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Fatigue Strength and Fracture Behaviour of CHS-to-RHS T-Joints 
Subjected to Out-of-Plane Bending 
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The fatigue behaviour  of  six different hol low section T- jo in t s  subjected to ou t -o f -p l ane  

bending moment  was investigated experimentally using scaled steel models. The  joints  had 

circular  brace members and rectangular chord members. Hot spot stresses and the stress 

concentra t ion factors (SCFs) were determined experimentally.  Fat igue testing was carried out 

under constant ampli tude loading in air. The test results have been statistically evaluated, and 

show that the experimental  S C F  values for c i rcu la r - to - rec tangula r  ( C H S - t o - R H S )  hol low 

section joints  were found to be below those of  c i rcu la r - to -c i rcu la r  ( C H S - t o - C H S )  hol low 

section joints• The  fatigue strength, referred to experimental  hot spot stress, was in reasonably 

good agreement with referred fatigue design codes for tubular  joints.  
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Minimum nominal  stress in a constant 

ampli tude cycle 

Hot spot stress 

Brace nominal  stress (according to 

beam theory) 

Thickness o f  chord 

Non-d imens iona l  geometrical  parame- 

ters, see Fig. 1 and Table  2 

Hot spot stress range 

Brace nominal  stress range 

Extrapolated hot spot strain 

Min imum specified yield stress 

1. I n t r o d u c t i o n  

The fatigue failure of  ho l low section joints  is 

commonly  encountered in deal ing with engineer- 

ing structures. It is found that the fatigue failure 

of  practical structures, in general, first occurs at 

the weld toe of  the joints.  The static and fatigue 

assessment of  hol low section weld joints  is of  

great importance in ensuring structural reliabili ty 
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and has been given special attention by many 

investigators (Chiew and Soh, 2000; Suh et al., 

2001). Hollow section joints are generally either 

c ircular- to-circular  (CHS- to-CHS)  or rectangu- 

lar- to-rectangular  (RHS- to -RHS)  joints. For  

offshore structures, which are subjected to fatigue 

by wave loading, circular hollow sections are 

used almost exclusively due to their relatively 

smaller hydrodynamic loads and stress concen- 

trations in joints. However, in CHS- to -CHS 

joints, the hollow section members are joined 

together by welding the profiled ends of secon- 

dary members, the braces, onto the circum- 

ference of the main member, the chord. There- 

fore, compared with RHS- to -RHS joints, the 

fabrication of  C H S - t o - C H S  joints is more costly 

due to their complicated joint  geometry. Also, the 

behaviour of these welded tubular connections, 

even in their simplest configuration, is complex 

and their analysis is difficult. The stress concen- 

trations in R H S - t o - R H S  joints are generally 

larger, and they have correspondingly lower fa- 

tigue lives. However, rectangular hollow sections 

provide a simpler joint  geometry for fabrication 

of the joints (lower joint  fabrication cost) and are 

frequently used for onshore structures and struc- 

tures which are predominantly subjected to static 

loads. Joints with circular braces and rectangular 

chords may in many applications provide an 

optimum solution with a simple joint  geometry 

for fabrication and a relatively smaller stress con- 

centration factor compared to R H S - t o - R H S  jo- 

ints. However, a study of the available literature 

reveals that there is a very little information and 

virtually no design guidance available for the 

fatigue design of  C H S - t o - R H S  joints. The cur- 

rent lack of design recommendations has been a 
major obstacle to the use of this hybrid connec- 

tion for fatigue-loaded structures. 

Bian and Lim (2001) presented some experi- 

mental results for CHS- to -RHS joints with axial 

and in-plane bending loadings, which indicated 

that joints with a large f l-rat io would fail with 
anomalously low fatigue strength. The stress con- 

centration factors (SCFs) for this hybrid joint  
(CHS- to-RHS)  were sometimes between those of  
the RHS- to -RHS joint  and the C H S - t o - C H S  

joint, and sometimes even below the CH S- to -  

CHS joint. The mean fatigue life correlated well 

with the proposed design curve for 16 mm plate 

thickness (Gurney, 1982). Therefore, it appeared 

worthwhile doing more investigations on CHS-  

to -RHS joints. In the present study, the fatigue 

behaviour of C H S - t o - R H S  T-joints  subjected to 

out -of-plane  bending loading was investigated 

experimentally, and the results obtained were 

compared with design guidance for C H S - t o - C H S  

joints. Some of  the specimens were joints with a 

large/~-rat io.  The work was undertaken in order 

to provide a data base which could be developed 

into design guidance for fatigue design of CHS-  

to -RHS joints. This study is a basic, and also a 

necessary, step for the practical application of 

C H S - t o - R H S  joints and forms a foundation for 

future studies. 

2. Experimental Specimens 

The material of the brace and chord members 

was steel to Standard DIN 17100, which is com- 

monly used in offshore structures and has the 

following nominal tensile properties, 

Modulus of Elasticity, E : 210 GPa 

Min. Yield Stress, SYs : 275 MPa 

Min. Elongation : 22% 

Figure 1 illustrates a typical T- jo int  geometry 

used in the present experiments. The details of 

t 

Brace 

hord 1 L 
Fig. 1 

" 4 I, B 
Geometry of a CHS-to-RHS jo in t  
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Table 1 Dimensions of s ~ecimens 

Brace Chord 
Specimen No. 

d (mm) t (mm) 1 (mm) B (mm) T (mm) t (mm) 

T IOPB 82.5 6.7 900 200 I0.0 720 

T2OPB 51.0 8.7 900 180 10.0 720 

T3OPB 

T4OPB 

T5OPB 

160.0 

82.5 

6.3 

6.7 

900 

900 

200 

200 

6.3 

10.0 

1000 

1000 

140.0 8.7 900 200 10.0 1200 

T6OPB 160.0 6.3 900 200 6.3 1200 

T : T-joint,  OPB out-of-plane bending loading. 

Table 2 Non-dimensional geometrical parameters of the specimens 

Specimen No. ~ fl 7 r 

T1OPB 

T2OPB 

T3OPB 

3.60 

4.00 

0.41 

0.28 

10.00 

9.000 

0.67 

0.87 

5.00 0.80 15.90 1.00 

T4OPB 5.00 0.41 10.00 0.67 

T5OPB 6.00 0.70 10.00 0.87 

T6OPB 6.00 0.80 15.90 1.00 

where a '=L/B ,  f l=d /B ,  7 = B / 2 T  and r = t / T .  

the specimens are listed in Table  1. The  main 

geometr ical  factors governing the fatigue behav- 

iour  can be expressed by the non-d imens iona l  

geometrical  parameters as presented in Table  2. 

The  specimens were fabricated locally by manual  

electric metal  arc welding with full penetrat ion 

welds. The welding procedures were the same as 

for offshore applications.  The  brace member  was 

located at the mid section of  the chord. The  joints  

were inspected using standard non-des t ruct ive  tes- 

ting methods to ensure that no cracks or  fabrica- 

t ion weld defects were present. 

3. Experimental Set-up 

For  ho l low section joints  three different basic 

loading cases are defined: axial loading,  in -p lane  

and o u t - o f - p l a n e  bending loadings. Each load 

case has its par t icular  distr ibut ion o f  stresses 

along the intersection l ine and thereby its partic- 

ular influence on the fatigue life of  the joint .  

In the present investigation, six specimens were 

tested with o u t - o f - p l a n e  bending moment.  F igure  

2 shows the experimental  set-up. The both ends of  

2 

Fig. 2 

7 8 

I 
4 5 

Schematic diagram of the experimental system 

1. Brace. 2. Chord. 3. Electric strain gauges. 

4. Amplifier. 5. Strain logger. 6. Static/Fa- 

tigue loads. 7. Actuator control unit. 8. Fa- 

tigue cycle counter. 

the chord were restrained rigidly in all directions. 

Static and fatigue loads were applied by loading 

at the end of  the brace. The models  were instru- 

mented with strain gauges. Strains were measured 

in the static tests prior  to fatigue loading. Load-  

ing was applied by a computer  control led servo- 
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hydraul ic  actuator system operated in load con- 

trol. 

4. Experimental Procedure 

4.1 Static loading 
The main purpose of  conduct ing stress analyses 

o f  ho l low section joints  is to obtain informat ion 

on the hot spot strain and hot spot stress (DEn,  

1990 ; AWS,  1998) and, hence, the stress concen- 

trations around the intersections for fatigue an- 

alysis. The hot spot stress is the stress in the most 

highly stressed region within the structure and is 

thought  to best characterise fatigue in ho l low 

section joints.  The hot spot stress generally occurs 

at a discontinuity,  such as the weld toe, where 

fatigue crack init iat ion can be expected to start. 

Prior  to fatigue testing, all the specimens were 

instrumented with strain gauges to al low for the 

measurement  of  hot spot strains in both the brace 

and the chord. For  a more local possibility, strain 

gauges o f  l mm length were used. The  strains 

were measured along three different extrapolat ion 

lines (0 °, 45 ° and 90 °) on both the brace and the 

chord as shown in Figs. 3 and 4. Along  each 

extrapolat ion line two strain gauges were located 

at distances 4 and 6 mm from the weld toe, re- 

spectively. A third gauge was located at a further 

distance o f  1 .0t / l .0T from the weld toe. The  

measured values were fitted to a quadrat ic  curve 

using the least squares method,  to obtain the 

strain gradient towards the weld toe of  the joint.  

The hot spot strain was determined by extra- 

polat ing the measured strain values to the weld 

toe according to the DnV (Gibstein and Moe, 

1985) and E C S C  (Radenkovic ,  1981) definit ions 

of  hot  spot strain for tubular  joints  and by the 

quadrat ic  extrapolat ion method (van Wingerde,  

1992), respectively. 

The joints  were loaded statically in small in- 

crements to a hot spot strain value within the 

range of  500-1000,ue dur ing the strain measure- 

ments. The strain gauge readings at each incre- 

ment were noted. Pr ior  to measuring strains the 

load was cycled 6-8 times to the same level for 

condi t ioning of  specimens and strain gauges (to 

ensure the readings stabil ized).  This  loading pro- 

90" 
I 145" 

0' -" I' i 4~ ° 

Fop View Side Vie~ 
~Chord side) (Brace side 

Fig. 3 Locations of strain gauges 

Fig. 4 Locations of strain gauges on the specimen 

employed 

cedure ensures a satisfactory performance o f  the 

strain gauges and eliminates the drift or  any hys- 

teresis of  strain measurements due to the fabri- 

cation of  the joints.  In the static tests care was 

taken to avoid any loads above the load level of  

the ensuing fatigue test. 

4.2 Fatigue tests 
On the basis of  measured S C F  values for the 

joints,  fatigue testing was carried out with con- 

stant ampli tude sinusoidal  loading in air and 

test frequencies in the range of  1.0-10.0 Hz, de- 

pending upon the magni tude of  loading. The 

stress ratio was R = - - 0 . 3 6 .  In order to evaluate 

the influence of  geometric parameters on fatigue 

strength, all the jo ints  were tested at an ECSC 

(Radenkovic ,  1981) hot spot stress range of  

approximately  ASHs=300 MPa. The fatigue test 

was cont inued until rupture o f  the jo in t  (not 

complete  rupture) .  
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In the present investigation, the following three 20 

measures of fatigue life were recorded : 

N2-crack initiation, 16 

N3-through thickness crack, 
12 

N4-rupture of joint, u_ 
O 

Before commencing a test both the brace and 
8 

the chord were sealed and pressurized to 1.5 bar. 

The detection of fatigue crack initiation was car- 4 
ried out visually by spraying white spirit on the 

surface of the joint. Initial cracks could be 
0 

detected by observing the pumping of liquid in 

and out of the crack in phase with the loading. In 

most of the cases the initial cracks were detected 

when they were very small with a depth of the Fig. 5 

order of about 0.1 mm. By continuously 

monitoring the pressure inside the brace and the 

chord, through thickness cracking (Ns) could be 

detected with a good accuracy. 

5. Results  and Discussion 

5.1 Static loading 
After determining the extrapolated hot spot 

strains ~ns, thestress concentration factors at the 

weld toe in both the brace and the chord for each 

specimen were determined by using the following 

equation, 

Sns E" Ens 1) 
S C F -  S.o - s.om 

where Sns is the hot spot stress, Snore is the brace 

nominal stress and E is Young's Modulus of 

elasticity. Note that the actual cross section of the 

brace was used in the determination of the nomi- 

nal stress. 

In Table 3 the maximum SCFs calculated from 

parametric formulae are compared with experi- 

mental results. It should be noted that the UEG 

(1985), the DnV (1990) and Gibstein and Moe's 

formulae (1985) were derived for CHS-to-CHS 

joints. The Soh and Soh's formula (1989) was 

derived for joint geometries with square brace 

members and circular chord members, i.e., the 

opposite configuration compared to the present 

joint. As presented in Table 3, it is very interes- 

ting to note that the experimental SCFs of CHS- 

to-RHS joints exhibit a substantial improvement 

.t UEG 

f , , , 

0.2 0.4 0.6 0.8 1 

Geometric Parameter, Beta 

Influence of/~ on SCFs from the present ex- 

periment and parametric formulae for out- 
of-plane bending 

I 1  

o 

20 

16 

12 

8 

Fig. 6 

A UEG 

10 12 14 16 

Geometric Parameter, Gamma 

Influence of y on SCFs from the present ex- 
periment and parametric formulae for out- 
o~plane bending 

compared to those of CHS-to-CHS joints. The 

Soh's formula, which was based on finite element 

analysis, appears to be suitable for CHS-to-RHS 

joints and can be approximately used to predict 

SCFs for CHS-to-RHS joints. 

Figures 5-7 show the influence of the geometric 

parameters (~, 7 and r) on SCFs, and the ex- 

perimental values of SCFs are compared with 

parametric formulae for a range of geometric 

parameters. As the 0t parameter does not appear 

in the relevant parametric equations, its influence 

on SCFs is not considered here. 
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LL. 
o 
o) 

Fig. 7 

20 

16 

12 

8 

4 

0 

0.6 

,t UEG 
• Gbstein / 

i i 

0.7 0.8 0.9 1 

Geometric Parameter, Tau 

Influence of r on SCFs from the present ex- 
periment and parametric formulae for out- 
of-plane bending 

As shown in Fig. 5, the experimental SCF 

values increase with the increase of /3, but are 

below the values of CHS-to-CHS joints in all the 

cases. The parametric SCF values from UEG and 

Gibstein's formulae plotted on the same figure 

follow the same trend. The values from Gibstein' 

s formula are relatively closer to the experimental 

values, and can be taken as the upper bound 

values for the CHS-to-RHS joints. 

It can be seen from Fig. 6 that the experimental 

SCF values increase with the increase of 7. The 

parametric SCF values from UEG and Gibs- 

tein's formulae plotted on the same figure almost 

have the same trend, but increase more quickly 

compared to the CHS-to-RHS joints. The experi- 

mental SCF values tend to cover the lower bound 

values with the values from UEG formula cover- 

ing the upper bound values. 

As shown in Fig. 7, the experimental SCF 

values decrease slowly at first and then increase 

quickly with the increase of r. The trend is in 

line the same as predicted SCF values from UEG 

and Gibstein's formulae. In all the cases, the SCF 

values of CHS-to-RHS joints are lower than 

those of CHS-to-CHS joints. As a result, the 

experimental SCF values of CHS-to-RHS joints 

exhibit a substantial improvement compared to 

those predicted from UEG and Gibstein's for- 

mulae for CHS-to-CHS joints. 

5.2 Fatigue tests  
During the fatigue tests, cracks initiated at the 

weld toe in the hot spot region, and the joints 

failed from the chord sides. The fatigue test results 

are summarised in Table 4. Note that in Table 3 

the SCF value in specimen T6OPB is greater than 

that in specimen T5OPB. In general, the fatigue 

life (loading cycles) increases with decreasing the 

SCF value. However, it can be observed from 

Table 4 that the fatigue life of the specimen 

T6OPB is longer than that for specimen T5OPB. 

This turns out contrary to the knowledge. It has 

been known for a long time that the brace and the 

chord wall thicknesses influence the fatigue life of 

the joints. According to the experiments, the fa- 

tigue life of the joints decreases with increasing 

the brace or the chord wall thickness (DEn, 

1990; AWS, 1998). Thus, in the authors' opin- 

ion, this anomalous case is probably due to the 

reason that both the brace and the chord wall 

thicknesses of the specimen T5OPB are relatively 

larger than those for specimen T6OPB. In Fig. 8 

the fatigue test results (Na) are compared with the 

DEn (Gurney, 1982) design curve and associated 

scatter band for tubular joints. The agreement 

between the test data and the DEn (Gurney, 

1982) design curve appears to be fair. All the 

present test data fall above the design S-N curve 

and within the Mean + 2  (Standard Deviations) 

scatterband. The mean value of N3 is close to the 

mean S-N curve for joints with wall thickness in 

the range 16-32 mm. 

5.3 Thickness  effect  
The thickness effect is one of the major in- 

fluencing factors of fatigue strength of welded 

joints. It has been known for a long time that 

chord wall thickness influences the fatigue str- 

ength of tubular joints. According to the ex- 

periments, the fatigue strength of tubular joints 

decreases with increasing chord wall thickness. 

Such an effect has long been recognized in welded 

plates. However, thickness effect is a very complex 

phenomenon and its general rule and mechanism 

have not yet been sufficiently elucidated, in the 

present study, the welded plate thickness correc- 

tion factor (Gurney, 1991) was adopted for all 
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)arametric SCFs for each joint  Table 3 Maximum ex ,erimental and 

Specimen No. Exp. UEG Soh 

TIOPB 2.98 4.36 4.07 

T2OPB 2.06 3.50 3.00 

T3OPB 5.58 14.8 7.35 

T4OPB 3.87 5.66 4.88 

4.29 8.86 5.09 

17.9 8.85 

T5OPB 

T6OPB 6.73 

DnV Gibstein 

4.62 4.62 

3.93 3.93 

10.6 10.6 

6.01 6.01 

7.54 7.54 

12.8 12.8 

Table 4 Experimental fatigue life, Na normalised to 16 mm and 32 mm plate thickness 

NaX l0 s NsX l0 s NsX l0 s 
Specimen No. 

Experimental Normalised to 16 mm Normalised to 32 mm 

T 1OPB 2.82 1.98 1.18 

T2OPB 5.65 3.97 2.36 

T3OPB 2.01 1.00 0.59 

T4OPB 2.56 1.80 1.07 

T5OPB 1.66 1.17 0.69 

T6OPB 1.83 0.91 0.54 

1000" 

100 

Fig. 8 

{ 

!6  mm mean 
~..'~Z mm mean i~ 

Basic design curve 
OTest (bending) 

10 . . . . . . . . . . . . . . . . . . . . . . . . .  , . . . . . . . . . . . . . . . .  
1.0E+03 1.0E+04 1.0E+05 1,0E÷06 1.0E+07 1.0E÷08 

Endurance (cycles) 

Fatigue life (N3) of the CHS- to -RHS joints 

plotted vs. experimental hot spot stress range, 

and compared with DEn (Gurney, 1982) 

design S-N curves and associated scatter band 

for tubular  joints 

1000. 

Fig. 9 

100 ~ . .¢ .~ ,~16  mm mean 
~.~....32 mm mean 

Basic design curve 
OTes t  (bending) 

1 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  , . . . . . . . . .  

1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+07 1.0E+08 

Endurance (cycles) 

Same experimental data Ns as shown in Fig. 

8 but normalised to 16 mm thickness using 

Eq. (2) and compared with DEn (Gurney, 

1982) design S-N curves and associated scat- 

ter band for tubular  joints 

welded fabr ica t ions ,  and  var ious  des ign guidel-  

ines r e c o m m e n d  different  cor rec t ion  factors with  

respect to a reference thickness .  

In order  to correct  for the th ickness  effect, the 

fo l lowing  equa t i on  (Gurney ,  1991) was used in 

the present  study, 

N t = N o ( t o / t )  0.Ts (2) 

where  No is fat igue life for plate  th ickness  to. 

In Tab le  4 is presented the  fat igue life Na 

normal i zed  to 16 m m  and 32 m m  plate  th ickness  

us ing Eq. (2). The  th ickness  cor rec t ion  is qui te  

s ignif icant .  The  exper imenta l  fat igue da ta  nor-  

mal ized  to 16 mm th ickness  are s h o w n  in Fig. 9 

for direct  c o m p a r i s o n  wi th  the D E n  (Gurney ,  

1982) des ign curve  and  associated scatter  band .  
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The mean value of Na is now below the mean S-N 

curve for 16 mm tubular joints. However, all the 

experimental data fall above the basic design S-N 

curve. It should be noted that the data base 

underlying Eq. (2) is from tests with plate thick- 

ness in the range 12 mm and above. The applica- 

tion of Eq. (2) for specimens with wall thickness 

in the range 6.3-10mm is beyond the normal 

validity range for this equation. Most design 

codes do not allow for utilization of  plate thick- 

ness below the reference thickness. However, van 

Wingerde (1992) advocated that the beneficial 

thickness effect is real down to the thickness in the 

range of 4 mm. 

6. Conclusions 

An experimental analysis for SCF measurement 

and fatigue behaviour of six different hollow 

section T-joints  with circular braces and rectan- 

gular chords was presented. The measured SCFs 

for CHS- to -RHS joints were consistently below 

predictions by parametric equations derived for 

CHS- to -CHS joints. On the basis of  measured 

hot spot stress the fatigue strength of the CHS-  

to -RHS joints was in reasonably good corre- 

spondence with the referred fatigue design gui- 

dance for tubular joints. Due to the combination 

of a simple welding geometry and an improved 

stress concentration factor compared to the CHS-  

to CHS joints, the C H S - t o - R H S  joints may pro- 

vide an optimum solution for some structural 

applications. 
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