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Abstract. Trussed structures in modern bridge building usually have “W” bracing. Structural joints are often based on
application of gusset plates. Experimental tests of stress distribution in such gusset plates are rather sparse. Lab testing
of scaled bridge truss girder was carried out in Poznan University of Technology in Poznan. Investigation into stress
distribution in gusseted joint was carried out. Test results were put against results obtained from analyses of two fi-
nite element models: beam-element model and shell-element model. Normal stress and Huber-Mises equivalent stress
distributions within gusseted joint were analysed. General conclusions are: a) normal stress distribution in gusseted
joint cross-section, perpendicular to truss flange axis, is nonlinear and extreme stresses occur near cross-section edges,
b) Huber-Mises equivalent stress distribution in the cross-section of gusset plate near its connection to truss flange is
nonlinear and extreme stresses occur near centre of the cross-section, ) assessment of normal stresses in gusseted joints
should not be carried out with an aid of beam-element modelling, d) it is possible to assess Huber-Mises equivalent
stresses in gusset plate near its welded connection to rigid flange with an aid of beam-element modelling if non-uniform
distribution of shear stress is taken into account, e) shell-element modelling of gusseted joint provides satisfactory accu-
racy of normal and equivalent stress assessment, f) beam-element modelling of friction grip bolts is sufficiently accurate
for shell-element models of steel joints analysed within elastic range of behaviour.
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1. Joints of modern bridge truss girders The “W” bracing is applied also in truss-stayed bridg-
es (Reintjes, Gebert 2006) and in trussed decks of modern
cable-stayed bridges (Zongyu 2012) - Figs 2 and 3. The
trussed decks often have rigid flanges.

Since rigid flanges must provide substantial flexural
stiffness, they have cross-sections typical for beams, i.e. T or
box. Bracing members are usually attached to flanges with
an aid of twin gusset plates. Frequently each of gusset plate
is butt welded to horizontal (top or bottom) plate of the truss
flange. To reduce gusset plate dimensions flange theoretical
axis is situated near the level of gusset plate —to — flange con-

Modern bridge truss girders have usually “W” bracing and
rigid flange at deck level, i.e. cross beams are connected
to girder flange at nodes and between them (Ahlgrimm,
Lohrer 2005). Described layout of girder makes erection
and maintenance easier. Thanks to intermediate cross
beams deck weight is reduced. The example of such span
is shown in Fig. 1.

igid flange nection, instead of at the flange neutral axis. Thus, eccen-
T T T [ T T T T T ] tricities occur. It is shown in Fig. 4 (bracing member axes
Fig. 1. Scheme of Warren truss with rigid bottom flange projected on gusset plate plane are marked).
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Fig. 3. Cable-stayed bridge with trussed deck
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Majority of available studies concern joints with sin-
gle gusset plates in braced frames. Usually the joints si-
tuated at frame corner with single bracing member were
analysed (Kaneko et al. 2008; Yoo et al. 2008). Frame con-
nections of inverted V-braces (two bracings at joint) were
also studied (Chou, Chen 2009; Zhang et al. 2011). In
both cases gusseted joints were loaded due to frame sway.
Beam bending was omitted. Studies completed for bridge
joints concerned mainly rather obsolete joint layout with
two bracing members and column meeting at a joint (Ber-
man et al. 2010; Crosti, Duthinh 2012; Najjar, DeOrtentiis
2010). Experimental analyses of gusset plates in “W” bra-
ced bridge truss girder with rigid flange are hard to find.

The paper presents assorted results of testing of scaled
truss girder with “W” bracing and some results of its finite
element method (FEM) analyses.

2. Simplified stress analysis for gusset plates

2.1. Normal stress analysis

One of the oldest methods of gusset plate design is based
on beam analogy. Part of truss flange together with gus-
set plate is analysed as a beam in bending and tension (or
compression) at the same time (Szelagowski 1966) - Fig. 5.

Normal stress in the A-A cross-section of the gusset
plate shown in Fig. 5 is calculated as follows:

oo U, + D, cos(a) N [Ul +D, cos(oc)] e
A J

> 1)

where U; — axial forces in truss flange, kN; D; — axial
forces in bracing member, kN; e — distance between cen-
tre of gravity of the analysed cross-section and theoretical
node of truss, m; y — distance between centre of gravity
of the analysed cross-section and its respective edge fi-
bre, m; a — angle between axes of truss flange and brac-
ing member, (rad); 4 — cross-sectional area of analysed
cross-section, m?; J — moment of inertia of the analysed
cross-section, m?.

Beam analogy gives inaccurate assessment of stresses in
gusset plates in terms of their magnitude and distribution.

More accurate method of gusset plate design is based
on the Whitmore criterion (Whitmore 1952). It is applica-
ble especially when gusset plate is connected to a member
in tension. Extreme stress in gusset plate may be computed
in a simplified way. The assumption is made that gusset
plate carries stress over the width w. It is measured along
the last row of rivets/bolts and it is set according to rules
presented in Fig. 6. In the case of interference with other
members connected to the gusset plate, the width w is li-
mited by outer rivets/bolts that connect the other mem-
bers. Applicability of this approach was confirmed by in-
dependent tests (Najjar, DeOrtentiis 2010; Rosenstrauch
et al. 2013).

According to the Whitmore criterion, the representa-
tive normal stress in gusset plate is:

o= (2)

where N - axial force in truss member, kN; w — active
width of gusset plate, m; t — thickness of gusset plate, m.

Gusset plate in tension may also be designed based on
block shear idea. Current block shear criterion is based on
the approach presented in (Hardash et al. 1985). Tearing
line runs along outer rivets/bolts within the connection. It
is shown in Fig. 7.
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Fig. 5. Analysis of gusset plate based on beam analogy
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Fig. 6. Whitmore criterion of setting active gusset plate width
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Fig. 7. Current concept of block shear in gusset plate
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Current criterion of block shear specifies load car-
rying capacity as:

Nmax :Atfa +Avfav’ (3)

where A, — net cross section of the part of gusset plate in
tension, m?; A, - net cross section of the part of gusset
plate in shear, m%; f, - steel yield strength in tension, MPa;
Sy — steel yield strength in shear, MPa.

There are also simplified methods of design gusset
plates connected to members carrying compression. If it
is assured that buckling failure occurs before gusset plate
yielding, a method based on column analogy may be ap-
plied (Thornton 1984). The method is shown in Fig. 8.
Distance AB is the active width according to Whitmore
criterion.

The length of a virtual column is computed as the
average of L}, L, and L;, given in Fig. 8. Each of them

Fig. 8. Design of gusset plate in compression: 1 - clamped edge;
2 — free edge
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Fig. 9. Design of gusset plate in compression that yields prior
to buckling: 1 - clamped edge; 2 - free edge
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Fig. 10. Method of computation of stresses in gusset plate along
B-B section

is limited by AB line and clamped edges of gusset plate.
Buckling coefficient of 0.65 may be assumed.

Simplified method of design of gusset plates under
assumption that they buckle after yielding is also available
(Yam, Cheng 1994). This method takes into account stress
redistribution in gusset plate after its yielding but before
buckling. It is shown in Fig. 9.

The angle of stress propagation is assumed here as 45°
and A B, line coincides with last rivet/bolt row. Virtual
column length may be taken as L, (Fig. 9) or according to
Thornton method. The approach shown in Fig. 9 may be
applied under condition that elastic buckling strength is at
least 50% higher than compressive strength computed ac-
cording to Whitmore criterion that neglects buckling.

There are very few proposals of design of gusset
plates under compression that go beyond column analogy
(Sheng et al. 2002).

In general, the methods of gusset plate design consid-
er single member connected to a gusset plate. Any interac-
tions of adjacent members connected to the same gusset
plate are reflected in a simplified manner. Moreover the
methods are meant to assess the load carrying capacity of
gusset plates instead if extreme stress level and stress distri-
bution. Hence, they can hardly be applied to fatigue design.

2.2. Equivalent stress analysis

Classic method of assessment Huber-Mises (H-M) equiva-
lent stress in gusset plate near its welded connection to truss
flange requires computation of internal forces in bracing
members. This may be easily accomplished based on analysis
of beam-element FEM. The analysis results — internal forces
N;, M, and N,, M, - are shown in Fig. 10. Shear forces in
bracing members are usually very small and they are usually
neglected. This does not affect further analysis.

Finding stresses along gusset plate to rigid flange
connection (3-f3 section) requires computation of resultant
normal force (N), resultant shear force () and resul-
tant bending moment (M), at the centre of gravity of butt
welds — point “C” in Fig. 3.

The stress state at the -3 section is usually computed
in the following way:

—normal stress:

N M
o, =—C 4 _Cy’ (4)
B B
— shear stress:
Q
TB = AZ > (5)

- H-M equivalent stress:

Oequp =1 IGBZ + 3TB2 , (6)

where op — normal stress at the B-f§ cross-section, MPa;
tq — shear stress at the B-f cross-section, MPa; OSequp —
H-M equivalent stress at the B-P cross-section, MPa;
AB — cross-sectional area of the P-P cross-section, m?;
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Jg — moment of inertia of the B-B cross-section, m*; y —
distance between analysed fibre and centre of gravity of
the B-P section, m.

3. Finite element analysis of gusset plates

FEM allows for accurate analysis of stress distribution in
gusset plates. It makes it possible to respect actual dimen-
sions of gusset plates and connected members as well as
any details of bolting or welding.

There are various techniques of FEM analysis of stress
distribution within gusset plates. They incorporate one-,
two- or three-dimensional finite elements (Fig. 11), sepa-
rately or combined. The techniques are:

- creating a brick-element model of a truss girder;

- creating a shell-element model of a truss girder;

— creating a hybrid model of a truss girder;

- applying multi-stage analysis.

Brick-element modelling of a truss girder. This is
the most accurate technique. All steel sheets of structural
members and all connection details (bolts and welds) are
directly respected in such model. However, model prepa-
ration and result analysis are time consuming and require
certain experience. This modelling technique is applied
rather seldom.

Shell-element modelling of a truss girder. In this
technique shell elements are applied to model steel sheets
of truss girder members and gusset plates. Modelling of
connectors (bolts and welds) is usually simplified or ne-
glected. In spite of it this technique is able to pick main
features of any stress distribution within gusset plates and
thus it is applied pretty often (Crosti, Duthinh 2014; Ka-
sano et al. 2012; Kumar et al. 2015; Lumpkin et al. 2012;
Roeder et al. 2011).

Hybrid modelling of a truss girder. This technique is
based on division of the analysed truss girder into regions
of interest, i.e. joints, and “secondary” ones that need to be
modelled to respect general structural behaviour. The for-
mer ones are modelled more accurately while the latter -
in a simplified way (Li et al. 2009). For example: joints are
modelled with shell elements and truss members — with
beam elements. Compatibility of displacements must be
ensured at the member cross-sections where different ty-
pes of modelling meet each other.

Multi-stage analysis. This technique follows the idea
of mixed modelling, however in a different way. It incorpo-
rates a simplified model of a truss girder and a more sophis-
ticated model of the analysed joint. Firstly, the simplified
model of a truss girder is analysed to find internal forces in
members connected at the analysed joint. Secondly accurate
model of the joint is created, for example with shell or brick
elements, and its analysis is performed taking computed
forces as boundary conditions. Such approach to joint ana-
lysis is rather tedious and nowadays less and less popular.

4. Lab testing of scaled bridge truss girder

Test of scaled bridge truss girder was carried out in the
Institute of Civil Engineering of Poznan University of

Technology. One of its aims was to assess stress distribu-
tion in gusset plate of rigid flange of bridge truss girder.
Test layout is shown in Fig. 12 and tested girder - in
Fig. 13. The girder consists of hot rolled I-section mem-
bers: HEA180 (top flange), HEA140 (bottom flange) and
HEA100 (bracing members). The top flange is intended to
behave as a rigid flange. Gusset plates are welded to flanges
and bracing members are bolted to the plates with HSFG
(high strength friction grip) bolts. At each joint, rigid flange
is stiffened with three pairs of ribs. Figs 14 and 15 show the

analysed joint.

ALY

Fig. 11. Finite elements: beam (left), shell (middle), brick (right)

4 %1500 = 6000
2 e2 P e3 4 e4

— i
[
—

\
L
N s

6 el3 7 eld 8 el5 9

s M '_

—

Fig. 13. Tested scaled model of truss girder

Fig. 15. Analysed joint - top view
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Testing procedure consisted of several cycles
P=0—160—0kN. Preliminary numerical analysis proved
that under P = 160 kN loading the highest value of H-M
equivalent stress in the girder stayed within elastic range.

160 a1 160

|1+
4
1+

HEA180

Fig. 17. Scheme of a rosette on twin gusset plates at B1*, C1*,
C3*, B3*; ¢, &45, €9 denote measured strains

Table 1. Normal stress parallel to bracing members

Location C1* C3%

direction || to respective bracing
-35.6 26.5

Normal stress, MPa

Table 2. Normal stress values

Normal stress

Location
C1-C1 C3-C3
HEA180 top flange -32.0 -31.6
HEA180 bottom flange -10.6 -20.1
Gusset plate bottom edge -5.0 15.8
Table 3. H-M equivalent stress values
Location (B-B) B1* C1* C3* B3*

Equivalent stress, MPa 18.7 54.4 59.1 39.3

Pi2]

Fig. 18. Model B

Amongst other, the following were recorded:

— displacement of top flange nodes (marked 1-6 in
Fig. 12),

— strains at C1-Cl1, C3-C3 and - cross-sections
in the vicinity of the node 2 in Fig. 12 (the sections are
shown in Fig. 16).

Displacements were recorded by means of BAKER me-
chanical gauges of measurement resolution of 0.001 mm
and strains — by means of HBM electrical gauges (uni-
directional 1-LY-6/120 and 0°/45°/90° rosettes 1-RY11-
6/120). Unidirectional gauges were located over top and
bottom flanges of HEA180 and near bottom edge of gusset
plate at sections C1-C1 and C3-C3.

Displacement and strain recordings proved elastic
behaviour of the analysed girder.

On the basis of recorded strains the stresses were
computed in following way:

- normal stresses:

o, =Ee (7)

X X

- equivalent stresses o, (Fig. 17):

N
Cred = \/011 +0%, =611033, (8)

where the main stresses are:

€y +Ey N2
Cn :E(%JFT\/(EO _545)2 +(845 _590)2 ] (9)

Table 1 gives normal stress in gusset plate, parallel to
bracing members, at C1* and C3* locations, Table 2 gives
normal stress in C1-C1 and C3-C3 cross sections and Ta-
ble 3 gives H-M equivalent stress in the gusset plate, at B1*,
C1*, C3* and B3* locations.

5. Numerical analysis

Two numerical models of the tested girder were created:

a) beam-element model, marked B (Fig. 18),

b) shell-element model, marked S (Fig. 19).

Model B was analysed in the Autodesk Robot environ-
ment while model S was analysed using Abaqus package,
installed in Poznan Supercomputing and Networking Cen-
tre. For both models linearly-elastic material behaviour and
small strain assumptions were made.

Model B (Fig. 18) was created with 2-node beam ele-
ments using linear interpolation. Half of the span of the
analysed girder was considered. Truss members were as-
sumed to have constant stiffness along their theoreti-
cal length, i.e. nodes were assumed to be dimensionless.
Eccentricities of flange members location were respected.

Model S (Fig. 19) followed contemporary way of
bridge truss girder modelling. It was created with 4-node
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general-purpose shell elements with hourglass control.
They were used to model truss member and gusset plates.
The model S included half of the girder — whole span but
up to longitudinal symmetry plane. Joint detail in this mo-
del is shown in Fig. 20.

2-node, linear interpolation beam elements were
used to model bolts (Fig. 21):

—agroup of elements in line, along shank axis (dashed
line),

— a group of radial elements at the plane of contact
between bolt head (nut) and outer steel plate surface (thick
continuous line).

Contact was assumed over respective surfaces of
bracing member walls and gusset plates bolted together as
well as between end nodes of radial elements, modelling
bolt head, and outermost steel plate surface. Friction coef-
ficient was taken as p = 0.45.

Bolt pretension was modelled by means of Abaqus
PRE-TENSION SECTION command. In this way bolt preten-
sion force was applied directly. Pretension force for M12
10.9 class bolts was assumed after Polish standard con-
cerning steel bridges (PN-82/5-10052, Bridges, Loads),
as 56.6 kN. According to EN 1993-1-8:2006 Eurocode 3:
Design of Steel Structures. Part 1-8: Design of Joints, the
pretension force for M12 10.9 class bolts is 59.0 kN.

For both analysed models appropriate kinematical
constraints were applied at nodes located in symmetry
planes. Since half of the girder was modelled, single con-
centrated load P = 80 kN was applied. In the case of model
B the load was applied to the node in the centre of truss top
flange. For model S the load was distributed over group of
nodes in the vicinity of the node in the centre of truss top
flange (piston cross-section dimensions were respected).

6. Computation of stresses

In the case of model S, normal and equivalent stress values
were taken from output files directly.

For model B, stress values at the C1-C1 and C3-C3
cross-sections were computed as follows:

N M, +N
B TN
A

(11)

o=
joint ]joint

where N — axial force at the analysed cross-section, kN;
M, - bending moment at the analysed cross-section, kNm;
Ajm.m — cross-sectional area of respective joint cross-sec-
tion (Fig. 22), m?; Jioint — moment of inertia of respective
joint cross-section (Fig. 22), m% e - the distance between
HEA180 and joint centres of gravity (in the analysed case
itis 62 mm), m; z — the distance between centre of gravity
of respective section and analysed fibre, m.

For model B, equivalent stresses at the B-f3 cross-
section were computed according to the Egs (7)—(9). Two
different methods of shear stress computation were con-
sidered:

a) the simplified one (marked “model B”) that assumed
uniform distribution of shear stress:

Q

Ta =—=, (12)
B
AB

b) the accurate one (marked “model B*”) that respected
non-uniform distribution of shear stress:

- (13)
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Fig. 20. Joint detail in the S model (gusset plate shaded, elements
modelling bolts omitted)

Fig. 21. Bolt model detail in shell-element model

171

166

8 8

Fig. 22. Joint cross-sections: C1-C1 and C3-C3 (HEA180
and twin gusset plates)
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The symbols in Eqs (15) and (16) are: O — shear
force at the - cross-section, Aﬁ’ Jg are cross-sectional
area and second moment of area of the - cross-section,
S — first moment of area of part of the -3 cross-section
from its edge to the point where shear stress is computed,
t — total thickness of twin gusset plates.

Table 4. Average stress estimation errors

Average error § ,,, of estimation of

Source
9 Oc1-Cl 6C3-C3 Sequ B-p
Model B 25% 91% 28% 46%
Model B* 18%
Model S 14% 16% 8% 11%

Table 5. Normal stress parallel to bracing members

Source O left (at C1%) O|| right (at C3%)
Recorded -35.6 26.5
Model B -38.4 37.5
Model S -37.4 28.3
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Fig. 24. Normal stress in C3-C3 cross-section
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7. Computational results versus recorded data

To compare recorded and computed stress values an esti-
mation error §; for the stress value at k-th location is in-
troduced. It equals:

(e} —0O
5k _ comp(k) rec(k) ’ (14)

Orec(k)

where 6,5,y Orec(r) — computed and recorded stress at
k-th location at the cross-section in question, MPa.

Table 4 gives estimation error of stress assessment
provided by models B and S. The meaning of the symbols:
o, - normal stress in gusset plate in the direction of re-
spective bracing (left or right) near its tip, MPa; 6 - -
normal stress at the C1-Cl section, MPa; 6~3_3 — normal
stress at the C3-C3 section, MPa; Sequ p-p ~ H-M equiva-
lent stress at the B-P section, MPa.

The average estimation error §,,,, in analysed cross-
sections is computed as:

ns
Save = 2.5, (15)
k=1 1

where n — amount of recorded strains in the cross-section
in question; §;, — estimation error of stress at k-th location
in the cross-section in question.

Table 4 shows that Whitmore criterion gives satisfac-
tory estimation of s|| stresses. Estimation errors for 6-,_,
stress and 63 3 stress in model B are significantly big-
ger than in model S. Estimation errors for ¢ equ B-B stresses
show that non-uniform distribution of shear stress in giv-
en cross-section should be made while using output data
form model B. The errors of ¢ B estimation in models
B* and S are similar.

Table 5 gives recorded and computed normal stress
values in gusset plate in the direction of respective brac-
ing near truss theoretical node. In the case of model B the
stress is computed on the basis of the Whitmore criterion.
In the case of model S it is computed on the basis of stress
field in elements modelling gusset plate.

Table 5 shows that model S gives the most accurate
stress estimation. All models overestimate normal stress in
gusset plate in the direction of respective bracing near its tip.

Figures 23 and 24 show normal stress distributions at
the C1-Cl1 and C3-C3 cross-sections respectively. Estima-
tions provided by models B and S are considered. The zero
coordinate on vertical axis refers to neutral axis of HEA180
member. Coordinates +85.5 and -85.5 refer to the mem-
ber top and bottom edge fibres of the flange members and
-246.5 - to the bottom edge fibre of the gusset plate. Posi-
tive stress denotes tension.

Data given in Table 1 as well as in Figs 23 and 24 lead
to the following remarks:

- normal stress distribution in the joint cross-
sections, perpendicular to truss flange axis, is nonlinear;

- extreme normal stresses occur at cross-section edges;

- model B assessment of stress distribution is not
accurate and may lead to under- or overestimation, espe-
cially near cross-section edges;

equ
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- model S, which incorporates simplified bolt model-
ling, gives very good assessment of stress distribution.

Fig. 25 shows distribution of equivalent stress in the
3-B section. Estimations provided by models B, S and B*
are considered. The zero ordinate on horizontal axis refers
to location of truss theoretical node. Ordinates —150 and
+150 refer to edge regions of gusset plate.

Data given in Table 4 and in Fig. 25 lead to the fol-
lowing observations:

— normal stress distribution in the section of gusset
plate near its connection to truss rigid flange is nonlinear;

— extreme equivalent stress occurs near the centre of the
[3-B section;

—model B assessment of stress distribution estimates
extreme stress values and their location with significant
eITorS;

—model B* assessment is significantly better in com-
parison to model B in terms of location and value of ex-
treme stress;

—model S gives good assessment of equivalent stress
distribution;

— simplified bolt modelling applied in model S does
not falsify the assessment of stress values in gusset plate.

8. Conclusions

1. Normal stress distribution in gusseted joint cross-sec-
tion, perpendicular to truss flange axis, is nonlinear. Ex-
treme stresses occur near cross-section edges.

2. Huber-Mises equivalent stress distribution at the
cross-section of a gusset plate near its connection to truss
flange is nonlinear. Extreme stresses occur near centre of
the cross-section.

3. Assessment of normal stresses in gusseted joints
should not be carried out with an aid of beam-element
modelling.

4. Tt is possible to assess Huber-Mises equivalent
stresses in gusset plate near its welded connection to ri-
gid flange with an aid of beam-element modelling. To do
so non-uniform distribution of shear stress must be taken
into account.

5. Shell-element modelling of gusseted joint provides
satisfactory accuracy of normal and equivalent stress as-
sessment.

6. Beam-element modelling of friction grip bolts
is sufficiently accurate for shell-element models of steel
joints analysed within elastic range of behaviour.
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