fatigue 
life. The banding can also lead to micro-cracking in the base 
material during weld cooling.

The bilinear response in the elastic portion of the stress-
elongation curve seen in Figure 5 is very interesting 
and appears to be related to the banding exhibited in the  
NS material microstructure. Several tension tests with an ex-
tensometer were conducted to verify that this kink indeed 
existed in the stress-elongation response. It was initially 
thought that this might be slip in the grips of the testing ma-
chine. However, it may be argued that the banded micro-
structure could be leading the NS material to behave as a 
laminated composite material with a secondary elastic stiff-
ness becoming prevalent after initial yield. The formation of 
this kink and its impact on the material’s behavior is under 
further study but is outside the scope of the present research 
effort because the NS material does not satisfy design speci-
fication requirements (AASHTO, 2001).

Overall, extreme banding in microstructure can lead to 
premature fatigue failure. This effect was clearly observed 
in the fatigue performance of the NS group of specimens to 
be discussed in the next section. Further discussions of the 
effects of material banding in steel microstructures are avail-
able (ASM, 1996; ASM, 2002; Khalid, Farooque, ul Haq, 
and Khan, 1999; Ramanathan and Foley, 2001; Van Aken, 
2001).

FATIGUE TESTING

Fatigue testing of all specimens was conducted by loading the 
brace member axially in cyclical tension. The experimental 
fixturing was previously described and is shown in Figures 
3 and 4. The loading applied had constant amplitude, the 
frequency varied from 1 to 2 Hz, and the procedure followed 
established protocols (ASTM, 1998; ASTM, 1999b; ASTM, 
2002). Failure of a specimen during the testing was defined 
as one of two scenarios (Peronto, 2003): separation of the 
brace member from the chord by 0.5 in.; or the instant when 
the specimen could not support the maximum loading in the 
loading range (5% tolerance on this magnitude).

Figure 8:  NS microstructure: (a) 200x chord, (b) 500x chord, (c) 200x brace, (d) 500x brace (Peronto, 2003).
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Fig. 9.  ES microstructure: (a) 200x chord, (b) 500x chord, (c) 200x brace, (d) 500x brace (Peronto, 2003).

Fig. 10.  NSx microstructure: (a) 200x chord, (b) 500x chord, (c) 200x brace, (d) 500x brace (Peronto, 2003).
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Many of the NS and ES specimens were outfitted with 
strain gauges (four total) mounted around the circumference 
of the brace member in 90° intervals (Peronto, 2003). These 
gauges were utilized to quantify the stress-range gradient 
across the brace member diameter resulting from the speci-
men fixturing and to validate the load magnitudes set in the 
load-frame controller. The strain gauges were mounted at a 
distance of at least one brace diameter from the fillet weld. 
The average measured strain readings around the circumfer-
ence of the brace member, the measured elastic modulus for 
the material, and the measured cross-sectional area of the 
brace member were used to check the load ranges imparted 
by the MTS controller. The load range indicated by the MTS 
controller was compared to the load range computed using 
the measured strain, elastic modulus, and cross-sectional 
areas. In all cases, the expected load range computed from 
measured data closely correlated with the load ranges report-
ed by the MTS controller. The stress ranges, Sr, used in the 
NS, NSx, and ES material testing are given in Table 6.

The failure modes of the NS, NSx, and ES specimens 
varied slightly. All specimens in the NS group had failure 
defined by loading tolerance. As expected, a crack initiated 
at the weld toe at the crown position on the chord and failure 
occurred with the crack extending at least one-half the brace 
member circumference (see Figure 11). The failures of the 
NSx and ES specimens were significantly different. Tearing 
of the brace member from the chord was present in these 

specimens prior to triggering the cyclic loading termination 
criteria. It was difficult to ascertain exactly which criteria 
resulted in the controller stopping the test for the ES and 
NSx specimens. However, the 0.5 in. separation criteria cer-
tainly could have been active when the controller shut down 
the load cycling. The failure of the NSx and ES specimens 
indicate that the material was significantly tougher than that 
of the NS specimens. This is exhibited by the tearing of the 
brace member away from the chord member in the NSx and 
ES group (see Figure 11). It should be noted that the failure 
process for several specimens from the NSx and ES group 
was observed. The number of cycles expended during tear-
ing was minimal. Typical in-service failures for these struc-
tures (refer to Figure 12) have been similar to those seen in 
the experiments.

The fracture surface of an ES specimen was examined 
using a scanning electron microscope (Peronto, 2003). Fa-
tigue crack striations were observed on the fracture surface,  
indicating that this material did indeed support fatigue crack 
growth. The material testing performed for the NSx and ES 
specimens indicated significant toughness and that stable 
growth of fatigue cracks would be possible.

The experimental fatigue-testing data obtained for all 
specimens is given in Figure 13. The 95% confidence  
fatigue-life curve corresponding to the detail category for 
this welded connection (AASHTO, 2001) is also shown 
in the figure as AASHTO (2001). All specimen data fall  

Table 6.  Fatigue Testing Statistics for Specimens Tested

Parameter
(1)

NS
(2)

NSx
(3)

ES
(4)

Sr (ksi) 19.1 17.9 14.0

µ (cycles) 18,224 55,785 128,979

σ (cycles) 2,410 14,260 35,374

COV 0.132 0.256 0.274

 median (cycles) 18,862 56,572 144,569

µInN 0.352 0.477 0.492

σInN 9.748 10.815 11.646

N

95% 9,595 22,710 50,850

70% 13,502 36,070 81,970

50% 17,120 49,760 114,240

A

95% 0.668×108 1.302×108 1.395×108

70% 0.941×108 2.069×108 2.249×108

50% 1.193×108 2.854×108 3.135×108
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(a)

   

 (b) (c)

Fig. 11.  Typical specimen failures: (a) NS material specimens, (b) ES material specimens, (c) NSx material specimens.

outside this predictive equation (AASHTO, 2001). It should 
be noted that the NS experimental data for fatigue life are very 
low when compared to the ES and NSx results. The reason 
for this is the extreme banding in the material’s microstruc-
ture. It appears that the stress-life curve (AASHTO, 2001) 
 sufficiently captured the lower boundary of the fatigue-
life data for the NS specimens. The impact of the material 
microstructure on the fatigue life is apparent. ASTM A513 
DOM material should not be allowed for sign support struc-
tures, or structures subjected to fatigue loading. It should be 
noted, however, that back-grinding did not appear to have 
an impact on the fatigue life of the NS specimens (Peronto, 
2003), confirming previous findings.

FATIGUE-LIFE VARIABILITY ANALYSIS

Determining an adequate statistical model for the ET detail 
category connection, typical of welded CHS joints, is of 
paramount importance to predict fatigue life and its vari-
ability for welded CHS sign support structures. Quantifying 
fatigue-life variability is currently not possible using specifi-
cations for design (AASHTO, 2001). The culmination of the 
experimental effort undertaken in this study was generation 
of statistical information needed to quantify fatigue-life vari-
ability of welded CHS joints suitable for use in fatigue-life 
estimation methodologies (Moses et al., 1987).
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The present study utilizes an experimental stress range, 
Sr, and examines the statistical variation in the number of 
cycles to failure at that stress range. This process is schemat-
ically shown in Figure 14. Target stress ranges, Sr

1and Sr
2, 

are defined. There will be variation in the number of cycles 
to failure at each of these stress ranges, and each statistical 
distribution will have its own N1

95 and N2
95 values that define 

the number of cycles to failure that are exceeded by 95% of 
all data at the given stress range. It should be noted that if the 
constant amplitude fatigue limit (CAFL) was being studied, 
the variability in stress range (rather than number of cycles 

to failure) would be more appropriate. The reason is that a 
fatigue life of 2,000,000 cycles may be defined as “infinite,” 
but there would likely be a variety of stress ranges resulting 
in 2,000,000 or more cycles to failure. The technique used 
in the present study ignores uncertainty in the target stress 
range. This is felt to be a minor issue as the same experi-
mental fixturing and test-frame was used for all NSx and ES 
specimens.

Linear stress life curves with 95% confidence levels can 
be defined for each set of experimental data (for example, 
NSx and ES specimens). Each line has a common slope in 

  

Fig. 12.  Typical cracking observed during sign support structure service life.

Fig. 13.  S-N experimental data, CIDECT-8 (Zhao et al., 2001) prediction (fixed-end chord)  
and current design S-N curves (AASHTO, 2001).
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log-space as indicated in Figure 14 and two ordinate inter-
cepts are defined. If the intercepts, A1

95 and A2
95, are “close” 

to one another, then one value may be used to define a linear 
relationship corresponding to 95% confidence-level fatigue 
lives. If these values are not “close” to one another, or mul-
tiple stress ranges (for example, more than the two consid-
ered in the present study) were utilized, one could consider 
a statistical distribution in A95 with a 95% confident value 
being that used for design.

It was determined that the variability in the number of 
cycles to failure at each stress range for all specimens was 
adequately modeled using a log-normal cumulative distri-
bution function through plotting sample experimental data 
on probability paper (Peronto, 2003). Given that the sample 
data followed the log-normal model, the probability that a 
number of stress cycles to failure, N, will exceed a defined 
(design) value, ND, can be computed using (Nowak and Col-
lins, 2000)

 P N N
N

D
D N

N
≥ 









1 0.

ln ln

ln

µ
 (1)

where 
µlnN and σlnN =  the mean and standard deviation in the 

natural log of the number of cycles to 
failure

φ   =  the normal cumulative distribution  
function

 Equation 1 is used to establish cycle counts that correspond 
to user-defined confidence levels. Using the data in Table 6 
for the NSx specimens and Equation 1 as an example, the 
probability that the number of cycles to failure will exceed 
22,710 is

 P N ≥  =22 710 0 95, .

This allows one to state that there is 95% confidence that the 
number of cycles to failure for the NSx specimens at a stress 
range equal to 17.9 ksi will be at least 22,710 cycles.

The log-normal statistical model also allows S-N diagrams 
for other confidence levels to be established. Linear model 
parameters for 95, 70, and 50% (median) confidence levels 
are given in Table 6. These alternate confidence levels allow 
the engineer to “put a number” on situations where the 95% 
confidence fatigue life disagrees with reality. For example, 
the 95% confidence level prediction would allow the engi-
neer to say with 95% confidence that the fatigue life would 
be at least “x” cycles. However, it may also be valuable to be 
able to say one is 50% confident that the fatigue life would 
be at least “y” cycles. This allows the structural engineer to 
qualify situations when in-field performance does not match 
experimental prediction or simulation, and to tailor inspec-
tion intervals based upon confidence levels for fatigue life. 
Furthermore, if design values are set at 95% confidence (as 
currently done), then this also provides for inspection cycles 
for fracture-critical elements.

Fig. 14.  Schematic of the approach used to establish stress-life curves  
for fatigue-life estimation in regions outside the CAFL.
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The region in stress-life space that is of interest in the 
present study corresponds to stress ranges that are above 
the constant amplitude fatigue limit (CAFL). Using the 95% 
confidence level number of cycles to failure, the relationship 
between stress range and fatigue life can be written as

 log log logN A Sr
95 95 3= −  (2)

where 
A95 = x-axis intercept corresponding to the 95% confi-

dence number of cycles to failure at the defined 
constant amplitude stress range with a slope  
of 3 

 Table 6 indicates that the 95% confidence A-value for 
the NSx and ES specimens were 1.302×108 and 1.395×108, 
respectively. A conservative lower A-value (1.3×108) was 
used to define a design stress-life curve for the NSx and ES 
specimens. 

It is important to note that there is approximately 7% dif-
ference between A95 values for the NSx and ES specimens. 
These values imply greater fatigue life for the older mate-
rial for all stress ranges. This is in spite of the fact that the 
ES material had 40 years of service prior to testing. The ES 
specimens were coated in thick layers of paint throughout 
the service life, where newer sign support structures are 
likely galvanized to minimize in-service maintenance. The 
NS and NSx specimens were not galvanized for the present 
study.

The experimental results for all three specimen groups are 
shown in Figure 13. The 95% and 50% confidence fatigue-
life curves for the NSx and ES specimens are also shown 
in the figure. The 95% confidence fatigue life curve based 
upon the experimental results is significantly beyond the 
95% curve used in the current specifications (AASHTO, 
2001). It should be noted, however, that only two specimen 
groups consisting of Y-joint specimens and the correspond-
ing fatigue tests are being used to define the 95% confidence 
stress-life curve in the present study. 

COMPARISON TO PREDICTIVE EQUATIONS

As previously mentioned, the CIDECT design guides for 
hollow structural shapes (HSS) (Rondal et al., 1992; War-
denier et al., 1995; Wardenier et al., 1991; Zhao et al., 2001) 
and the text by Marshall (Marshall, 1992) are currently 
the most comprehensive sources for fatigue-life prediction 
methodologies and static strength computations for welded 
CHS joints. The steel design manual (AISC, 2001) includes 
specifications and commentary on design using HSS, and a 
separate specification devoted to HSS is available (AISC, 
2000), but fatigue is not considered. The present section out-
lines a comparative study between fatigue-life predictions 

made using the CIDECT-8 procedure and the experimental 
results for the NSx and ES specimens. The NS material was 
not considered in this comparison.

Fatigue lives for the ES and NSx specimens were comput-
ed using the CIDECT-8 procedure (Zhao et al., 2001). The 
experimental fixturing suggested the following analysis for 
bending and axial stress in the specimens. The two clamps 
shown in Figure 4 supply end conditions for the chord mem-
ber that are likely somewhere in between the two extremes 
of pinned and fixed. The cyclical loading applied to the brace 
member through the actuator was resolved into components 
parallel and perpendicular to the chord. The perpendicu-
lar component was assumed to cause bending on a span of  
14 in. or 13.6 in., depending on the specimen (refer to  
Figure 3). The parallel component was assumed to be split 
equally between the two chord segments, leading to the sup-
port clamps with tension force being applied to the upper 
segment of the chord member. The tensile stresses in the 
chord due to bending moment supplied through the brace 
member and the direct tensile stresses resulting from the 
loading configuration are additive at the crown of the chord 
member.

Two conditions of bending in the brace member were 
considered: bending and no bending. Table 6 contains the 
direct tension stress ranges. The magnitude of the ES speci-
men tension stress ranges resulting from bending was very 
close to 3.8 ksi for each of the specimens that were instru-
mented. The NSx specimens contained identical fixturing to 
that of the ES specimens (for example, perpendicular plate 
connection to the actuator), and therefore, the same bend-
ing stress ranges were used for the NSx specimens. The  
CIDECT-8 procedure makes provisions for considering 
bending stresses in the brace, and these procedures were  
followed in the present computations. An example MathCAD 
(MEEI, 2003) worksheet typical of that used for these com-
putations is given in the Appendix (ES material, bending 
present in the brace, pinned chord end conditions). 

Table 7 contains the fatigue life predictions for the NSx 
and ES specimens computed using the CIDECT-8 procedure 
(Zhao et al., 2001) as implemented in the MathCAD (MEEI, 
2003) worksheet found in the Appendix. The presence of 
bending in the brace and the chord end conditions has a sig-
nificant impact on the fatigue life of the welded CHS joint. 
The fatigue lives found in Table 7 ignore partial safety fac-
tors that likely would need to be applied for real structures. 
Figure 13 contains fatigue life predictions of the CIDECT-8 
procedure for pinned-end chords with and without bending 
in the brace. The pinned-end condition reflected the experi-
mental data more closely than the fixed-end conditions. The 
predictions for the fatigue lives of the specimens fall nicely 
within the experimental results obtained.

When bending is considered in the brace, the fatigue-life 
prediction falls near the median number of cycles to failure  
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(50% confidence line). When brace bending is ignored, 
the CIDECT-8 prediction falls at the upper end of the ex-
perimentally determined cycles to failure. Altering the end 
conditions on the chord to the fixed condition results in a 
right-ward shift in the CIDECT-8 prediction to a location 
where the no bending condition falls at the upper end of the 
experimental results and the bending condition falls to the 
right of the experimental data obtained.

The CIDECT-8 procedure (Zhao et al., 2001) provides very 
reasonable predictions of the number of loading cycles to 
failure for the NSx and ES specimens tested. CIDECT-8 pre-
dictions for the NS material specimens were not computed. 
As described previously, the banding in the microstructure 
of this material should disallow its use for joints subjected to 
fatigue loading. The procedure provides fatigue-life predic-
tions that fall very close to the median number of cycles to 
failure obtained experimentally when pinned end conditions 
for the chord members and brace member bending were in-
cluded in the predictive equations. The CIDECT-8 procedure 
also correctly predicted the location for crack initiation (the 
crown of the chord member) for all specimens.

CONCLUSIONS

There are several conclusions and recommendations that can 
be made in light of the completed study. The experimental 
data illustrate that banding in a CHS material’s microstruc-
ture can cause bilinear behavior in the elastic region of the 
material’s stress-strain response and a marked decrease in 
material ductility. The detrimental impact of the material 
microstructure on the fatigue life has also been confirmed. 
A513 DOM material should not be allowed for sign sup-
port structures or structures subjected to fatigue loading that  

contain welded CHS joints. Furthermore, material specifica-
tions for these CHS should include chemical composition 
requirements and minimum percentage elongation require-
ments. Back-grinding appears to have no impact on the fa-
tigue life of the welded CHS joints tested, thus confirming 
past research findings.

The fatigue-life variability at any stress range above the 
CAFL can be modeled using a log-normal cumulative dis-
tribution function. The 95% confidence-level ordinate in-
tercept used in design specifications (AASHTO, 2001) for 
welded CHS joints appears to be conservative. The fatigue 
lives of the ES material joints tested fall well above the 95% 
confidence level lines (AASHTO, 2001; Peronto, 2003) and 
are comparable to the NSx material results. This would in-
dicate that the 40-year service life of the sign support struc-
ture from which these specimens were obtained had little 
or no damage induced during its service life. The structure 
from which the ES specimens were cut was painted with a 
very viscous paint colloquially referred to as “red lead.” Sign 
support structures are presently galvanized to minimize field 
maintenance. It would be very interesting to evaluate the im-
pact of the galvanizing process on the fatigue lives of welded 
CHS joints.

The CIDECT-8 methodology appears to be capable of pre-
dicting the median fatigue lives for the welded CHS joints 
studied. It should be noted that it may be prudent to adjust 
the CIDECT-8 predictions with partial safety factors to 95% 
confidence levels when design recommendations are made. 
These partial safety factors should be generated for a variety 
of confidence levels where some could be used for design, 
and others would be suitable for understanding in-service 
fatigue performance.

Table 7.  CIDECT-8 (Zhao et al., 2001) Fatigue-Life Predictions for Various  
End Conditions and Presence of Bending in the Brace Member

Chord End Condition and
Brace Bending Condition

(1)

Fatigue Life

NSx
(2)

ES
(3)

Fixed:

 No Bending 121,600 255,900

 Bending 73,790 137,700

Pinned:

 No Bending 73,790 183,700

 Bending 48,420 104,500
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