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A B S T R A C T  

Recent recommendations proposed for stress and strain concentration factors to be 
used in fatigue design of rectangular hollow section connections (which are based 
on isolated connection tests and finite element modelling) have been assessed for the 
first time by measuring strain concentration factors in large-scale, rectangular 
hollow section, complete trusses. Two Warren trusses with welded gap K-connec- 
tions have been tested elastically and extensive strain measurements have been made 
around three connections with different-size welds. From the strain data, strain (or 
stress) concentration factors were determined according to accepted methods and 
compared with values predicted by current parametric formulae recommended by 
researchers at Delft University of Technology, University of Karlsruhe and 
Nanyang Technological Institute. The agreement between these formulae and test 
results is not particularly good across the full range of weld sizes examined. Hence, 
the primary issue raised by this experimental work is that weld size should be 
included in the validity range of these formulae. 
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N O T A T I O N  

Theoretical throat thickness of weld 
External width of square or rectangular hollow section (RHS) 
member i (i=0,I,2), 90 ° to plane of truss 
Constant used in eqn (1), according to IIW 1~ 
Node eccentricity for a connection - positive being towards 
the outside of the truss (see Fig. 7) 

= t i/tO 

Yield stress 
Gap between web members on the chord face (ignoring welds) 
Non-dimensional gap size = g/to 
External depth of square or rectangular hollow section (RHS) 
member i (i=0,I,2), in plane of truss 
Distance between the fillet weld toe and the first strain gauge 
in a strain gauge chain 
Subscript to denote member of connection; i = 0  designates 
chord; i=  I refers to the compression web; i=  2 refers to the 
tension web; i=  i refers to the overlapping web for K- and 
N-type overlap connections 
Notch stress/strain factor 
Fatigue life (number of cycles to failure) 
Stress ratio between minimum and maximum nominal stress 
in a load cycle for constant amplitude fatigue loading 
Effective leg length of weld along member i 
Stress range or difference between maximum and minimum 
stress in a load cycle for constant amplitude fatigue loading 
Hot spot stress range = S, x SCF 
Stress concentration factor (Karlsruhe definition)= ahs/aab 
Stress concentration factor (Delft definition)= ahs/a'.om 
Strain concentration factor (Karlsruhe definition)= ehs/e.b 
Strain concentration factor (Delft definition)= ehs/e~om 
Thickness of hollow section member i (/=0,1,2) 
Distance measured from the fillet weld root 

Angle between 'web 2' and chord member according to Soh et 
al. 14 and Soh and Soh 15 
Average width ratio between web member(s) and chord= 
(bl + b2)/2bo 
Width to thickness ratio of chord member= bo/2to 
Axial and bending strain, respectively, in HSS web or chord 
member 
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Nominal axial strain in the web member near connection 
Nominal (prestressing) axial strain in chord near connection 
Hot spot strain near the weld toe 
Nominal bending strain in the web member at reference 
position (see Fig. 3) 
Nominal (prestressing) bending strain in chord near connec- 
tion 
Axial strain in web member = eat, 
Maximum strain (axial plus bending) in web member at 
reference position (weld toe, see Fig. 3) 
Strain measured in five element strain gauge chain, perpen- 
dicular to weld direction 
Strain perpendicular to five element strain gauge chain, paral- 
lel to weld direction 
Angle between 'web 1' and chord member according to Soh et 
al. 14 and Soh and Soh 15 
Angle between compression web member and chord, and 
tension web member and chord, respectively 
Gap to web width ratio =g/bl .2  
Nominal axial stress in the web member near connection 
Hot spot stress at weld toe 
Maximum stress (axial plus bending) in web member at 
reference position (weld toe, see Fig. 3) 
Thickness ratio between web member and chord member= 
t l , 2 / t o  

I N T R O D U C T I O N  

Stress/strain concentrations in tubular connections are the result of a 
complex structural interaction between two (or more) flexible, welded 
tubes. Peak stresses/strains in rectangular hollow section (RHS) connec- 
tions are more pronounced than circular hollow section (CHS) 
connections since the effect of axial forces and bending moments occurs at 
the same point. Axial forces and in-plane bending moments in the web 
member of a planar truss connection are transmitted through the body of 
the weld to the chord face. As the chord connecting face is relatively 
flexible, transverse distortions (e.g. bulging) of the chord face occur, 
particularly for low web member to chord width ratios. The large mass of 
weld ensures structural compatibility and results in local bending of the 
web member walls. This complex three-dimensional behaviour is further 
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complicated by the shape of the RHS members which are stiffer in their 
corners than in the midface. The result is a highly uneven distribution of 
loading to the stiffer parts, which accounts for why the greatest strain 
concentrations have been found near the weld toes at the corners of the 
RHS web member, as shown in Fig. 1. For T- and X-connections, gauge 
lines C and/or D govern, while for gap K- and N-connections, gauge lines 
A and B in the gap region govern. 1 

Unfortunately, it is not possible to measure these stress/strain maxima 
exactly at the weld toes because of physical restrictions. Surface strain 
measurements in RHS connections are usually obtained from electrical 
resistance strain gauges attached to the outer surfaces of steel tubes. 
Because the hot spot strain occurs at the weld toe, it is necessary to 
extrapolate the strain from two or more points. The magnitude of the hot 
spot strain then depends on: 

(i) the position at which it is measured, and 
(ii) the gradient and nature of the curve used in the extrapolation. 

It is convenient to define the position by the weld leg length (i.e. by the 
toe of the weld) as this can be easily measured, to an accuracy of + 1 mm. 
Gradients must be evaluated using 'best' approximations of data obtained 
from chains of strain gauges. These data must be collected from gauges 
located within prescribed distances from the weld toe where the influence 
of notch strain (caused by a specific flaw at the weld toe) is small, and the 
stress/strain gradient is often nearly linear. In Europe (Delft University of 
Technology and University of Karlsruhe), the prescribed location for the 
first strain gauge is 0.4ti (but at least 4 mm) from the weld toe. Hence, the 

Fig. 1. Lines considered for the measurement of hot spot strain.l 
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extrapolated hot spot stress/strain, ah,/ehs is basically defined as a geo- 
metrical stress/strain due to the intersection of two idealized shells. These 
distances, together with the most popular methods of extrapolation 
(namely, linear and quadratic) are now reasonably well established and are 
summarized in Fig. 2.1 

Based on the above definition of hot spot stress/strain, the stress/strain 
concentration factor, SCF'/SNCF', according to Wardenier 2 or Delft 
University of Technology, is defined as: 

S C F ' / S N C F '  = 

maximum hot-spot stress/strain at the weld toe 
due to geometric discontinuity somewhere in the joint 

nominal stress/strain in the web member 

where nominal stress/strain in the web member (O'nom/~nom) is the maxi- 
mum stress/strain due to web member axial load (gab/e,b) and bending 
moment (Omb/emb) at the meeting point (reference position) of the centre- 
line of the web with the top face of the chord (see Fig. 3). In contrast, 
researchers at the University of Karlsruhe determine these factors by 
considering nominal stress/strain (O'nom/enom) to be just gab/Cab, which leads 
to a higher factor, or SCF/SNCF. 
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I 

Fig. 3. Determination of nominal bending strain for calculating e~,o.. 

Wardenier 2 emphasized the importance of geometrical stress in fatigue 
behaviour and defines this stress in the hot spot stress method, although the real 
hot spot stress includes a notch stress/strain factor, Kw, to amplify the 
geometrical stress/strain. Using the geometrical definition of hot spot 
stress/strain, one ignores stress/strain raisers caused by the weld (Kw) which are 
dependent on fabrication, and uses the reproducible geometric stresses/strains. 

It is noteworthy to point out that the above-mentioned notion of hot 
spot stress range, S,.hs, or hot spot stress/strain, trh,/ehs, is a European 
definition and is still a point of debate. AWS (American Welding Society) 
and API (American Petroleum Institute) design codes have empirical 
S,.h~-N fatigue design curves based on measured hot spot strains and 
cycles to failure, of welded test specimens which have the microscopic 
notch effects, i.e. Kw factor, built into the data base. 3 Therefore, such a 
definition would lead to a higher and more 'optimistic' S,.hs-N curve than 
a European one. At this time there is still a lot of dispute over the different 
S,..h~-N curves which are still in a state of development. 

F A T I G U E  D E S I G N  F O R  H O L L O W  S T R U C T U R A L  SECTION 
J O I N T S - - L I T E R A T U R E  SURVEY 

A great deal of research has now been undertaken to determine SCF and 
S N C F  for welded tubular (circular) connections due to fatigue problems 
associated with connection design in offshore steel jacket-type structures. 
This has taken the form of experimental measurement of strains in the 
vicinity of the joint, finite element and other numerical models, and 
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photoelastic techniques, with the results having been incorporated into 
many national design codes for offshore structures. Unlike circular tube 
connections, there has been a severe lack of information available for the 
fatigue design of RHS connections due to the absence of extensive and 
reliable experimental data. RHS gap connections are much more fatigue- 
critical than their overlap connection counterparts, yet are much easier to 
fabricate and hence popular, so in certain dynamically loaded RHS 
structures such as bridges and crane booms this lack of design guidance 
for fatigue performance represents a major setback. 

Initial fatigue testing involving RHS was carded out by Babiker 4 at the 
University of Sheffield. Test results consisted of S , - N  curves with a 
comparison of three gap spacings, and the general conclusion was that 
overlapped connections performed better than gap connections. This 
research was continued at the University of Sheffield by Eastwood et al. 5 
with additional testing of RHS-RHS N-connections that showed 
improved fatigue characteristics over the CHS-RHS connections. Once 
again the performance of an overlap connection was better than a gap 
connection. 

A major investigation into the fatigue behaviour of RHS connections 
started in 1975 with collaborative research among the University of 
Karlsruhe, University of Liege, University of Nottingham, BSC research 
centre in Corby, Institut de la~ Soudre in Paris, TNO Institute for Building 
Materials and Structures in Rijswijk, and Delft University of Technology, 
and was sponsored by the European Community of Steel and Coal 
(ECSC), CIDECT, Studiengesellschaft in Germany and the testing centres 
themselves. The majority of testing was, for reasons of economy, carded 
out on isolated K- and N-connections and the validity of the results was 
checked in a number of truss tests. 

Results from the test programme are compiled by Noordhoek et al. 6 
and also reported by Wardenier and Dutta. 7 They were later published in 
CIDECT's Monograph No. 7 (Dutta et al. a) and by Wardenier. 2 Although 
the programme was extensive, only some information was available for a 
hot spot stress design method; consequently, the classification method was 
recommended for fatigue design and was only applicable to square hollow 
section connections. 

A Canadian testing programme on the fatigue strength of nine short 
span trusses was carried out by Ogle and Kulak 9 at the University of 
Alberta. Two truss configurations were studied; six trusses had overlapped 
K-connections while three trusses had gapped K-connections. The aim of 
this research was to establish fatigue guidelines for HSS connections which 
were non-existent in the Canadian national standard, CAN/CSA-S16.1.1° 
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The experimental S , - N  curves were based on a classification approach for 
fatigue similar to Noordhoek  et al. 6 General conclusions again substan- 
tiated that overlap K-connections have significantly longer fatigue lives 
than gap K-connections, and that fatigue lives of full sized truss specimens 
might be less than the lives of isolated connection specimens. 

The hot spot stress method  for square and rectangular tube connec- 
tions was first tentatively recommended by the IIW Subcommission 
XV-E. 1~ In these recommendat ions SCF values were given for different 
connection types as a function of the thickness ratio of the tubes being 
joined, with a minimum SCF value of 3.0 for RHS. These SCF values 
could then be multiplied by the nominal  axial stress in the web member, 
aab, to determine the hot  spot stress range (S,.hs), and hence the fatigue life 
from a set of S,.h~-N curves. For  simple, planar K- and N-connections of 
square hollow sections, the SCF for loading in the web member could be 
determined by: 

SCF = B x f ( z )  

where f(z) = z = tdto >1 ~nmit, 

and B = 6"0 for K- and N-connections with gap and Tlimi t =0"5 

B = 3"6 for K-connections with overlap and 171imi t =0"83 

B = 4"3 for N-connections with overlap and qSlimi t m0"7 

(1) 

The range of validity is shown in Table 1 and the basic S,.hs-N design 
curves are shown in Fig. 4. The design procedure also involves an 
additional factor (see Table 2) that accounts for bending stresses in web 
members caused by the stiffness distribution at a connection, which is used 
to amplify the axial stresses (t~ab) in web members calculated from a 

TABLE 1 
Range of Validity of CIDECT s and IIW tt S,-N Curves 

Parameter Range of validity 

Or, 02 400-90 ° 
b .  hi bt = hl(i = 1 or 2) 
bo/to ~< 25 
bl,b2 bx~b2 
[i--bdbo 0"5~<fl<~ 1"0 
Gap connections 0"5(bo- bt) <~ O ~< 1.1(bo- bl) 
Overlap connections 50% <~ overlap ~< 100% 
Steel grade Fe 360 (Fy=235 MPa) and Fe 510 (Fy=355 MPa) 
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Fig. 4. S,.~, curves according to IIW. tl 

TABLE 2 
Additional Factors on the Axial Stresses for Square Hollow Sections when 

Bending Moments are Unknown (IIW t t) 

Type of joint Chords V e r t i c a l s  Diagonals 

Gap connections K type 1.5 1.0 1.5 
N type 1.5 2.2 1-6 

Overlap connections K type 1.5 1-0 1.3 
N type 1.5 2-0 1.4 

pin-jointed truss analysis. Hence, in the case of RHS gapped K-connec- 
tions the hot spot stress would be: 

S,.h, = web member mean axial stress x 1.5 x 6 x f(z) (2)  

It was recognized that more accurate SCF values were necessary, based 
on multiple connection parameters, which translates into obtaining more 
accurate SNCF values by experimental or analytical research. A European 
collaborative project in The Netherlands (namely, Delft University 
and TNO Institute for Buildings Materials and Structures, Rijswijk) and 
Germany (namely, Mannesmannrohren-Werke A.G., Dusseldorf and 
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University of Karlsruhe) was accordingly started in order to rectify this 
dearth of SNCF data for RHS welded truss type connections by means of 
undertaking finite element analyses and a limited amount of RHS isolated 
connection testing. Initial results from these European projects have now 
been published m 2.13 and recommended SNCF parametric equations are 
being advocated with the non-dimensional geometrical parameters fl, z, y, 
~, 9' and 01.2. 

Research on X- and T-connections was done exclusively at Delft 
University while the main work on K-connections with gap and overlap 
was carried out at the University of Karlsruhe. However, some supple- 
mentary work, carded out exclusively on SNCF (no fatigue testing) of a 
singular K-connection specimen with larger dimensions than those at the 
University of Karlsruhe, was also conducted by Delft University and 
TNO. The intention of the work was primarily to study the effect that 
chord axial tension and chord bending have on SNCF magnitudes for 
K-connections with gap. The SNCF' formulae eventually proposed by the 
Dutch researchers were as follows: x 

[ ,~,, \(x-o2+x.lt3) o.5#) 
F,3 3./, "-r SNC ¢,o,d=(2"84--3"lfl)~l-~.5) (z ){o.s+ \~-.-.-.~} (3) 

o,¢ ~rr" ~"33°/°, ~ ,  w,b = 1.0 + (1.49- 0.9fl) . \~.-.-.-.~1 (4) 

where SNCF'= 9eometrical hot spot strain(ehs) 
web member total strain(cab+Crab) 

(5) 

These SNCF' formulae are based upon non-dimensional geometrical 
parameters/3, 2y and z whose validity ranges are: 

0.4<~fl~0.6 
12-5~<2y~<25 

0.25 ~< z ~< 1.0 

e = 0  

The SNCF' formulae are presented at moment percentages (surface 
bending strain in the web member as a percentage of the total axial 
plus bending strain in the web member) of 33% to be consistent with 
the IIW Subcommittee XV-E 11 multiplication factor of 1.5 (see Table 2). 



SNCFs in RHS Joints 87 

For other moment  percentages, the following adjustment formula was 
given: t 

SNCF'U*/*=II'13-O'4(e,f~e,b)ISNCF'3a% (6) 

These formulae are described by the authors I as qualitative and the work 
carried out at the University of Karlsruhe 13 was meant  to expand upon 
the Delft study. 

The experimental part of the Karlsruhe investigation consisted of 12 
overlap K-connections and 24 gap K-connections. The objective of the test 
programme was to measure the SNCF in the critical areas of the 
connection, in order to be able to make comparisons with the results of 
the numerical investigation using the finite element method (FEM). In 
the case of K-connections with gap, 55 FEM analyses were performed. 
In addition, fatigue tests were carried out to determine S,.hs-N 
curves. The results of the analysis produced the following parametric 
formulae: ~ a 

SNCFcho,e = z(0"0028873 + 9') + 5.21 ~(1 - 0"178¢29 ')-0"1515f139 '2 - 1"57 

(7) 

SNCF~,eb = 3.3z(2 - z) + 0-305~),2(0"3 - 0-01 ~?) + 0.04),fl(6.38 - yflJ) 

- 3.8(?0'/100) 2 - 2.0 (8) 

The validity ranges for these formulae are: 

0"4~fl~1-0 0 . 4 ~ z ~ l ' 0  1 2 . 5 ~ 2 ~ 2 5  

1"6~0'~7"1 0 . 2 5 ~ 0 . 7 5  3 5 0 < 0 < 6 0  ° 

Equations (7) and (8) are considered valid for a range of 35°< 0 < 60 ° 
although the formulae are based upon 0 = 4 5  ° (angle used in test speci- 
mens). In general, the equations are critically dependent on parameters 
13 and z while the size of gap or overlap related to web width (0  is 
next in degree of influence. Since specimens had different values of 
eccentricity the possible influence of internal moments  on SNCF could 
have been determined; however, the parameter was not isolated in the 
test series and its effect is implicitly contained in the experimental SNCF 
values. 
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As mentioned before, the definition of SNCF in eqns (7) and (8) differs 
from the Delft definition, and is according to: 

S N C F =  geometrical hot spot strain(ehs) 
web member axial strain(eab) 

(9) 

Therefore, according to eqn (9) the bending moments occurring in the 
experiments and FEM analyses are indirectly included. The bending 
moments in the test specimens did vary and the values measured in the 
gap K-connection tests ranged from emb/(eab+emb) of 11"3% to 62"6%. 

Another parametric study on T and K square RHS connections by the 
FEM was carried out by Soh et al. 14 and Soh and Soh 15 at Nanyang 
Technological Institute, Singapore. It involved a comprehensive study of 
18 K-connections and 11 T-connections. The difference in load cases 
between FEM work at Nanyang and Delft or Karlsruhe is illustrated by 
Fig. 5. FEM work by the investigators at Delft and Karlsruhe considered 
loading conditions that were isolated into nine single load cases, from 
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Fig. 5. Comparison of load cases and connection modelling considered by Delft/Karlsruhe 
Universities with Nanyang Technological Institute. 
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which two SNCF formulae were developed, one for the web member and 
one for the chord member. In contrast, the results of the analysis for the 
K-connection at Nanyang are given by 21 SCF formulae (three K- 
connection members times seven loading conditions). For example, three 
equations are given for the type 1 axial loading case (see Fig. 5), which take 
on the following form: 

SCF,~,b 1 = 0"8917(t t ~to)°" 514(b ° ~2to )o. s 33(b I/bo )o. 527 
(L/bo)O'O25(g/bo)-O'O52(sin 0)1.346 (10) 

SCFwob2 = 0"5840(tz/to )o. 51,~(bo ~2to )o. s 33(b 2/bo )o. 527 
(L/bo)O.O25(O/bo)- o.o s 2(sin 0)o. 12 s (11) 

SCFchor d =0"3998(tl,2/to)l ' l  1 l(bo/2to)l.233(bl,2/bo)O.~S7 
(L/bo)-Oq21(O/bo)-O'O31(sin 0)1'231 (12) 

where web 1 has an angle of inclination of 0 (see Fig. 5), L is the length of 
the chord under study, t l=t2  and bl =b2. 

SCF parametric formulae of Soh and Soh 15 distinguish between the two 
web members at a K-connection with 'web 1' being the one having an 
angle of inclination= 0, while 'web 2' has an angle of inclination, a. As 
shown in eqns (10)-(12), the parametric formulae include 0 as a parameter 
but not a. In their parametric study, Soh and Soh is assumed ~=45 ° for 
'web 2', but it is unclear if this member is in tension or compression. For 
the sake of comparison (see Table 7) 'web 2' has been assumed to be the 
tensile web member. 

Revised international recommendations will soon be prepared by the 
IIW Tubular Structures Committee, but the aforementioned studies need 
to be first assessed by SCF/SNCF measurements on large-scale RHS 
welded connections in complete trusses, which is the topic of the next 
section. 

E X P E R I M E N T A L  W O R K  

Two large-scale, 12.0 m and 12.2 m span, simply-supported RHS Warren 
trusses as shown in Figs 6 and 7 have been tested elastically under single 
panel point loading to produce strain data for three RHS gap K- 
connections. Figures 6(c) and (b) illustrate the main difference between 
truss T1 and truss T2; i.e. the chord depth ho = 305 mm (with e =  7"5 mm) 
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- -  T1 = 12494, T2 = 12272 overall Webs: 
( ~  RHS 127.9 x 127.9 x 12.0 

5 @ 2438 I I 

Joint d e t a i l  in (d) 
T~  ~ 2 3 2 7 - - - " ~ ' ~  3 @ 2 4 3 8  2327--  

, Load point for ~ ! ~  
Test #3 I tests 2 & 3 Test #1 

\ i  / ",, , , 

~ ~ ~  Chords: e = +58.3 (nominal) 

RHS 204,0 x 204.0 x 12.0 (Test 2) 
I RHS 203.8 x 203.8 x 12.1 (Test 3) 

I I L o a d  point i 
r ~ ,  I i for test 1 i I (b) Truss T2 Connections 
(,T1)~ 1219}. 4 @ 2438 '11219[ ~ for Tests 2 and 3 

~ 1164 ~'-- 2382--1 2@ 2438 "L 2382-~ 1164 ~-'- 
Webs: 

(a) Truss Dimensions 

"~t~ 2 
String of 5 strain g a u g e s ~  
@ 3 mm centres 

. I  

I (d) Typical Joint Toe Detail 

RHS 127.7 x 127.7 x 11.8 

C h o r d s :  

RHS 305.0 x 204.4 x 11,9 

(c) Truss T1 Connections 
for Test I 

Fig. 6. Details of RHS trusses T1 and T2 tested, with measured member dimensions. 

Fig. 7. Overall view of truss T2 tested. 

and h o = 2 0 4 m m  (with e=58 .3mm),  respectively. Horizontal dimen- 
sions for truss T1 differ slightly from those in truss T2 due to two 50% 
overlapped connections (nos 3 and 11) in truss T2; otherwise, all 
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connections are gapped with a gap size (O) of 38 mm. Other pertinent 
SCNF non-dimensional parameters for both trusses are almost identical 
(z=l '0 ,  fl=0.625, 0'=3.2, 2~,=17). Hot spot strain measurements were 
taken at three gap K-connections along 'measurement lines' which co- 
incided with the inside wall line of the web member. The specified 
locations for strain gauge chains and their typical response are shown by 
Figs 8 and 9, respectively. The data collected during a typical test are 
shown in Fig. 10 and Table 3. Figure 10 shows the trussloading location 
relative to the instrumented connection along with the measured strains, 
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A 

Truss T2, Connection 5, Test #2 
(Chord in tension) 
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Fig. 8. SNCF strain gauge chain locations. 
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0 [ ] , I I ] , , [ , , I l I 
0 1000 2000 3000 

STRAIN (p£)  

gauge response showing initial cracking of weld at toe of joint at 
HSS web corner (truss T I ,  test 1). 
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Emb = -113 £=b = 169 
E',,o,. = -318 Ema = 118 

e'nom = 307 

121 ::: ::::::: :::::::::::::::::::::::::::::::::::::: :::::::::::::::::::::::::::: 
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398.1kN ~ ( i iiiiiii~ i @i~ i ~ i ~ ~  116,1RN 

 !i!ililiiiiiiiiiiii!i!!iii!i!i!i! ifiii!iii!iiii?iiiiiiiii iiiiiii!ii!iiiii 
198 97 

E~c = 160 £~ = 47 
£mc = 38 ¢ ~  = 50 

Note: Strain gauge data in mlcrostrain I I 100/~ 

I IAI 1G O F 

Ic El 

Fig. 10. Strain gauge data from connection 10 in truss T1 during test 1. 

forces and bending moments in the truss members near the connection. 
Axial and bending strains in the chord member are denoted by e,c and 
emc, respectively. The axial strain, e,b, the bending strain, eb, bending 
strain at the reference position, emb, and axial (e,b) plus bending (~mb) 
strain, e;,om, in both web members are also shown by this figure, e,b is the 
average of two strain gauges located at a distance of 2-5bt,2 up the web 
member from the chord face (measured along the web centreline). As 
shown by Fig. 3, emb involves a linear extrapolation of the bending strain, 
~b, at the strain gauge location to the chord face/web centreline position, 
which is added to e,b tO give e~om, as follows: 

~nom ~ab .3c l . ~ [ 4 ~ b  = £ab + £m b ( 1 3 )  
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TABLE 3 
SNCF Strain Gauge Data at Connection 10 in Truss T1 During Test 1 

93 

x Strain x Strain x Strain 
(ram) ( #e ) ( mm ) ( #e ) (ram) ( l~e ) 

B $2 = 5'9 H $2 = 7"6 C So=8"5 
H = 6 ' 0  H=6-0  H=5"5 

B1 11"9 1086 H1 13"6 290 C1 14"0 272 
B2 14"9 796 H2 16"6 229 C2 17-0 189 
B3 17-9 653 H3 19"6 190 C3 20"0 124 
B4 20-9 573 H4 22"6 150 C4 23-0 44 
B5 23"9 503 H5 25'6 134 C5 26"0 - 30 

D $2=6"3 A So=6"7 E So=7"6 
H=7 '5  H=4"5 H=5"5 

D1 13-8 891 A1 11.2 581 E1 13"1 489 
D2 16"8 728 A2 14.2 317 E2 16-1 338 
D3 19"8 618 A3 17-2 88 E3 19'1 239 
D4 22"8 566 A4 20-2 - 128 E4 22" 1 158 
D5 25.8 520 A5 23-2 - 333 E5 25' 1 99 

F $2 =7"4 A ~ So= 8"5 G So =9"6 
H = 5 ' 0  H=5"5 H=5"0 

F1 12'4 616 AI ° 14.0 - 3 3 3  G1 14-6 30 
F2 15"4 552 A2 ° 17"0 - 128 G2 17"6 10 
F3 18"4 408 A3 ° 20"0 88 G3 20"6 - 10 
F4 21.4 326 A4 a 23'0 317 G4 23"6 - 25 
F5 24.4 271 A5 a 26"0 581 G5 26"6 - 3 5  

°Strains extrapolated to weld on the compression web member. 

Note: Chain of 5 strain gauges at 3 mm centres 
with a gauge length of 2 mm. 
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The 1.444 factor for eb results from the geometry of the web member, i.e. 
linear extrapolation of bending strain (eb) from two strain gauge loc~ttions 
along the web member to the reference position (see Fig. 3). 

One final aspect of the S N C F  strain gauge instrumentation was the strain 
gauges which were placed perpendicular to strain gauges within chains B, J 
and A for truss T2 tests 2 and 3. Figure 11 shows such an arrangement of 
strain gauges for truss T2 test 2 measuring strains perpendicular to S N C F  

strain gauge chains, e~l. Knowing the bi-axial strain situation at the weld toe, 
one can determine the factor to convert S N C F  to S C F  using strength of 
materials theory for stress/strain relationships. 

E X P E R I M E N T A L  TEST R E S U L T S  

General 

From the strain data described above, the following topics have been 
considered for analysis: 

(i) Strain concentration factors ( S N C F )  have been determined experimen- 
tally at the three test connections and are compared to parametric 
formulae given by researchers at Delft University of Technology. The 
Netherlands and University of Karlsruhe, Germany. 

Fig. 11. Strain gauges measuring etl (strains perpendicular to SNCF strain gauge chains) at 
locations A, B and J, at connection 5 in truss T2 during test 2. 
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(ii) Similarly, stress concentration factors (SCF) have been determined 
experimentally using calculated SCF/SNCF factors and are compared 
to parametric formulae given by reseachers at Nanyang Technological 
Institute, Singapore. This comparison is restricted to two tests where el~ 
was measured, namely, truss T2 test 2 locations A, B and J, and truss 
T2 test 3 locations B and J. 

Experimental Strain Concentration Factors (SNCF) 

All SNCF results were established by normalizing measured hot spot 
strains, ehs, in the web member as well as the chord with respect to a 
nominal longitudinal strain, e~b (axial strain only), or e~om (axial plus 
bending strain), in the web member. In the case of SNCF chains on the 
chord (i.e. A, C, E and G, as shown in Fig. 8), an adjustment was carried 
out according to van Wingerde 16 to make experimental truss results (with 
varying chord loadings) consistent with isolated K-connection test results, 
as follows: 

SNCFchord, lines c, E = (~hs + 0"4(eac + ~mc))/~ab (or ~nom), a n d  (14) 

SNCFcnord, lines A, G =(~hs -- 1"6(e~¢ + ~rnc))/~ab (or e'.om) (15) 

By normalizing with respect to Cab and e~om, the SNCF values obtained 
can be directly compared to those given by parametric formulae recom- 
mended by researchers at Delft University - SNCF' using e~om (see Ref. 1) 
and the University of Karlsruhe - SNCF using Cab, (see Ref. 13). For 
comparison with the Delft formulae, the reference position for the web 
member nominal bending strain is taken as the intersection of the web 
member centreline with the chord face (see Fig. 3). 16 

Figure 2 illustrates how ehs for one particular location, chain D, in truss 
T1 test 1 was determined from both linear and quadratic extrapolation 
methods. A two-step quadratic extrapolation method was used according 
to van Wingerde.l 6 Initially, measured strains are fitted with the following 
function: 

a + bx + CX 2 (16) 

where a, b and c are constants, to produce two values of strain at the 
'boundary' points, i.e. 0"4ti and 1-4ti from the weld toe (see Fig. 2). Next, 
the extrapolated strains at the boundary points, plus the measured strains 
wifhin these two points, were again fitted with eqn (16). This curve is the 
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one shown in Fig. 2 and is used for the quadratic extrapolation of ehs and 
to establish the two strain values for the linear extrapolation. 

Experimental Stress Concentration Factors (SCF) 

Table 5 shows SNCF values from Table 4 (in italics) converted to SCF, so 
that these can be compared to predicted values by parametric formulae 
recommended by reseachers at Nanyang Technological Institute. This 
conversion is possible for truss T2 test 2 locations A, B and J and truss T2 
test 3 locations B and J where two strain gauges perpendicular to the 
chains themselves allowed the linear extrapolation of ell to the weld toe, 
and the derivation of an SCF/SNCF conversion factor. Table 5 gives 5 
SCF/SNCF conversion factors for the respective locations in truss tests 
which are used as multipliers to convert SNCF' (eh,/e~om) or SNCF 
(eh~/eab), for both linearly and quadratically extrapolated eh~ to SCF. 

E V A L U A T I O N  O F  TEST R E S U L T S  

Test results showed that the maximum SNCF (or SNCF') values occur in 
the gap region, in either the chord member or web member wall, i.e. at 
location B on tension web member (or location J on compression web 
member) and location A in chord (see Fig. 1). This is in agreement with 
both Mang et aL ia and Puthli et al. 1 At these critical locations, the 
difference in SNCF values determined by quadratic and linear extra- 
polation procedures is fairly small, with the 'quadratic SNCF' being 
up to 15% greater than the 'linear SNCF'. Since truss T2 tests 2 and 3 
have connections which are nominally identical except for their weld 
sizes, these reveal that the SNCF' (or SNCF) at a particular location 
depends on relative weld size (Si/tl)---see Table 4---with SNCF' decreas- 
ing as weld leg size increases. This is illustrated in Fig. 12 for locations B, 
D and F on the tension web member, and locations J and K on the 
compression web member. The notable influence of relative weld size 
(Si/t~) and weld profile has been observed also by other reseachers (e.g. 
Refs 3, 17 and 18) on connections between other structural members or 
tubular (CHS) connections, and is considered to a certain extent in the 
AWS DI.119 code. 

It is interesting to note that this change in SNCF' (or SNCF) with weld 
size is only consistent for connections with the same noding eccentricity 
(e.g. B2-B3 or D2-D3 in Fig. 12, which are all measured on truss T2). If 
one compares BI (location B on truss T1 test 1 with e,~0) with B2 (location 
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B in truss T2 test 2 with e~ho/4) in Fig. 12, however, it can be seen that 
SNCF' decreases as weld leg size decreases, a reverse trend to before which 
must be due to the difference in noding eccentricity. These results suggest 
that the addition of a positive noding eccentricity in a typical gap 
connection has the beneficial effect of reducing the SNCF' at a particular 
location in a tension web member. Parametric SNCF formulae currently 
proposed by Delft I and Karlsruhe 13 do not include the connection noding 
eccentricity as a parameter, although the Delft formulae (eqns (3)-(6)) are 
stipulated to be valid only for e = 0  (Ref. 1) and the Karlsruhe formulae 
(eqns (7) and (8)) are quoted to have the eccentricity effect 'implicitly 
contained in the indicated SNCF values'. 13 

The range of validity for the Delft formulae is not met by two truss 
parameters; fl for both trusses slightly exceeds the upper limit of 0.6 and 
e=  58.3 mm in truss T2 contravenes the e = 0  condition. For the sake of 
comparison, however, Table 6 shows the SNCF predicted by all SNCF 
formulae relative to the maximum critical SNCF from the truss tests (as 
determined by quadratic extrapolation). 

Table 6 shows that the Delft SNCF parametric formulae underestimate 
the measured value for the web member in all cases, which is an unsafe 
trait. This is especially noteworthy in view of the fact that a positive 

, . ~" . . . . . . . . . . .  T1 (e=0) vs. T2 (e=h0:4) 1. SNCF Comparison Lines ( T2 (small welds) vs. T2 (large welds) 

{ (i) 90" fillet weld for: ' ( ( i i )  120~ fillet weld tor S ~ , ~ . .  

2. Weld Types D (toe of joint) - ' ~  B (toe of joint) 
F (heel o! ioint) $1.2 J (toe ot joint) 
K* (toe of joint) " ~  

* SNCF gauges on compression web member 

7 

°i 
0 ~ 

J*3 ~ 1 1  J*2 
B3 

• K* 2 

Note: 
1 = Truss T1 Test 1 
2 = Truss T2 Test 2 
3 = Truss T2 Test 3 

..D B, 

~. F= A~'""" • F3 

I I 
0 0.5 1.0 1.5 

$1.2~tl.2 

Fig. 12. Experimental SNCF' versus S/t for truss TI test 1, truss T2 tests 2 and 3. 
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TABLE 6 
Comparison of Predicted Quadratic SNCF (or SNCF') (by eqns (3)--(8)) with Maximum 

Experimental SNCF (or SNCF'), Related to the Tension Web Member 

Member Method for 
normalizing 

Strains 

Experimental SNCF (max. value)/predicted SNCF 

Truss T1 test 1 Truss T2 test 2 Truss T2 test 3 

Web 

Chord 

Using e~,,, 5.93/3.35 = 1.77 5.44/3.30= 1.65 3.47/3.22 = 1.08 
(Delft method) 

Using ~,b 9"63/3"50 = 2"75 8"98/3"47 = 2"59 6"03/3'45 = 1"75 
(Karlsruhe method) 

Using ~ ' n o m  2"91/3"26=0"89 2"81/3"20=0"88 0"92/3"07=0"30" 
(Delft method) 

Using ~,b 4"73/4"50= 1"05 4"63/4"46 = 1"04 1"60/4"35 =0"37 a 
(Karlsruhe method) 

°Chord in compression. 

noding eccentricity (truss T2 tests 2 and 3) has been seen to reduce the 
measured in-situ SNCF on a tension web member. For the chord member, 
however, the Delft formulae are in reasonable agreement with the test 
results, except for when the chord is in compression in which case the 
predicted SNCF is very conservative. 

For the Karlsruhe SNCF parametric formulae, the predicted SNCF 
values for the web member reveal a significant underestimation of the 
measured values. For the chord member the Karlsruhe SNCF predictions 
follow the same trend as for the Delft formulae. 

Table 7 shows experimental SCF' relative to predicted ones given by 
Soh and Soh 15 (see eqns (10)-(12)). These SCF parametric formulae 
include a parameter L, defined as the length of chord under study, which 
in Fig. 5 corresponds to a chord location where pin supports exist. This 
distance, for truss tests, has been assumed to be the distance between the 
midpoints of the chord member on either side of the connection, where 
moment is assumed to be zero (therefore, L =  2410 mm for truss T2 test 2 
and L=  2383 for truss T2 test 3). Also, it is assumed that in the definition 
of SCF, Soh and Soh ~s consider the 'nominal stress' in the web to include 
the effect of bending moment at the chord to web member interface, i.e. 
e~,o,~ = Cab + emb. Under these conditions Table 7 shows reasonable agree- 
ment between most experimental and predicted SCF' with the predicted 
SCF' for the tension web member (location B) being 22% less than the one 
for the compression web (location J). 
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TABLE 7 
Comparison of Predicted SCF' with Experimental SCF' According to Soh and Soh 15 (by 

eqns (10)-(12)) 

Test no. Location Predicted 
SCF 

Experimental SCF'/Predicted SCF' 

Quadratic Linear 

Truss T2 Web B 3 " 1 0  6"01/3-10= 1.94 5-37/3.10= 1.73 
test 2 J° 3 . 9 7  3.90/3.97=0.98 3.67/3.97=0.92 
connection 5 Chord A 3"35  3"22/3"35=0-96 3.24/3.35=0-97 

Truss T2 Web B 3 . 0 6  3-84/3.06= 1"25 3-48/3-06= 1.14 
test 3 J° 3 . 9 2  4.95/3.92 = 1"26 4.24/3.92 = 1.08 
connection 4 

"On compression member. 

C O N C L U S I O N S  

It has been shown that weld size relative to member thickness (Si/ti) has a 
significant influence on the gap K-connection strain or stress concentra- 
tion factor (SNCF or SCF), with SNCF decreasing, as weld leg size 
increases. It has also been observed that the addition of a positive noding 
eccentricity to a connection (with positive being towards the outside of the 
truss), tends to reduce the maximum SNCF in the tension web member. 

For both the Delft 1 and Karlsruhe 13 SNCF parametric formulae, the 
agreement with test results is not particularly good across the full range of 
weld sizes examined. However, it could be argued that only truss T2 test 3 
has weld leg sizes which are representative of those which might be 
required in practice, for a fatigue-critical truss (at location B which was 
critical for the web member $2/t2=0"96, and at location A, So/to= 1.14). 
The latest IIW fatigue design recommendations (IIWI~), for example, 
require fillet welds with a throat thickness of at least 1.0ti. Nevertheless, 
parametric formulae applicable over a wide range of weld sizes would be 
desirable. If one focuses attention solely on truss T2 test 3 in Table 6, 
which had the largest weld sizes, the predicted SNCF values for the 
tension web member agree well with the test result, when using the Delft 
formula, even though the e = 0  condition is violated. However, for the 
chord member (in compression) in truss T2 test 3 the SNCF predictions by 
both Delft and Karlsruhe methods are still poor. 

Experimental results show that chord SNCF is influenced by the 
location of the joint within a truss and the adjustment of SNCF for 
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compression chords, as evidenced by truss T2 test 3, appears to warrant 
further refinement. 

In the case of SCF parametric formulae by Soh and Soh, 15 Table 7 
showed some reasonable agreement between actual measured and pre- 
dicted SCF values, although the comparison is limited to five locations. 
SCF parametric formulae for K-connections include two additional para- 
meters L and 0, relative to those parameters considered by Delft or 
Karlsruhe (see eqns (3)--(8)), and they also treat each web member 
separately, whereas the Delft/Karlsruhe formulae do not discern between 
the two members. It is interesting to note that Soh et al. z4 and Sob and 
Soh 15 overlook the European research on this matter which has consisted 
of substantially better experimental work to verify the theoretical work. 
However, in the experimental study reported herein the better agreement 
with measurements was provided by Soh and Soh ~5 rather than either of 
the European approaches. This may well be fortuitous as their ~5 finite 
element grid/mesh appears too coarse for accurate SCF measurements at 
the 'hot spot' regions. Moreover, Soh and Soh ~s did not include any welds 
in their finite element models. 

Finally, the difference between S N C F  (or SCF) determined experimen- 
tally by linear and quadratic extrapolation techniques was found to be 
small for hot spot locations (up to 15%). The primary issue raised by this 
experimental work is that weld size should be included in the validity 
range of SNCF/SCF formulae. 

A C K N O W L E D G E M E N T S  

Financial support has been provided by the Comit6 International pour le 
Drveloppement et rEtude de la Construction Tubulaire (CIDECT Pro- 
gram 5AN/2), the University Research Incentive Fund of the Government 
of Ontario) URIF Award TO 6-001), the Natural Sciences and Engineer- 
ing Research Council of Canada (NSERC) and a NATO International 
Collaborative Research Grant (No. 880829). The authors are also grateful 
to Stelco Inc. and Ipsco Inc. for supply of the steel sections. 

R E F E R E N C E S  

1. Puthli, R. S., Wardenier, J., de Koning, C. H. M., van Wingerde, A. M. & van 
Dooren, F. J., Numerical and experimental determination of strain (stress) 
concentration factors of welded joints between square hollow sections. Heron, 
33(2) (1988) 1-50. 



SNCFs in RHS Joints 103 

2. Wardenier, J., Hollow Section Joints. Delft University Press, Delft University 
of Technology, Delft, The Netherlands, 1982. 

3. Marshall, P. W., Connections for welded tubular structures. In Proc. Int. 
Conf. on Welding of Tubular Structures. Ed. Int. Inst. of Welding, Pergamon 
Press, New York, USA, 1984, pp. 1-54. 

4. Babiker, D. B., The fatigue behaviour of welded joints between structural 
hollow sections. PhD thesis, University of Sheffield, UK, 1967. 

5. Eastwood, W., Wood, A. A. & Opie, B. P., Further tests on the fatigue 
behaviour of welded joints between structural hollow-sections. University of 
Sheffield Report, UK, Nov. 1970. 

6. Noordhoek, C., Wardenier, J. & Dutta, D., The fatigue behaviour of welded 
joints in square hollow sections - Parts I and II. Stevin Reports 6-79-11 and 
6-80-4, Delft University of Technology, Delft, The Netherlands, 1980. 

7. Wardenier, J. & Dutta, D., The fatigue behaviour of lattice girder joints in 
structural steelwork. In Proc. Int. Conf. on Joints in Structural Steelwork. Eds 
J. H. Howlett, W. M. Jenkins & R. Stainsby, Halstead Press, John Wiley and 
Sons, New York, USA, 1981, pp. 4119-4138. 

8. Dutta, D., Mang, F. & Wardenier, J., The fatigue behaviour of hollow section 
joints. CIDECT Monograph No. 7, English Version, Constrado Division of 
British Steel, Croydon, UK, 1982. 

9. Ogle, R.B. & Kulak, G.L., Fatigue strength of trusses made from rectangular 
hollow sections. Department of Civil Engineering, University of Alberta, 
Canada, Structural Engineering Report No. 102, Nov. 1981. 

10. Canadian Standards Association, Limit States Design of Steel Structures. 
CAN/CSA-S16.1-M89, Rexdale, Canada, 1989. 

11. International Institute of Welding, Subcommission XV-E, Recommended 
fatigue design procedure for hollow section joints. Part 1--Hot spot stress 
method for nodal joints. IIW Doc. No. XV-582-85, IIW Annual Assembly, 
Strasbourg, France, 1985. 

12. van Wingerde, A. M., Puthli, R. S., de Koning, C. H. M., Verheul, A., 
Wardenier, J. & Dutta, D., Fatigue strength of welded unstiffened RHS joints 
in latticed structures and vierendeel girders. CIDECT Final Report 7E and 
7F-89/5E, Delft University of Technology, Delft, The Netherlands, June 
1989. 

13. Mang, F., Herion, S., Bucak, O. & Dutta, D., Fatigue behaviour of K-joints 
with gap and with overlap made of rectangular hollow sections. In Proc. Int. 
Symp. on Tubular Structures. Eds E. Niemi & P. M~ikel~iinen, Elsevier Applied 
Science Publishers, London, UK, 1989, pp. 297-309. 

14. Soh, A. K., Too, H. K. & Wong, C. F., SCF equations for T and K square 
tubular welded joints. In Proc. 6th Int. Conf. on Offshore Mechanics and Arctic 
Engineering. The American Society of Mechanical Engineers, Eds M. M. 
Salama, H. C. Rhee & J. Y. Koo. American Society of Mechanical Engineers, 
New York, USA, 1987, pp. 247-54. 

15. Soh, A. K. & Soh, C. K., A parametric stress analysis of T/Y and K 
square-to-square tubular joints, J. Construct. Steel Research, 15 (1990), 173-90. 

16. van Wingerde, A. M., Personal correspondence between Delft University of 
Technology and University of Toronto, Jan./Feb. 1990. 

17. Gurney, T. R., Finite element analyses of some joints with the welds trans- 
verse to the direction of stress. Welding Research Int., 6(4) (1976) 40-72. 



104 G. S. Frater and J. A. Packer 

18. de Back, J., Size effect and weld profile effect on fatigue of tubular joints. 
Proc. Conf. on Safety Criteria in Design of Tubular Structures, Eds Y. 
Kurobane & Y. Making. Maruzen Co. Ltd, Tokyo, Japan, 1986, 
pp. 331-43. 

19. American Welding Society, Structural Welding Code--Steel, ANSI/AWS 
D1.1-92 (13th ed), Section 10. AWS, Miami, USA, 1992. 


