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STRESSAND STRAIN CONCENTRATIONS
IN STEEL ANGLE TENSION MEMBERS
CONNECTED BY ONE LEG

The paper presents the numerical simulations e@fltnet section failure in

tensioned angles. Angles are made of structural stéh nominal grade S235.
Simulation takes into account ductile fractureiation, by application of Gurson-
Tvergaard-Needleman (GTN) material model. Paragatranalysis of ultimate

resistance was carried out. The finite elementdyses were conducted by
ABAQUS computer program. Shear lag effect in comgd joint was observed, as
a non uniform tensile stress distribution in angfeshe vicinity of a connection.

Stress concentration areas and stress concentfatitors have been predicted,
both in elastic and ultimate behaviour of jointpEsially change of non-uniform

stress distribution in net cross-section was okeskrduring increase of loading,
until the ultimate resistance was reached.

Keywords: lap bolted connections, shear lag effect, net@edtacture, numerical
simulations, stress and strain concentration

1. Introduction

Shear lag effect is a phenomenon of non-uniforesstdistribution in wide
flanges due to shear deformation [1]. In Europeadecregulations it is
practically equated with uneven distribution of mat stresses in wide flanges
of plated structural elements in bending. The cafiskee shear lag effect in such
a case is the occurrence of shear deformation dtemngvidth of flanges in their
mid-planes, per both sides of the web. This resalgsnon-linear distribution of
normal stresses in the cross-section of the pspfildnich is a deviation from the
linear distribution, expected during bending in aidance with the Euler-
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Bernoulli assumption “plane sections remain pldn”analysis and limit states
assessments it is taken into account by usinguceett‘effective” flange width.

The second source of shear lag effect in steektsires, much more
common than existing in plated structural elemamtsending, are connections.
In this case shear lag effect is defined as nofoumitensile stress distribution
in a member or connecting element in the vicinity @onnection [2]. Such non
uniform stress distribution is generally producgdapplying force on the joint
in local manner, when tension load is transmitedame, but not all of the
cross-sectional elements (where not all parts fognsiection are continuous in
the joint).

Such way of constructing joints is very popular foactical reasons, eg.
connecting I-shape only by web (by flanges), ornemting angle by only one
leg is much more easier and cheaper comparednts jw which continuity of
every part of element is provided (Fig. 1).

Fig. 1. Examples of joints in which shear lag dffeccurs: a) I-section connected by flanges,
b) I-section connected by web, c) C-section corkeby web; d, €) angle connected by one leg using
bolts or welds

In general case of connections, shear deformatiares caused by
introducing loads into a single part of cross sectin bolted shear connections
stress distribution is also affected by existentceadt holes, eccentricities and
distributed pressure load in the bolt hole, clasgdt cross section, coming from
bolt bear.

The shear lag effect in connections is known [&],dnd included in design
procedures [5], but there is a lack of detailedngjtetive assessments of stress
and strain concentrations which appear during grbiderease of loading. Areas
of stress and strain concentration can influeneer#isistance of joint, where
fracture of weakened cross section usually detersjaint capacity. Especially
value of stress concentrations factor in net csestion can have an influence
on ability of a material to deform plastically wailt losing its strength.
The value of stress concentration can also inflaénitiation of fatigue crack in
case of variable actions.
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The paper presents a numerical simulation of neticse failure of
tensioned angles made of structural steel gradé®,S28nected by one bolt,
with application of material model, taking into acat ductile fracture initiation.
Stress and strain concentrations areas both iticeksd ultimate behaviour of
joint have been predicted as well as the stressettration factors in elastic
range. Also change of non-uniform stress distrdyutin net cross-section was
observed, during increase of loading, until thendte resistance was reached.

2. Numerical simulations and comparison with test results
2.1. Range of analysis

The range of analysis covers ten equal leg anglesexted by one bolt to
the gusset plates, as is shown in Figure 2. Thesj@re made of two different
sizes of angles, in each of them steel with nomgrable S235 was applied,
where experimentally confirmed yield strength isuaqto f,=310 MPa, and
ultimate strengthf,=445 MPa (using engineering stress measures). Bolts
diameters within the range from M18 to M22 werecpthwith different distance
e from the edge. Bolts were fully threaded class &8the vicinity of the
connection where the angle was supposed to ruptitédiole was 2 mm larger
than its diameter. Full description of analysed{®is given in Table 1.

- 120 _ 500 120
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Fig. 2. Geometry of considered joints; 1) clampneg; 2) reference points to measure displacements

Table 1. Description of numerical models

. Cross- . Edge : Edge NFea Nexp

Specimen section Bolt distance e distance er [kN] [kN]
[mm] [mm]

J60/18/24 L60x6 M18 23.5 60.3 86.4 93.0
J60/20/27 L60x6 M20 25.6 65.1 87.8 83.8
J60/20/31 L60x6 M20 30.3 64.9 116.4 130.9
J60/22/27 L60x6 M22 255 74.0 93.4 105.6
J80/22/29 L80x6 M22 28.4 74.5 113.2 133.6
J80/22/32 L80x6 M22 30.7 74.3 122.4 132.1
J80/22/33* L80x6 M22 33.0 74.3 131.0 -
J80/22/36 L80x6 M22 34.6 74.4 139.6 149.3
J80/22/37* L80x6 M22 37.0 74.3 148.4 -
J80/22/39 L80x6 M22 38.9 74.3 157.5 177.6
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2.2. Description of FE models

Finite elements models consisted of four elemeotigs: angle, gusset plate,
bolt with nut (modelled as a whole) and washer® basis for the models were
experimental tests, which are described in [6]. ébally ten specimens were
analysed. Eight of them had exactly the same dimoeres real specimens, two
marked with asterisk (“*") were created for the de@f numerical investigation
(see Table 1). Only half of the whole specimen maslelled, (Fig. 3).

a) } 250

O

- =0

Fig. 3. Numerical models; a) schematic diagranmjlel made of finite elements

The load inz-direction has form of velocity, applied to the gefsplate.
The hatched area (Fig. 3a) could not move in thection of thex andy axes.
The end of angle was blocked in z-direction. Thi iameter was equal to the
nominal value. Both washers and bolt were locatetentrically with holes in
angle and gusset plate.

The finite element mesh was adequately dense irvitieity of the bolt
hole in angle and gusset plate. The sides of celeiments had similar length.
Near the openings they were equal to 25% of amjp&riess.

Elements of hierarchical validation were used dyrifnite element
modelling. At the beginning, choice of appropriataterial model was made to
simulate failure process of elements. Model's prde capability was assessed
by comparing calculations with experiments, whas described in publication [7].

Generally two types of material were implementedriodels. For gusset
plate, washers and bolt elastic-plastic materiatewased. Its behaviour was
represented by a multi-linear stress-strain cunveerms of true stress and true
plastic strain. They were evaluated from the stethdensile tests. The elastic
behaviour was defined by Young’'s modulus and Paissoatio, equalling
E=210000 MPa and %0.3.
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For angles porous metal plasticity characteristiese introduced. This
corresponds to the description of Gurson-Tverghiddleman (GTN) material,
which more properly controls the fracture procdssact description of this
material model can be found in [8]. Table 2 givatues of material parameters
introduced to EF analysis.

Table 2. GTN material model parameter introduceduimerical simulation

fo Tvergaard parameters g fn &N SN fe fr

0.001 | u=1.5;0,=1.0;05=2.25 | 0.02 0.3 0.1 0.06| 0.2

For angles, gusset plates and washers C3D8R typeleofients were
employed. To apply a porous material in computegmm, dynamic explicit
analysis was chosen. Because of bolt pretensiomiig;h was modelled by
means of temperature change in bolt shank, C3D8TGBD6T elements were
used. Relatively small clamping force was applie@ tb A category of joints
according to EN 1993-1-8 [5].

Contact between components was defined using deoergiact option.
The frictional effects between surfaces were inetudy incorporating the
classical isotropic Coulomb friction model in th@ntact definition, with
a friction coefficienfu equal to 0.2.

2.3. Global results and observations

Global behaviour of joints, described by force-thspments curves, is
shown in Figure 4. They are divided into two grodepending on angle size.
Maximum values of resistance ultimate capacity ioleth from FE modelling —
Neea are slightly lower in most cases in comparisothtuse from test results —
Nexp (from 2% to 18%). Only in one specimen resistaobtained from FE
modelling is 5% higher in comparison to the tesal€ 1). Deformation
capacity of joints, measured at two reference pojsee Fig. 2), obtained from
FE models is noticeably shorter when compared &b joents. But qualitative
comparison of behaviour obtained from FE modelltogthe one measured
during the tests shows high degree of accuracyecesly in terms of
deformations and fracture character, (Fig. 5). IBetaomparison FE results with
tests is given in [7].

The edge distana® has the greatest impact on behaviour of modetigs]
The greater edge distance is, the greater resestahspecimens is observed.
Looking at Table 1 and Figure 4, it can be seeh shacimens J80/22/32 and
J60/20/31 have almost the same edge distan@dthough they vary in angle and
bolt size, they reached very similar tensile cagauid elongation.
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Fig. 4. Force - displacement curves from FE sirfariat a) group made of L80x6, b) made of L60x6

Fig. 5. Specimen J60/20/27; a) deformation anduraenode obtained in FEA; b) obtained from test
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It can be also observed that bolt diameter inftesrelongation of joints in
a small extent. Specimens J60/20/27 and J60/2Ei874b) have the same edge
distances; and they differ in bolt diameter. Ultimate resigta is slightly higher
and elongation is smaller for specimen with latgats diameter despite the fact
that net cross-section in this specimen is smaller.

3. Stress concentration factorsin joints

One of the aims of this paper is to describe ndfetm stress distribution
in net cross-section. Such description is possbléar only for welded angles
and tees [9].

In elastic range the most convenient parameter lwhiows the stresses
uniformity across considered element is the steesgentration factok. Such
factor is a ratio of maximum stress value to noinm@es. Within this work
longitudinal stressesr, were considered and nominal value of stress was
calculated using tension force loading on angleitsndet cross-section.

For all considered specimens stress concentrasiotors were calculated
from equations (1) and (2).

ke = Inex @
N
Onom = m (2)

where: omax— maximum value of longitudinal stress,(, = g,,) in steel angle,
N — global force acting on joint equal to 02N
A, .+— Net cross-section.

The maximum values of longitudinal stresses weré&inbd from FE
models for relatively small level of load (about8®@f Neea), which on the one
hand is greater from numerical slip resistance.(&jgand on the other hand is
enough small to longitudinal stress would be instidarange of material
characteristics.

For all specimens maximum values ®&f in elastic range appear in the
vicinity of bolt hole (Fig. 6), not in net crosses®n. So, two types of stress
concentration factors were predicted. First knaescribes the largest value of
concentration factor observed in specimen at alto8d onek, describes stress
concentration in net cross-section only, taking iatcount maximum stress in
net cross-section.

Obtained values df; andky are given in the Table 3. It can be seen that
difference betweerka and ko changes in small extent (from 18 to 26%).
Computed results of stress concentration factors significantly larger
compared with results for infinitive sheet in temsiwith circular hole, where
k=3.0 [10]. Obtained values are the results of &l bending caused by
eccentricities and bearing stress created in thkeday the bolt.



12 E. Bernatowska, LSleczka
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Fig. 6. Location of maximum value af, for J60/18/24 specimen

Table 3. Stress concentration factors

Specimen Kt Ktz kta/kt2 Erea

J60/18/24 6.64 5.50 1.21 0.32
J60/20/27 5.86 4.74 1.24 0.35
J60/20/31 5.83 4.74 1.23 0.46
J60/22/27 5.08 4.03 1.26 0.37
J80/22/29 8.33 7.03 1.18 0.30
J80/22/32 6.86 5.78 1.19 0.33
J80/22/33 6.69 5.65 1.18 0.35
J80/22/36 6.33 5.33 1.19 0.37
J80/22/37 5.16 4.35 1.19 0.40
J80/22/39 5.16 4.35 1.19 0.42

To check correlation between predicted stress cdrat®ns factors and
ultimate resistance of joints additional paramétes been introduced. It is joint
efficiency parameter dgs, which is defined as the ratio of finite element
capacity (ultimate loading #a) over calculated nominal capacity of the net
Cross-section f:

NrEA
E = 3
FEA = 7o ©))

where: f —is ultimate strength of the steel.

Such joint efficiency parameter indicates crosgigeaitilization in tension
members [9]. It can be observed that stress coratemt factorsk: andky are
inversely proportional to efficiency parametesiA& especially in J80 group, in
which edge distance; was constant. For this group also proportiark: is
nearly constant (1.18+1.19).
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4. Process of stressredistribution under increasing load

Distribution of normal stress across the net cemsgion in elastic range
(Fig. 7) shows only area where yielding will start.

a)

D
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Fig. 7. Net cross-section; a) characteristic ppbjtslistribution o6z in elastic range across net cross-
section for specimen J80/22/29 for N=0s8N
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Fig. 8. Effective stress distribution in net crgsstion (path A-E according to Fig. 7a) in thresllo
levels, L60x6 angles

The change of stress distribution according togasing level of loading is
shown in Figure 8 and 9. Figures show distributbreffective stress along net
cross-section (path which is defined in Fig.7ahiee different load levels:

« N=(0.28-0.35)NFEea,
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« N=0.80NFga,
+ N=NFea,

where Neais ultimate loading obtained in FE analysis.
Distance A-D refers to the width of connected B¢k to unconnected leg

of angle and B-C to the bolt hole.
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Fig. 9. Effective stress distribution in net crgsstion (path A-E according to Fig. 7a) in thresllo
levels, L80x6 angles

Presented diagrams were grouped according to #ee afi angles. They
differ from each other in distance,. Dashed lines shows vyield stress.
To estimate effective stress, true stresses weesl @S a stress measures

according to FE analysis type.
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In all specimens it was observed that first makegrielding started from
area near the bolt hole in connected leg, and #peead over cross section.
Stress in connected leg, in ultimate limit staéached ultimate strength of steel,
especially in section A-B in the vicinity of the Ibbole. Due to steel ductility,
stress redistribution was observed before a firadtfire, allowing yielding of
unconnected leg D-E. However effective stress valtress unconnected leg of
angle does not exceed yield strength of the steel.

The sequence of initiation and propagation of treectobtained during FE
analyses was the same as during the test. Fraatiti@tion occurs with
significant plastic deformation of the connectegl fimgment, between bolt hole
and adjacent edge. Concentration of longitudingd strains; is observed on the
bolt hole edge (Fig. 10).
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Fig. 10. True strain;zdistribution in net cross-section (path A-E acaegdo Fig. 7a) in two loading
levels in selected specimens

5. Summary and conclusion

Results of numerical investigation on the sheardtfgct of steel tension
angles, connected by one bolt, are reported inptger.

Conducted analyses show non uniform tensile stiestsbution in angles,
in the vicinity of a connection, both in elastiage and at the stage of reaching
the ultimate load capacity. In elastic range st@sxentration factors predicted
for analyzed joints have clearly larger values timaother bolted lap connections.
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Ductile nature of structural steel can lead to ltgialding of net cross-
section, but in order to obtain ultimate resistaoteet cross-section, only part
of connected leg area is utilized.

Analyses gave better insight into process of rabision of stress along
net cross section during increasing loading, wisih be use in further work.
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