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ABSTRACT. This paper is concerned with investigating the plastic behavior of
gap K-joints of truss girders, made from thin-walled rectangular hollow
section members. The novelty of the method is that it offers a rigorous
numerical model that may be generalized to cover similar joints with different
parameters to the one covered in this study. An experimental study was
carried out on a full-scale girder under concentrated load on two central
nodes. A numerical analysis was carried out using ABAQUS to investigate the
behavior of this type of joints and comparison is made with the experimental
results. The study aims to examine and define the analytical model for this
type of joints. The results obtained show that sections with chord/brace
thickness ratio (to/t;)=1 exhibit a different behavior compared to sections
with (to/t1))>1. From this study, it was possible to obtain the modes of failure
of such sections followed by a comparative study on the determination of the
joint capacity using Eurocode 3 and CIDECT.
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INTRODUCTION

ectangular hollow sections have continued to be the subject of numerous studies, analytical, experimental and

theoretical [1—4]. The behavior of K-joints with a hollow rectangular section is complex as it has too many

influential parameters [5-8]. When designing the chords, the resulting moments due to eccentricity in the joint
must be taken into account. When assuming that all members are pin-connected, these “eccentricity moments” can be
easily ovetlooked. Moreover, the Canadian HSS Design Guide [9] states that connections are to be designed within a
certain range of validity, however, for cases where L/h < 6, these secondary moments need to be considered.
Frater and Packer [10] showed that the bending moments in the chords obtained from experimental results of large-scale
gap-jointed RHS trusses gave poor numerical agreement; it seems therefore necessary to use a rigorous method to predict
the maximum bending moment and verify its interaction with the maximum axial force. The large deformations of the
chord face are usually present in RHS truss connections and these contribute to the distributions of axial force and
bending moments. Coutie and Saidani [11, 12] showed that by simulating the deformations in the faces of the chords, the
experimental behavior of the truss could be reproduced by theoretical models.
A numerical analysis conducted by Kim and Lee [10] on the behavior of rectangular hollow section (RHS) joints with a
bracing-to-chord width ratio =1 showed that lateral instability could easily occur. This phenomenon has been found to
significantly alter the strength of the joint. Therefore, and following simple mechanics, an analytical and more rational
expression of the width ratio has been proposed and validated.
The majority of research work on gap K-joints with rectangular hollow section has been carried out on sections of 100
mm x 100 mm with chord/brace thickness ratio of ty/t;>1.Based on these studies, a contribution of this research is to
carry out a comparative study for a better understanding of the behavior of joints of rectangular hollow sections, with a
smaller section of 70 mm x 50 mm and chord/brace thickness ratio of to/ti=1.This paper deals with an experimental
investigation of the behavior of gap K-joint of rectangular hollow section and assessing the deformations obtained during
the experiment. Stresses, axial forces and bending moments are determined. A numerical simulation using the Abaqus
software was also carried out for an in-depth analysis and validation of the results obtained from the experimental study.

EXPERIMENTAL SETUP
full scale truss girder made of steel S235 and gapped K-joints is tested. It has a symmetrical shape with respect to

its center. The experiment was carried out on a test slab with a gantry fitted with two hydraulic jacks with a
maximum capacity of 20 t (200 kN) each.

N N
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L 4000 '
: 1
Figure 1: Design of truss.
Settings Total length Total height Chotds Bracings
Unit (mm) 4000 750 70x50x2.5 60x30x2.5

Table 1: Dimensions and sections of the elements.

The main mechanical and geometric characteristics of the specimen were provided by the manufacturer. These can be
E: Young’s modulus = 210 GPa

Ac: Cross-sectional area of chord = 575 mm?

Ag: Cross-sectional area of diagonal = 425 mm?
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Protocols and experimental devices
The beam is mounted on a test slab, the load is distributed at the two central nodes through a rigid steel H profile. A
wind-bracing system has been adopted to ensure the out-of-plane stability of the truss (Fig 2).

Figure 2: Truss test.

Geometric characteristics of the truss

Analytical models are used to study the effect of the main parameters and describe the behaviour of joints. However,
taking all the parameters into account leads to a model that is far too complicated. For this reason, various simplified
models are used depending on the mode of failure analysed, and in combination with results of laboratory assembly tests,
these models make it possible to establish sizing equations. As the design and sizing of a structure always result from
compromises between resistances, stability, manufacturing cost and maintenance, these can sometimes be conflicting.

-+ Jto |ho

Figure 3: Geometric characteristics.

Truss Joint type 01 0, B bo/to b1/t to/t1 bi/bs

T Gap-joint 60.6 60.6 0.9 20 12 1.0 1.0

Table 2: Different parameters of the joint.

Instrumentation and measurement

Electrical Resistance Strain Gauges were placed on the four faces of the elements constituting the joint (Figs. 4 and 5), in
order to measure the strains and subsequently determine the stresses. Then, the measured values were converted into
forces and bending moments in the braces and in the chord.
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Figure 5: Attachment of gauges.

Reinforcement has been adopted at the level of the supports and the joints under the applied load location in order to
avoid the rapid deformations of the side walls of the chord as shown in (Figs. 2 and 5).

TEST RESULTS

width/thickness ratio (bo/to), the truss width/thickness ratio bj/tj, and the angle of the braces with the chord (0).

All these parameters have been the subject of previous research work [4,8,11]. Based on the results, and with a
ratio of to/t;>1 it was found that these parameters cause deformations on the face of the chord without affecting the web.
In the present work, two parameters were the exception with respect to the investigations carried out, the chord/brace
thickness ratio to/t1=1, which should be to/ti>1, and coefficient § which must be <0.85 as recommended for K-joints
[12]. These parameters were the cause of the buckling of the chord wall. One test was enough to show this particularity.
More tests would have been desirable, but they are very costly to execute, hence the use of results from the literature and
the numerical modeling carried out in this study are proposed to overcome this shortcoming.
The study consists in close examination of the joints under the loading, whose chord will be the most stressed by the
loading from the diagonals.

T he main parameters (Tab.2) influencing the joint behavior of hollow rectangular section trusses are: the chord

Distribution of axial forces
The axial force (Fig. 3) was evaluated for each member using the equation given below. The axial force in element i
according to Saidani [8] may be written as follows (there are 4 strain gauges at each section, hence n=4):
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E: Young’s modulus.

A: The cross-sectional area of member.

gi: Strain.

The variation of the axial force in the braces (branches) with respect to the loading was approximately linear up to the
ultimate load of 50 kN (Fig. 6).

D
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—i— Compression branch
& * L
-15 -10 -5 0 5 10 15

Axial force (kN)
Figure 6: Diagram Load/axial force in the branch.

The values of the axial forces calculated from the deformations in the brace of the joint are shown in the Tab.3.

Axial forces (kN)

Load (kIN) ) )
Compression branch Tension branch

0 0 0

10 -5.0 2.5
20 -7.1 4.1
30 -9.2 5.0
40 -11.3 7.0
50 -12.9 10.2

Table 3: Axial forces in branches.

Stress distribution diagrams

The relationship between stress and local deformation was linear up to an applied load of 50 kN. Furthermore, the
deformations recorded on the compression diagonal are clearly higher than those on the tension diagonal (Fig.7).

The stress and strain values in the brace of the joint are shown in Tab. 4.

The face chord deformation

The deformation was greatest at the joint where the axial force was highest. The instability occurred in all four sides of the
chord section. This confirms the observations from previous investigations of tested joints. The deformations of the front
wall (face) of the chord behaved lineatly up to approximately a load of 20 kN (Fig. 8), however from this point onwards,
the behavior was non-linear. This non-linearity appears to be caused by deformations and buckling of the sidewalls of the
chord. The points on the curve (Fig. 8) correspond to the various loading levels see (Tab 5).
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Figure 7: Stress-Straincurve in the branch.
i -5
Load Stress (MPa) Strain (10-) .
(N) Tension branch Compression branch Tension branch Compression
branch
0 0 0 0 0
10 7.5 -13.9 3.6 -7.0
20 9.5 -17.4 4.6 -8.7
30 11.4 -21.6 5.6 -10.8
40 17.5 -25.4 7.8 -12.7
50 23.8 -28.9 10.2 -14.5
Table 4: Stress and Strain values in the branches.
60
50
40 +
4
530
§
=
20 -
10
0
0 20 40 60 80 100 120 140 160 180

Strain (10°)
Figure 8: Load-Strain curve in the chord face.
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The values of strain in the chord of the joint considered ate mentioned in Tab.5.

Load (kN) Strain (10-9)
0 0.0
10 44.0
20 54.0
30 69.0
40 95.5
50 162.4

Table 5: Strain in the chord face.

Deformation of the chord sidewalls
The load-strain curve of the sidewalls of the chord had a similar appearance to that of the face of the chord, except that
their plasticization caused significant deformations resulting in a cleatly visible buckling (Fig. 9).

60

50 |

40 |-

30 |

Load (kN)

20 |

0 5 10 15 20 25 30
Strain (10-%)

Figure 9: Load-Strain curve in sidewalls of the chord.

b
1y

b
—
Figure 10: Deformation of the chord sidewalls.
Instability (buckling) of the side or web of the chord under the compression brace, generally only occurs when the

brace/chord width ratio () is greater than about 0.85, mote particularly when the coefficient $=1 [20] and the ratio
between the width of the diagonal and the chord is equal to one (bi/bo=1). This ratio has a great influence on the
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behavior of the joint, in particular, on the deformations of the walls of the chord. An optimal ratio proves to be essential
on the resistance of the joint, therefore, reduced deformations (Fig. 10).

Based on the results obtained from the strain values (Tab. 6), a compromise must be established between the load and the
dimensions of the elements, in order to limit the deformations of the sidewalls of the chord and to have a ratio
according to the standards of design [12].

Load (kN) Strain (10-)
0 0
10 13.6
20 15.6
30 18.1
40 20.0
50 25.0

Table 6: Strain values on the side walls of the chord.

NUMERICAL ANALYSIS

study [13-15]. The beam was created in 3D (Fig.11) and then analyzed. As these are thin hollow sections, the

shell element seems to be the most suitable for this type of section. The calculation software gives the possibility
to choose the number of nodes of the chosen element or it does it automatically. This approach made it possible to
directly determine the values of strains, stresses, displacements and forces at any point within the structure [16-19].

ﬁ numerical analysis using the commercial software ABAQUS was carried out in order to validate the experimental

Geometry and mesh
The shell element can be used effectively in a nonlinear analysis including investigation of plasticity, large displacement,
and fracture. An adequate mesh represents a good compromise between calculation time and accuracy of the results.

Figure 11: Overall view of the truss.

Loading and boundary conditions

The tested truss is simply supported on a hinge and a roller. The loading is applied on the two central nodes of the truss
(Fig. 13).

The load is introduced as a pressure on the joint (Fig. 14).
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Figure 12: Joint mesh.

ravavavan

Figure 13: Supports of the beam.

Figure 14: Joint load.
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Fig. 16 shows that the behaviour of the compressed diagonal was elastic and a convergence of the results obtained from
the two approaches. Moreover, the average percentage error between the numerical and experimental analysis of strains is
equal to 16.1%, respectively (Tab. 7 and Fig. 17). The difference are mainly due to the assumptions made regarding the
material properties of specimen, the presence of residual stresses from the welding, as well as any inaccuracies in the

Figure 15: Boundary conditions.

testing set up, such boundary conditions, out-of-plane deformations however small, etc.

60

—+—FE

—+—Exp

0

-20

Figure 16: Load-Strain curvein the compression branches between numerical analysis (FE) and experimental (Exp).

-15

-10
Strain (10-)

-5

0

Load (kN)

Load (kN)

0
10
20
30
40
50

Compression branch

Strain (10-)
Numerical Experimental
0 0
-8.5 -7.0
-10.5 -8.7
-12.5 -10.8
-14.3 -12.7
-16.0 -14.5

Percentage error (P)
(X~ X.)x100

X.

Strain (%)
0

21.4

20.6

15.7

125

10.3

Table 7: Strain values in the compressed branches and percentage error between numerical analysis and test results.
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Figure 17: Percentage error between numerical analysis and experimental results.

Bending moment in the chord

According to Saidani[8], in lattice girders where the joints are gapped, the secondary moments can be quite large, and the
bending moments in the chord may be obtained as follows [8]:

; E ‘Z
Mio1n :T'(glo _‘912) )

M, ,,is the bending moment at the right end of the chord.

E-Z

Mli4—16 =T'(314 _816) 3

M, ,,is the bending moment at the end of the chord.

21.
7 = %: Elastic modulus of the member *
bt 2
I, = ? -(4a —12.72a + 11.946) : the second moment of area ©)
Lk ©
£,

7

Tab. 8 shows the values of bending moments at the left and the right ends of the joint, as well as the percentage errors
between the experimental and numerical analysis.

The bending moment in the chord was predominantly in single curvature. It varies linearly with the applied load up to
approximately a load of 40 kN (Fig. 19), however from this point onwards the behavior became on-lineat. This variation
in bending moment was related to local yielding of the chord face and its side walls.
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—_—
Mygg - My
Figure 18: Notations for bending moments.
Bending moment (kN.m)
Percentage error (P)
Load (kIN) Numerical Experimental (X,- X .)x100
X.
Misa6 Mig.12 Mis16 Mig12 P14.16(%) Pio-12 (%)
0 0 0 0 0 0 0
10 -0.24 0.12 -0.19 0.09 26.3 333
20 -0.51 0.25 -0.38 0.20 34.2 25.0
30 -0.70 0.40 -0.58 0.35 20.6 14.2
40 -0.95 0.53 -0.75 0.45 26.6 17.7
50 -1.39 0.77 -1.10 0.68 26.3 13.2

Table 8: Bending moment and percentage error values in the chord between numerical analysis and experimental.

Load (kN)

-1,5

60
O

50

40

30

—— Num 10-12 M
—— Exp 10-12 M
— & —Exp 14-16 M

= & —Num 14-16 M

-1

-0,5

1 1,5
Bending moment (kIN.m)

Figure 19: Load-Bending moment curvein the chord between numerical analysis and experimental.

The chord’s bending moment results obtained from both approaches are expressed in the histogram with an average error
percentage of 26.8% and 20.6% for the left and right joint moments (Fig.20).

In general, the origin of this error between numerical and experimental analysis is certainly due to certain failures which
can occur at any level of loading during the course of the test, and especially for a four-point test, such as the protocol and
the experimental devices, reliability of gauges, geometric imperfections, presence of the residual stresses, out-of-plane
deformations however small, etc.




gﬁ%ﬁ

F. Slimani et alii, Frattura ed Integrita Struttnrale, 62 (2022) 107-125; DOI: 10.3221/IGF-ESIS.62.08

40
mP14-16
P10-12

~_

g 30

i

2

i

)

g 20 ¢

8

=]

W

2

o 10

0
10 20 30 40 50

Load (kN)
Figure 20: Percentage error between the two approaches.

Apnalytical models and failure modes

When the ratio bo/to ot ho/to of the chord is large enough, the local buckling modes occur. According to Wardenier [1]
two modes of failure could be used for the calculation of the resistance of connections, such as the yielding of the chord
face. Many formulas exist in the literature; some have a theoretical basis but most are empirical or semi-empirical in nature
for the various modes of failure. The general criterion is based on the ultimate strength concept. The CIDECT
recommendations have been established so that the limit state of deformation under service loads is satisfied [12].

The factors used in the equations have been established and reflect the main strength parameters; namely the plastic
capacity in bending (fyo.to?/4), ratio B, the slenderness ratio of the walls of the chord (Y), as well as the influence of the
presence of compression force in the chord f(n).

The same deformations at the levels of the side walls and the face of the chord have been observed both through the
numerical analysis and the experimental results (Figs. 21 to 25).

Figure 21: Plasticization of the central joints.

119



F. Slimani et alii, Frattura ed Integrita Strutturale, 62 (2022) 107-125; DOI: 10.3221/IGF-ESIS.62.08

Figure 22: Right central joint failure (Numerical analysis).

Figure 23: Right central joint failure (Experimental).

THAaREpr’ .‘w‘*‘N

Figure 24: Left central joint failure (Numerical analysis).
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the chosd wmalls |
W

Figure 25: Left central joint failure (Experimental).

Effects of slenderness ratio on chord web

An additional numerical simulation is carried out on a range of values, aimed at observing the effect of the slenderness of
the walls of the chord on the capacity of the joint. A variety of chord thickness values (Tab. 9) were chosen in order to
observe the behavior of the chord web.

Load (kN) Strain (105
0 0.0 0.0 0.0 0.0
10 5.03 3.78 2.9 2.48
20 10.1 7.56 5.9 497
30 16.0 113 8.9 7.4
40 26.1 15.8 12.0 9.83
50 57.6 22.4 15.3 12.2

to (mm) 2,5 3 35 4
Y= bo/2t 10 8.33 7.14 6.25

Table 9: Strain values in the web of the chord for different slenderness ratios.

60

40

Load (kN)

30

20

10

0 L L L L L
0 10 20 30 40 50 60

Strain (10%)

Figure 26: Load-Strain curve in chord sidewalls for different slenderness ratios.
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The slenderness ratio has been an influential parameter on the deformations of the web of the chord and more
particularly on the capacity of the joint. Fig. 26 shows that slenderness ratios of 6.25, 7.14 and 8.33 predict the elastic
deformations of the chord web. The results provide good predictions of the joint capacity.

Figure 27: Plastification view of trusses with different slenderness ratios: (a) y=10; (b) y=8,33; (c) y=7,14; (d) y=6,25.

Standatds Failure Joint capacity Values (kN)

_ 8.9\ 7,/ ot {bl +b, + b, +b2]/7m

sin 6, 4b,

i,RD

bO
"o

0.4n

Eurocode Chotd face failure 42.7

k=13

00,54
p=—LEd

"/,

. Lo [ b +by+h +h
Nl.=8.9f) o) [ LR R Y P
sinf, 4b,

0.4n

CIDECT Chotd face failure 42.7

Fn)=13+

Table 10: Axial resistance of gap K-joint (joint capacity).

Joint capacity

Several numerical and experimental investigations have been carried out on the behavior of joints in rectangular hollow
section trusses to established design standards and define the parameters influencing the resistance of joints and the
relationships governing their resistance. The mechanical and geometrical parameters of the model are shown in (Fig. 3)
and are used to calculate the joint capacity (Tab. 10).

As the sections of the truss elements are small, the values of k, and f(n) are greater than one. According to CIDECT [12]
and Eurocode 3 [20], these values must be less than or equal to one. Therefore, both approaches gave the same value of
the joint strength. Nevertheless, up to the service load of 50 kN, the axial forces in the branches (Tab. 2) were lower than
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the value of the joint capacity (42.7 kN). Except that and according to the load-strain curve in the chord (Fig.8), the
capacity of the joint should be limited to a load of 40 kN, in order to limit the deformations of the walls of the chord.

No relationship has been given in the standards (CIDECT and Eurocode 3) to determine the resistance of the K-joint for
hollow rectangular sections in the case of lateral buckling of the walls of the chords with $>0,85. In this study, the
deformations of the sidewalls of the chord were predominant (Fig. 25). Gap K-joint trusses have a higher resistance if the
branch to chord width ratio is as high as possible [12,20].

CONCLUSIONS

hollow sections. Purely experimental methods are often very expensive when trusses are tested on a real scale,
requiring special equipment. On the other hand, these experiments, which can turn out to be indicators, often
provide more qualitative than quantitative results. A parametric study is necessary, but it can increase the cost and the time
necessary for its realization.
From this investigation, the following may be concluded:

T his work is a contribution with an alternative method to the classical means of studies of steel truss girders with

e Thin rectangular hollow section truss with thickness ratio between chord and braces to/t1=1 exhibits slightly different
behavior compared to trusses with thickness ratios to/t;1>1. This phenomenon of buckling of the chord walls has been
observed even for thick sections. To prevent this buckling, the CIDECT recommendations require that this ratio is to
be as high as possible.

e Given the thinness of the chord section, reinforcement by a U-profile of the joint at the point of application of the
load is necessary but which unfortunately could not prevent plasticization of the sidewalls of the chord.

e Both approaches provided interesting results about the use of thin hollow rectangular sections. They have also shown
that the major drawback is at the joint where the load is applied.

e As the sections of the truss elements are small, the CIDECT and Eurocode give the same values of the joint capacity.

e No relationship has been given in the literature on gap K-joint resistance in the case of lateral buckling of the chord
walls. Whereas, in this work the deformations of the side walls of the chord were predominant.

e It is better to reinforce the section of the chord at the level of the joint where the loading is applied.

e The majority of past research work was carried out on three-point tests and with thickness ratios of the chord and the
diagonals to/t1>1, and a width ratio between the chord and the diagonals 8 < 0.85. The novel contribution of this
work shows that the section with the thickness ratio to/t1=1 and with 8=0.9 gives considerable deformations of the
web of the chord, therefore a buckling of the walls.

e A complementary numerical simulation is catried out on a range of values of the slenderness ratio of the web of the
chord, has shown the important effect of this ratio on the walls of the chord. Moreover, this ratio of slenderness
influences the capacity of the joint as well as the failure mode.

e It was found that, despite the very high stresses that occurred at the joints under loading, the overall behavior of the
truss was linear, no visible deformations were recorded in the elements and joints of the truss.
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NOMENCLATURE

E: Young’s modulus.
A: The cross-sectional area of member.
¢i : Strain in the member.
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y
fFJ

No.za: Factored (ultimate) axial force in chord.
Np.ra: Factored (ultimate) axial force in chord excluding the effect of the horizontal brace force components.

B: Mean bracing width to chord width ratio f =

b +b,+h +h,
4b,

z: Elastic modulus of the member.

Mi: Secondary moments.

Mo gq: Factored (ultimate) applied moment in plane in chord.
Ni: Axial force.

Ii: Moment of inertia.

fyo: The yield strength of a chord member.

bi: Compression branch width.

ba: Tension branch width.

hi: Compression Branch height.

h: Tension Branch height.

bo: Chord width.

ho: Chord height.

to: Chord thickness.

y:The ratio of the chord width to twice its wall thickness.

N, rq: The design value of the resistance of the joint.

kn: Chord end stress factor for rectangular chord joints.

yais: Partial safety factor for resistance of joints in hollow section lattice girders.
0: Bracing angle.

/() : Function in the connection resistance formulae, which incorporate the influence of normal stresses in compression

N

chords.

: Connection resistance expressed as an axial force in member 1.
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