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Connections

This is a quite complex field.

It has been over simplified due to its
high complexity.

Many structural failures are due to
unproper connection design.

| dare say this is today the less
enhanced field of structural analysis.

People want cooking recipes, but they
use them far beyond their limits of
applicability.

Connection design is seen as a poor
activity.

Enormous money savings can be got

by a more advanced connection
design.

Bridge gusset plate buckling failure.

FINITE ELEMENT SIMULATION AND ASSESSMENT OF THE STRENGTH
BEHAVIOR OF RIVETED AND BOLTED GUSSET-PLATE CONNECTIONS IN
STEEL TRUSS BRIDGES
FINAL REPORT

Georgia Southern University, Statesboro, GA, March 2013
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Some preliminary considerations

sl v castaliaweb.com - ver. 11.40 2-2014 - sn: 100101

Sargon® - by Castalia

GAMACERCEVE_BEARING_SURFACE2.AB.OVERALL
50 =2/5 Sforzo di Von Mises N/ mm*2
0.000e+000 3.944e+001 7.888e+001 1.183e+002 1.578e+002 1.972e+002 2.366e+002 2.761e+002 3.155e+002 3.550e+002 3.944e+002
T S T TSR

This work started in 1999, with the aim to fully cover connection design, i.e. to find a general
approach (also to welded connections).

During these years | have worked at this problem alone, so this is a personal view. | do not
agree with currently used approaches and | felt free to search for a different path.

However, there is an increasing number of colleagues, in several Countries all around the
world, agreeing that the automatic FEM approach is the future of connection design

| am one of them.

Research is not finished. Several aspectes have to be improved. However, automatic fem
modeling and checking of connections is already available.
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Why FEM?

NOT to be “precise”. In connection design
“preciseness” just does not exist (friction,
gaps, lack of planarity, prying forces, plasticity,
geometric effects, imperfections...).

NOT
NOT
NOT
NOT

to have 4 significant digits results, then.
to waste time

to have useless complexity

to stay hours waiting for results



Why FEM ? (2)

Because FEM is general.
Because FEM can be automated.

Because a Von Mises stress map...
speaks

Because many errors are due to
neglecting important forces
components.

Because many errors are due to
improper additional moment
computations

Because traditional means are too
coarse.

Because connection design is still a
bottle-neck
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The problem

* Given a generic “scene” like this....
B

i)—N

-sn:100101

ver, 580 5-2014

Courtesy: Ing. Alborghetti — Rovato (Italy)
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Or these...

Courtesy: CEN, Bochum, Germany

[

Courtesy: ing. Galluzzi (Florence — Italy)

Courtesy: Ing. Bagnasco (Italy)
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Or again like these...

And assumed known the internal forces at the
extremities of the fem elements defining the
members, or at the extremities of the members
(as 3d objects) connecting at the node

We would like to automatically find....
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1.The forces flowing in each component.
2.1f the joiners are able to transfer those
forces.

3.1f these forces are below or above the
“limit” of the components (keeping into
account: resistance, stability and fatigue
issues).

4.A reasonable amount for the
displacements.

5.A reasonable estimate for the stiffnesses.

“Reasonable” means: SOUND from an ENGINEERING VIEW POINT



How setting forces at extremities (1)

Intermal actions computing mode, amd positionsng
Coguting
A Tronm IFEM encdil imported ol beginning (Sep2000, Stnad Fro, Midad, #4¢.)

As from combinations | I Ute jorit 24 weorst combinasions for each member

Cepfiniy 34 fhous Combenations for abch Mamber, uung Macmom valees 5 Sremens &5 spealied Bere
=dml  Hember

1 N [ compression)
1 N (tractisn)
1 VI (shear)

E V3 (shear)

Elastic bmits |

[1 M1 [torson)

1 M2 [bending)

= use FEM slements extremities (= fem nodes if rao offset sppled o fom elements) :.:_.“_

Change Lnts.. KN, ke The change had effect ok for the model

| Cancel

From BFEM (possibly “squeezed”
to 24 worst combi/member)
BFEM=standard fem model for
design, “Bernoulli” FEM

Notionally, usung (fraction of)
elastic limits or plastic limits
(overstrength), or “defined” values

Pasting a table of data

7
H 8 B
| o '
Fp=229.7kN| = Fz=2

Ing. Paolo Rugarli - Castalia srl - Milan - Italy
- www.castaliaweb.com -
www.steelchecks.com

11



How setting forces at extremities (2)

i Assi

Internal actions input

=X

Combi  Member N (tab) V2 (tab) V3 (tab) M1 (tab) M2 (tab) M3 (newline)
1 1 0.000e+000 0.000e+000 0.000e+000 0.000e+000 0.000e+000 0.000e+000
1 2 1.320e+002 1.650e+001 0.000e+000 0.000e+000 0.000e+000 0.000e+000
1 3 0.000e+000 0.000e+000 0.000e+000 0.000e+000 0.000e+000 0.000e+000
1 4 0.000e+000 0.000e+000 0.000e-+000 0.000e+000 0.000e+000 0.000e+000
2 1 0.000e+000 0.000e+000 0.000e+000 0.000e+000 0.000e+000 0.000e+000
2 2 1.485e+002 1.925e+001 0.000e+000 0.000e+000 0.000e+000 0.000e+000
2 3 0.000e+000 0.000e+000 0.000e-+000 0.000e+000 0.000e+000 0.000e+000
2 4 0.000e+000 0.000e+000 0.000e+000 0.000e+000 0.000e+000 0.000e+000
3 1 0.000e+000 0.000e+000 0.000e+000 0.000e+000 0.000e+000 0.000e+000
3 2 1.155e+001 2.860e+001 0.000e+000 0.000e+000 0.000e+000 0.000e+000
3 3 0.000e+000 0.000e+000 0.000e-+000 0.000e+000 0.000e+000 0.000e+000
3 4 0.000e+000 0.000e+000 0.000e+000 0.000e+000 0.000e+000 0.000e+000
4 1 0.000e+000 0.000e+000 0.000e+000 0.000e+000 0.000e+000 0.000e+000
4 2 4.840e+001 1.870e+001 0.000e-+000 0.000e+000 0.000e+000 0.000e+000
4 3 0.000e+000 0.000e+000 0.000e+000 0.000e+000 0.000e+000 0.000e+000
4 4 0.000e+000 0.000e+000 0.000e+000 0.000e+000 0.000e+000 0.000e+000
5 1 0.000e+000 0.000e+000 0.000e-+000 0.000e+000 0.000e+000 0.000e+000
5 2 0.000e+000 0.000e+000 0.000e+000 0.000e+000 0.000e+000 0.000e+000
5 3 0.000e+000 0.000e+000 0.000e+000 0.000e+000 0.000e+000 0.000e+000
3 4 0.000e+000 0.000e+000 0.000e+000 0.000e+000 0.000e+000 0.000e+000

Clear Initialize, 5 combinations units... kN, kMm Faste from EXCEL or NOTEPAD

oK Cancel

If NOTEPAD then use tabs

Direct setting of table values

And then....

IN FEM VIEW

(Display Orientation)

NI

NJ

V3
3~ M3=bending

L = I

L

4L = axis 2
N positive if tensile
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A flower opening....
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A glance at the past....

Once upon a time, Engineers did compute
structural layouts by means of graphical =——————)
tools.

It was not even possible to imagine that a
structure like this...

|
W

£

| AM NOT MEANING THAT

Courtesy: Walley Design — Olgiate Olona - VA THE ENGINEER IS NOT NEEDED
| MEAN
Could be checked by a fem model. WE NEED SKILLED ENGINEERS
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So now when | say that a “node” like
this...

L a1 L e e} L )
Mmoo M om mom L m m
[ T

Can be computed automatically (by properly choosing pertinent options), some
colleagues are surprised.

But, indeed, it can. YES WE CAN ©
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We can solve every “scene” no matter

how complex, irregular or crazy




How can we do that?

The answer is...

Via FEM ANALYSES

When | started the work | was not even thinking about FEM. FEM turned out
to be necessary after the problem had been analyzed in detail.

Ing. Paolo Rugarli - Castalia srl - Milan - Italy - www.castaliaweb.com - www.steelchecks.com
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Remember:

NOT to be “precise”. In connection design
“preciseness” just does not exist (friction,
gaps, lack of planarity, prying forces, plasticity,
geometric effects, imperfections...).

NOT
NOT
NOT
NOT

to have 4 significant digits results, then.
to waste time

to have useless complexity

to stay hours waiting for results



Step 1

* A standard finite element model of a whole structure
or just of the members meeting at a fem node, is
created (BFEM).

Courtesy: Studio Ing. Galluzzi, Florence

Courtesy: Jean Nouvel Architects

Ing. Paolo Rugarli - Castalia srl - Milan - Italy - www.castaliaweb.com - www.steelchecks.com 19



Step 2

* Equal jnodes recognition

S
e Fin Bodfy Digler Diow Eqare Fen Modes Revode Cheds 30 Madel A 1

DGl o/n|@] || =]y -]y o) sl elsls ol - [Fm=] ol | |x|slels] o |c]] 5l

2 6-2014 - s 100101

b
ey :
LT i g
2 o L Ll Tl ] T H
ey Eﬂr‘;ls‘ihll_m LTS 8
i ETICEY L i
| g ;
o 3
Bl _RETREE (e b F Z
; Irs e Y L T <] 2
El gz5m L j"?-";'é"f“.[’ - ¥ %
El & Fam CHEFT < [=
= B =gl i 5 o
: S g
@
&

T get if, press 1

Node : node in the fem model meaning
Jnode: wireframe information related to memebrs meeting at a node (also jclass)
Renode: one way to construct jnode in 3D. Renode= scene + settings

Prenode: a parameterized real node

. . New necessary terminology, not a joke!
(this is a top complexity level example) Y il J
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A much simpler case...
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JNODE ANALYTICS
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Jnodes can be:
*Free
*Central
*Hierarchical
*Cuspidal
*Tangent
*Constrained
*Simple
*Multiple (see
above)
Hierarchical = one
“master”, one or
more “slaves” ->
most part of
jnodes

The “connection code” applied to beam elts allows automatic detecting...
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Step 3

 Jnode selection and construction of Renode
(scene creation)

¥ 1 [l i
I m i@ b com aweb com il t m
| Bl
Iz distanzef] 1-istanzaf
Parete-solaio= 1Qz Vertice-torre-solaio-
154=
a
|
T o
\ =
\
A Y .
Ay i.:,’:) < 22-istanze]] BT _
\ e Parete-solaios CYa . -\,/' {=_ 18-istanzey
¢ A\ . | Torre-solaio-154a
a
a
Bl
|
1-istanzafl \-.
IRz - 5 Vertice tore-solaio- S J: :
| {’.) 2 Fyn P ....\ - < 5-istanzeY
| : 157= \ . Torre-solaio-157=
3.5 - .,
i IE E
=
a

Courtesy Ing. Galluzzi, Florence
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RAcsE - bloccocy.csE

File Modffica Mostra Disegna Unifilare JClassi Jodi

S
Renodo Modello 30 Finestra 7
] =T T T Y . 1 3 RS

bloccocy.CSE:1

~=1olx|
=

C.S.E.
MDI interface

L

L'_I
Per informazion, premere F1

wm [N s e |

Initially members overlap.
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Scene creation prepared in
such a way to automatically
detect connections once
proper geometrical rules are
set up.

These geometrical rules rely
on surface contact, i.e. equal
planes opposite normals
recognition.

The solids are modeled via
(planar) B-REP, boundary
representation.

Once a component is B-REP
defined it can receive
“working process” and is no
longer what initially was.

Ing. Paolo Rugarli - Castalia srl - Milan - Italy
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Step 4

Renode solution & checks

<]

Inviluppo Sfruttamento
0.20 0.40 0.60 0.80 1.00 1.20 1.40

Exploitation envelope

020 040 0% 0% 10 120 140 C.S.E.:utilisation ratios

This document is related to step 4 only
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Let’s consider a Renode

How do we move forward?



We need some “pillars” to do that.
N

| don’t like “adhoc-eries”, as De Finetti did call

them. N\
We don’t want to be fooled by the factthata | 0
bolt is not anymore in a “row”, or that the shape y @
isnot | or H, or rectangular or that forsome | = SN
reason | need unsymmetric components. :
| think I don’t need to know that a componentis |
an angle to check it. I need to know its stress 1 :

state.

B

z
| | LY
& @‘ ‘@ & &
B
;
3 g
% o
# g
H £
t 8
H H
i 2
3 i
[ | © E
E
5 & B B a
¢
Courtesy CEN, Bochum, Germany
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The PILLARS

. The equilibrium of free body, in space, under
all applied forces, must be satisfied.

. A constraint can be replaced with the forces
It exerts.

. The action & reaction principle (Newton’s)
must be guaranteed at all interfaces.

. The so called “safe theorem” of limit analysis
holds true.

Ing. Paolo Rugarli - Castalia srl - Milan - Italy
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The “safe” or master theorem
(Lower Bound Theorem)

“If a distribution of forces in the structure can be found
which is in equilibrium with the applied loads, and if these
forces everywhere within the structure are of such a
magnitude that the vyield stress (or vyield criterion) is
nowhere exceeded, than the applied loads are less than, or
at most equal to, the loads required for collapse to occur.]...]

For the Lower Bound to be valid a structure must be stiff
enough to preclude buckling before vyield occurs. In
connection design, this requirement can usually be met by
consideration of appropriate width/thickness ratios and
related local buckling formulations which force the elements
to yield before they buckle.”

(Thornton, 1984)

See also: Jacques Heyman, The Stone Skeleton, Cambridge UP—2>In Italy
EPC 2014, translated by Paolo Rugarli (in preparation).

FEM can also automatically check for buckling and for buckling + plasticity

Ing. Paolo Rugarli - Castalia srl - Milan - Italy
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Equilibrium is not enough
8=

When in by hand computation we assess
that a given component is carrying some
part of the internal forces, and some other
not, we are deciding like God how the forces
flow into components. We are choosing “a”
balanced solution, not “the” balanced
solution.

If the number ok unknowns is higher than
the number of equations available so-as te
establish the forces flowing inte
components, | call the cormection
hyperconnected. o

If the number of unknowns is just equal, |
call the connection isoconnectd.

If the number of equations is higher t
the number of unknowns, | call the
connection hypoconnected.

Ing. Paolo Rugarli - Castalia srl - Milan - Italy
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Chains = Load Path

{Q CSE

592 6-2014 - =n:100101

GSED- by Castalia &l - wuww dealhebys.com -

CHAIN 1 m2 :(B1):P2:(B5):P4:(B2):m1
CHAIN 2 m2 :(B1):P2:(B5):P4:(B8):m1
CHAIN 3 m2 :(B1):P4:(B2):m1
CHAIN 4 m2 :(B1):P4:(B8):m1
CHAIN 5 m2 :(B4):P1:(B6):P3:(B3):m1
CHAIN 6 m2 :(B4):P1:(B6):P3:(B7):m1l
CHAIN 7 m2 :(B4):P3:(B3):m1
CHAIN & m2 :(B4):P3:(B7):m1
CHAIN 9 m2 :(B5):P2:(B1):P4:(B2):m1

CHAIN 10
CHAIN 11
CHAIN 12
CHAIN 13
CHAIN 14
CHAIN 15
CHAIN 16
CHAIN 17
CHAIN 18

=5

m2 :(B5):P2:(B1):P4:(B8):m1
m2 (B5):P4(B2):m1

m2 :(B5):P4(B8):ml

m2 :(B6):P1:(B4):P3:(B3):ml
m2 :(B6):P1:(B4):P3:(B7)ml
m2 :(B6):P3:(B3)m1

m2 :(B6):P3:(B7):ml

m2 :(B10):P5:(B9):m1

m2 :(B10):P6:(B9):m1

CSE

- wun ctee]

CSED - by Castalia ai

BxH

/B CHAIN 1 m2:(B10):P5:(B9):m1

Many chains...

Hyperconnectivity

One chain,
isoconnectivity

The selected plate is hypoconnected
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slave m2 = saldatura W1 = piastra P1 = bullonatura B1 2 master m1

b —r) =
1%, Fio Mooty Ocolap Oram Equre fam Meoes Ranode Crecks 30Moded Pharcde [Clsses Joms Windew | Sax
DEEeBA& - hONOHIL+cBEEYL AR 820N muMT U= xFEs tri v w R]
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[
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®
hE
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il o
D =] ”
-g ]

o
ke a1 T s 26 @q @ 4
vl CHAIN 2 ma (B10/T3{9)P16W8)'mS {B4) BTy mL [}
F B CHAIN 3 m2 (810148317164 0W3)'m {84)122) 82y o o
9 'CHAIN 4 m2 (B 10)T4:(B9xP164(W36)' m5 (B4)L 2(B1rm1
o 0] @
pre
e — |\
=& o
e
-
b [
-
L]
E

m 3
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Finding chains...

Many dogs searching for all the paths joining “m1” to “m2, and “m1 to
o V24
m3~.
A recursive call, i.e. a function calling itself.....
Ing. Paolo Rugarli - Castalia srl - Milan - Italy
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Adhoc-eries are not general enough to
establish the force flow easily

* Please explain which is which
(quickly, please)

e Does this interfere with that?

e What if
(N,Vy,VZ,MX,My,MZ)i:tQ?

* Take it easy and throw some
part away... or not?

Nor they are easy to define by hand, nor once more they are easy to
conceive.

Moreover, in 3D there are misalignments, or eccentricities.... (which
are often neglected, which is for sure “A” way to move forward)
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SO my answer is

* Prepare a suitable initial finite element model
(IFEM) and get that info in such a way to
automatically satisfy equilibrium.

 Then use the information to check
components by applying action reaction
principle.

* |f some component is not checked:
— A) Revise your check settings & methods or
— B) Revise your design



Which info, actually?

The forces S exchanged at the interfaces between

different components (“joined” and “joiners”).

By definition two components are joined by a joiner.
— ) ) The model presently embeds: bolt layouts and weld
QR e et e Bl A layouts as joiners.
sl ook b et o e Future improvements: pure contact (no bolts&welds).

|“’_u“'-,(, Faite 2a
R Chains ,
L These interfaces are: -
A~ y ONginal name for
o 4 o ” o
T Lok Through” was “Go
&ﬁ’d : Member-Joiner ”
Th holoi between” (see
: rough-Joiner
L —— & Hartley and Losey’s
Bl ke ’ Meaningless ; Movie): force
the pritsn e o At ol Uil eariBgesHintesacas: messengers
»u"-‘!{«mi{. [ win] o sade el K salladoaie. fg""t'.al;'
= 1 ' P r P . .
dal mof Jestn <oty d e Sl purn Joiner-Joiner
' Member-Through©
Member-Member
s Through-Through
5j,3
2
Will be

A joiner with 3 extremities

managed with
pure contact

Italian friends:
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Different approaches

e 1) Hybrid fem approach
— Single step (one IFEM, then simplified rules)

— Multi step: (one IFEM, then simplified rules and more local
SSFEM when needed, i.e. SSFEM of single components or of sets
of components).

(IFEM="initial, simplified, fem”. SSFEM = “successive subset fem”.
e 2)Pure fem approach (PFEM)
Both have pros & cons.

Both have been fully automated so model creation is quite
fast. The most promising todaly is 1), the future in the long
run is 2)



. Pros:

P

It’s general
It’s more “realistic”
Unifies components checks

. Cons:

Large models

If full NL, possibly high computational
times (but a few load patterns can be
used)

Unfit to check block tear and other
relevant modes

If pushed to modelling of local gaps,
contact pressure with bricks and so on,
it’s too precise for engineering
analyses.

Reasearch is still investigating about
proper joiner modelling and related
checks

| do use it when needed,
i.e. important connections,
and/or need of in-depth
analysis

ure FEM

wuw castaliaweb com- ver. 11.40 2-2014 - sn:100101

Sargon@ - by Castalia s -

Fully automatically generated PFEM
model (very fast). Contact between
circular plate and r.c. column is managed
via contact 2D elements = Non linear
analysis needed
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PFEM Examples

There are several possible ways to create PFEM.
Choices refer to:

1) Mesh size

2) Contraint positioning

3) Holes optimal modelling

4) Welds optimal modeling

5) Bolts optimal modeling

6) Etcetera

My research in the PFEM area is less developed then in
hybrid approach. My view is that we have to find a
trade off between preciseness and time.

| do use PFEM to check a subset of the failure modes,
albeit in the future PFEM will be used to check all
failure modes.

| do not model holes, albeit | could, as bearing pressures
and block tearing is checked by other means
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Hybrid approach

An initial simplified fem model (IFEM) is set up
and run for all load combinations. Quite fast. ©
Also for quite many combinations.

The joiner forces S flowing at the interfaces,

and globally balanced, are then known. ‘
AR principle is used to isolate each component

in space under the effect of the computed

global interfaces forces. N
The component is then checked against all o o) O HOW? 3
failure modes using subforces (i.e. elementary Wait

joiner sub-components forces computed from
the joiners, interfaces global forces).

If needed, local fem models of components, or
of subset of components are automatically
created and run. The components are balanced
in space, so reactions are negligible.

C.S.E.: Haunch under weld subforces
Ing. Paolo Rugarli - Castalia srl - Milan - Italy -
www.castaliaweb.com - www.steelchecks.com



C.S.E.
Forces exchanged display

A free body in 3D space, under the effect of the (here displayed global)
forces transmitted to it at the interfaces with other objects. Becomes a
“loaded potato”.
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A loaded potato is not an
easy object to deal with:

1. Several possible failure *:1—' '
modes.

2. Beloved beam-like
checking formulae are
often no longer valid or
hardly applicable.

3. Geometry is an issue.
4. Bolts & welds positions
are an issue
5. Loading generality is an \
issue i -
6. Local effects are an issue —»% |

7. ..and soon

So we need general tool. f
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Bolt layout definition

A set of bolts all joining the same components.

All the bolts do lay over a plane, and are freely
positioned over it (see aside)->

They can be in rows&cols or not, every pattern
allowed

The bolts behave in an organized manner, so that
from the global forces flowing in the layout | can
compute:

— The forces flowing into each bolt shaft according to
several possible laws

— The pressure field exchanged at the bearing
surface interface, depending on the bearing
surface extent and on the bearing surface
constitutive law (see below).

Bolt layouts can be defined according to several
choices...

Ing. Paolo Rugarli - Castalia srl - Milan - Italy
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C.S.E.: bolt layout definition dialog

1n | Bolt layout input =R
Elohs -
|M2.'|"-|[I.SF . :L. :
(" Staggerad (= Free |
ﬂl [~ Emptyinside o &
Regular, staggened or crcular amangerns §
Dusnlity Digtances ¢ G &
1z :[n.m 40 :I Fows o & E
2 il Columnz 160 il Columns e 4 E
&
Free srangement e g |
agd | sequmsel | an | J0E o o3
(=]
Femove | 4| ¥ | gaon Mongl | \IID-J\( bearing 5urface & & E
Canter offset Base information & & =
f il D 70 Mt length
M5 il Dy in Minimurn tickness | - :Z:’_}’
0 :[ Angle | 1 Mutiplicity & & |
i Fledbility index = &) & E
[~ Compressed bolts & & 2
e 3
I is enenchor Anchor data.. i - &=
— EANY
[~ Use bolt net-ares for beaning calculation
[+ Add inettia of bohts in bearing calculation - : ; )
T Tri eming sutace veepeie TS — 1 e (e ]) i

¥ Check black tear Block Tear... Z00M PANK
I1 Pryang lorces factor (3= 1) ¥.prying... 1. 10526315789
Lirnal values of @lermentany achons
7931520 N N i’ Fort sice Frint | Copy | Fill | Hexagons |
BRISHIE6 N W Plastic [~ Dianot print messages
16010470525 M mm Mz
o | cenca | st |
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How does a BL take axial force + biaxial
bending?

o= 4408 o= 4408

= q
Iy
e

L
=}
Iy

[ ] [ ]
1. By axial forces in the o
o= 3675 o= 3675 @ @ 349
(l I @r= 349gr= 349 @?; fi%?i %31892
o= 2942 g= 2042 . :
shaft only. No “bearing o g w
’) Py %ﬁ%?@fi %31098 L1 Wes 1y
surface (BS). oi” iberT s o] BT Y
o Za?fﬁ@?: 343 &2 ﬁﬁj@%?: 39%!
— Elastic distribution (all) o'z Bt ] s
o= -7250= =725 °7 | Jiges s
@r= 340gt— 349 ar @
— Plastic distribution (AISC) ]
- P69 o= 260
> B il f in th ol Hiser s e
. y aXIa Orces In t e o= -34700= -3479 @Tz_ ‘4'5@”:_ e
a= Jioers o IS R TCE
haf ofT T e <1 Bues 99
shatrts + contact pressures oo prse ous
@r= S@gr= . G= .

at the bearing surface.

>

Ing. Paolo Rugarli - Castalia srl - Milan - Italy
- www.castaliaweb.com - 46
www.steelchecks.com



Bearing surface definition

A bearing surface is a part of the contact
plane where no-tension normal stresses
can be exchanged.

S is taken by:
—  Shears in the shafts.
—  Axial force in the shafts

—  Normal pressure exchanged at bearing
surface

—  Parasitic bending moments in shafts

According to simple cantilever model , this
bearing surface is got by summing up
contributions got by:

— Adding a border c to the footprint of the
cross-sections and of the stiffening plates ;

— cisafunction of plate thickness, yield stress
(f,), normal stress exchanged limit (f;,)

—  Computing boolean operations U/Int/Sub
between this bordered footprints, so as to
define complex final surfaces, to be used in
computations.

—  Possibly intersecting this final surface to
outer possible bearing surface (here end
plate).

Bearing surface @
Bearing surface definition
bearing surface = current face 180.0
= |
bearing surface = current face borderd by ¢ ==
bearing surface u current face bordered by ¢ @4@3 (%
1
bearing surface u border +/- ¢ of current face <§ %
e
bearing surface Int current face 171
A7l 2
bearing surface Sub current face
9 S5 5
U: union; Int: intersection; Sub 013 (g
Object to be checked as bearing Oﬁ Cg
= current face owner d &
— ﬁ
Definition of ¢ =
20 Span ¢ 3 (g
6]
Compute c using data belows! 1_ g
_ _ | —
20 plate thickness PANY ‘ = ‘
235 fy (yield stress) -

100000 fjd (bearing surface design stress)

Bearing data 1: 1.17647058 i‘ Font size

149102 pren
21474836 Compressive force

0K | Cancel Print... ‘ Copy ‘ Fill ‘ Hexagons

red: clicked face; green: current face; yellow: bearing object chosen

C.S.E.: bearing surface definition dialog




Using polygons boolean operations complex shapes can be modelled

260.0 2600

oreql

[
a okl aork

[0

T

[
[

Ing. Paolo Rugarli - Castalia srl - Milan - Italy
- www.castaliaweb.com -
www.steelchecks.com



Prensaly rectnale

Some more examples (BS)...

[eowpatii para
Batiayrit 51 Insinece - 1; Combration~ 7, Hom inesr heaing
- 4175008 1, Hu- 24832038 N, M- 4 51524207 N g
Bearing evplalsban= D887 Sima s besrrge.’ $352-001 Wnm2 Sana ey bate=n Q00 <003 Hima o,

[t

CEE Cosynght (2 - 200170 - Sactab sil - bilen - e castsizet con

Paratos ratangolo - SFNA= 188209 mm SPNA= 109.0° maxdst C,PNAR2SE. T2
30 N

rssto non i
Tt buoni=

[DATI DI CALCOLO:
Bulonsturs: 81 lstanza = 1; Combinzons = e

Ne 101581 N Mu=T209T1S58 N mm My=2S13873
28 7 N 1528 N

buler

[COMPUTING DATA

Bot layaut B Instance = 1, Gombinaion = 46, _Linear alastc boanng (no lension) - 6PNA = 273452 mm aPHA= -54 9° mandis G PNA=273 352 mm
M= N Mu=1219668607 7 Nmm, W=-79668175.1 N my

Boarg explaiabon= 0 001 . Sigma mex beanng= 906 Nimme, Sgmemas bolls=  219.4 Wi, Taumaxbols= 23 N

C.SE._ Copyright (G) - 20012014 - Castsia s1 - Wian -

g
%ﬂ%)
\]33\

679
‘ll
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Some more examples BS (2)...

1050 1050 1050

]

0'gol

0G0l 0G0l

C.S.E.: automatically prepared FEM
model of a plate

The boundaries between bearing surface and not-bearing
surface must be properly meshed in the SSFEM models...

Ing. Paolo Rugarli - Castalia srl - Milan - Italy
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Bearing surface constitutive law
definition

oo l84 S0 = 2183 5
Bearing component material data @ @ = Sar=
B 164.2&7: 2163.2
Unlimited elastic law with limit compressive stress Legenda @r= “ar= :
. o= 243%= 2439
® Unlimited elastic analysis - No tension y: yield; u ultimate; a@r= [Ser= 19
Es: bolt elastic modulus " I
m: homogeneization factor @.?:: fg@&.?:: ‘fé 6
1 100000 sigma,max: maximum compression stress )
E: modulus of elasticity R 033c= 2033
or Tz gammaM: material partial safety factor @r=| 1 Sgt= 19
g 7 183 0o = 1185 0
Nonlinear no-tension constitutive law @r= L_ \'(Q@T7
o Y162 To= 1627
@r=| | POgr= 19
(" Monlinear analysis - No tension od ADdg= 1424
@7 =| 19T = 19
210000 -235 -0.005585 |0 0 0 1.05
E sy eu gammah :r (@ Elastic perfectly plastic :|
64o= 864
j @t [.Sat= 19
= = eu Ak (" Parabola-rectangle @? f%({gg?:z ?691
=3 #58c= 458
@t [ gt = 19
eu su e2 s2 e3 s3 gammal o P55c= 255
(" Trilinear @ [ SgT= 19
1
) Cancel

C.S.E.: bearing surface constitutive law definition

. By selecting proper CL for the BL bearing surface, we can define the spread of the compression along the
bearing surface.

. To get “true” results we would need a FEM model with contact non linearities (see below).
. We can model “edge” contact, or diffused contact.

. Pressures and forces will change accordingly.

. Local forces and pressures are computed by assuming a notional linear strain field.

. Bearing surface is no-tension

. A non linear analysis is performed in each load combination.

. Bearing surface intergrals are converted into boundary integrals using Green’s law.



From BL global forces to bolt forces
and pressure fields

Shear and torque lead to shears in the

shafts. L
— Linear law can be used or non linear %@ 8
(AISC). ¢ _¢_
— The output are the shears in each bolt e@ﬂ g@
shaft (two components) —® ©
Axial force and bending lead to axial ?@ ?@

force in the shafts and possibly bearing
surface pressure fields in each
combination.

Bending moments, torque and shears
may possibly lead to bending moments
in the bolt shafts (optionally computed)

These forces and pressures may be later
used to load SSFEMs.
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From BL global forces to bolt forces
and pressure fields

Unscaled

Scaled
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Bolt Layout Checks

@
®
¢
@
@
©
N
&

* Now, they are easily
done according to the
relevant standard (EC3,
AISC, BS, IS, SNiP, ...) by
combining (N, V) effects.

CRCESH RN X R

eRegeX X X X X5
PRS00

* Slip resistant BL and
$

anchors may also be %248

computed and checked.

Bl - BOLT# 10 - ENV= 0.081 - CAUSE=  RESISTAMCE - COMBI= 3 - INSTANCE= 1




Weld Layout Definition

* A weld layout is a set of fillet \\

welds or of penetration welds,
all welding the same (two)
components.

* Fillet welds and penetration
welds must currently lay over a
plane.

%



From WL global generalized forces to
single weld forces per unit length

e Commonly used rules are adopted so as to
find:
— Force per unit length in the welds (fillet WL).

— Normal stresses o and shear stresses 1 in the
welds (full or partial penetration WL)

M.

4 j_
i -::u:ss.l-:': ,E-'+ s.ml-:r -3l
“'F_

I
I

u - —— -
I =—1, sinfge, — 8)+i_cos(a, — 8)

N M M

R =—+_=y ——

s 2 { “Ir; Suf “Ir' L3



Weld Layout Checks

S

* Now they are easily done
according to the relevant
standard (EC3, AISC, BS, IS,
SNiP...)

W1 - ENV= 0.621 - CAUSE=  RESISTANCE - COMBI= 2 - INSTANCE= 1

X
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UirEr&-n- s

o

Component failure modes

Bolt bearing pressure checks (easy) //2; /;Jﬂ
Bolt punching shear checks (easy) ’(L/;////
=

Pull out (easy) 0
Block tear (quite complex, see below)

Generic resistance checks for components
(as after working processes ): very complex

Generic buckling checks for components as
after working processes : very complex

Displacement control

GCeq1 =T T <GCeq2< 0y

Ceq3= C;

Stiffness evaluation

L--

L
-
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- www.castaliaweb.com -
www.steelchecks.com

displacement, u

Bending moment M ——— dummy node

distance, d

58




Block tear

Superimposing effects
of shear(s) and torque
leads to a complex
shear distribution in
the shafts.

This stress distribution
is not the one
currently used in the
examples available...

Besides, in my
opinion, there may be
failure modes
involving both shear
and normal stress.

v
P
ok

P9I
QASY




Block tear (2)

Depending on the subset of
bolts considered R changes
in module and direction.

For each subset a high
number of different possible
failure paths does exist, not
necessarily shear or normal

They should all be checked
and a “score” assigned to
each.

The final utilization ratio is
the maximum score

Rsubset,i/RfaiIure,subset,i,path,j fOI’
all paths of all subsets.

R
R

|

minimum distance path

subseti

lim,i, j

O

forbidden path when
dealing with (f, g, h) set

(they would include d
and e)



Block tear (3)

* If there are 4 bolts (a,b,c,d),
the subsets are:

— (a,b,c,d)

— (a,b,c)

— (b,c,d)

- (c,d,a)

— (d,a,b)

- (a,b)

— (a,)

- (a,d)

- (b,C)

- (b,d)

The check should be done:
*For each thickness (finding a different plate shape ...)
*For each combination

Ing. Paolo Rugarli - Castalia srl - Milan - Italy
- www.castaliaweb.com - 61
www.steelchecks.com



Block tear (4)

to plate Still unpublished results
boundaries

subset resultant

Convex set

, toplate
boundaries

farthest bolts

shear stress failure path
normal stress failure path
by Ing. Paolo Rugarli - Castalia srl - June 12 2014 minimum distance failure path
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Block tear (5)

C.S.E - Block Tearing

Informazioni di base
24.0002032 Lunghezza netta
6.00001926 Spessore minimo
2 Molteplicita

Risultati

481392,287245085  F ultima
214264.129106779  F applicata
90.0118708692544  Angolo

PANY

0.4451 Sfruttamento

w castaliameb com

C.5.E®- by Castalia s - w

:—Ji: 1 ﬂFacda '

T ——

[ Mostra quote

1 111111111

'
PANX

ﬂ Dimensione font.

Stampa... | Copia ‘ Camp\mra| Esagoni |

An example from a true analysis
(courtesy Ing. Guccio Galluzzi, Florence)
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Block tear (6)

C.SE. - Block Tearing =5

Informazioni di base

24.0001226 Lunghezza netta

6 Spessore minimo

2 Moltepiicita — \
i -~

Risultati \

113933.644563909  F applicata
89,99999965610476  Angolo

507348.808973727  F ultma = =
0.2246 Sfruttamento

wu castaliaweb com

PANY

o
C.5.E© - by Castalia sl

:— '7: & ﬂFacda ' li‘

arg:d PANX

TR | S—— An example from a true analysis
[ ] o= | (courtesy Ing. Guccio Galluzzi, Florence)

Campitura Esagoni
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Generic Simplified Resistance Checks

* Automatic “slicing”
of components.
Each new net cross - S
section is beam- ” 5
like checked. i

* See below “a case
history”

g, Paclo Rugar - Castalia srl - Milan - taly
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Generic Simplified Resistance Checks (2)

The net cross section
checks

The solid is “sliced” by
parallel planes in relevant
positions

Each plane defines a “net
cross section” which is
found automatically.

The effects of all the
(single) forces coming
from bolts, part of welds,
and part of bearing
surface pressures, are
summed so as to get the
final beam-like forces
resultant.

Ing. Paolo Rugarli - Castalia srl - Milan - Italy
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Generic Simplified Resistance Checks (3)

Each net cross section
is then checked against
beam like internal
forces.

Possible choices deal
with avoiding the use of
weak axis bending or
torsion, but are not the
default.

If the stresses under
the applied forces are
lower than fy, or if
plastic check is
satisfied, net-section
cross check is passed.
Otherwise not.

Ing. Paolo Rugarli - Castalia srl - Milan - Italy
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Generic (SS)FEM Resistance Checks (1)

ICOMPUTING DATA:

Rencde.Component: AB.C1 Section=59, Instance = 1, Combination = 2,

N= -27648.8 N, V2= 714 N, V3= -178847.9 N, M2= 239988125 Nmm, M3= -78586.7 Nmm,
Exploitation index (NV,M)=113.115 ; Sigma = 3973 N/mm* Sigma,d = 3550 Nmm®

NET-SECTION UNCHECKED

A single component can be checked by
means of a SSFEM. The model is created
automatically and is always self-
balanced, i.e. in each combination.

The SSFEM model is a thick plate-shell
(so as to get shear effects) automatically
created fem model.

The forces loading the component (here
a haunch, more examples below), being
self-balanced, do not require constraint
reactions.

The Von Mises stress map of the
component may then be observed in
each combination or as envelope of
combinations.

The engineer can then decide if the
resistance checks are passed or not.

The SSFEM may be created, ideally, also
modeling holes but the choice is
guestionable.

Several possible situations may arise in
the single component SSFEM. 2>

C©.5.E. Copyright (C) - 2001-2014 - Castakia sl - Milan - www com

114022014

Sargon Reader®- by Castala sl

GAMACERCEVE.AB C1

Case=2/5 VonMisesstrass  N/mm'2

000e+000 3.9448+001 7.889e4001 1.1830+002 1.5768+002 197264002 2.367e+002 276184002 3.1568+002 3.550e4002 3.9448+002]

Ing. Paolo Rugarli - Castalia srl - Milan - Italy
- www.castaliaweb.com - 68
www.steelchecks.com



Everywhere in  the
model the Von Mises
stress is lower than
(factored) vyield. The
check is passed. Most
frequent condition!

Generic SSFEM Resistance Checks (2)

i ‘ %
‘:‘V" ‘g "‘;‘,_ i g
.‘l" .:bﬁ O“‘i’af E
."'Q’:‘:" ‘n'?:‘:«‘l'v:"x%% o
G s
GESC IR
Qo S RS il :
=B y."“" s :
S GO NS :
* R T
o Ol i
Ty Q ; ' &
5V s
o o
C whzﬁfo'\'/wO[l\)AELLotcw N 2
000e+000  1876e+001  3.753e+001 5629e+001 7505e+001 9381e+001 1.126e+002 1.313e+002 1.501e+002 1689e+002 1.876e+002
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Generic SSFEM Resistance Checks (3)

Some very local stress peaks are
detected, possibly linked to bolt
bearing pressure checks (already
done) or to very limited stress
concentrations. The component
is checked.

PALO_12M AA AGGREGATE
GS1 Combinazione = 7/ 10 Sforzo di Von Mises N/ mm'2

00 355 0 1065 142.0 1775 2130 2485 2840 3195 3550
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Generic SSFEM Resistance Checks (4)

3. Some relevant but not too extended part of the
model has a VM > yield. The analysis must be refined
in EP range, or the component must be improved.

1.402-2014 - sn:100101

Sargon® - by Castalia srl - www.castaliaweb com - ver. 1

GAMACERCEVE_BEARING_SURFACE2 AB.OVERALL
Caso=2/5 SforzediVon Mises N/ mm*2

[.000e+000 3.944e+001 7.888e+001 1.183e+002 1.578e+002 1.972e+002 2.366e+002 2.761e+002 3.155e+002 3.550e+002 3.944e+002)]

i

Ing. Paolo Rugarli - Castalia srl - Milan - Italy
- www.castaliaweb.com - 71
www.steelchecks.com



Generic SSFEM Resistance Checks (5)

Relevant, very extended part
of the component, are above
the yield stress, probably the
component is overloaded: it
must be redisigned or a
different load distribution
must be tried.

The judgment cannot be
nowadays automated (this is a
research area). An engineer is
needed.

' SARGON READER - [GAMACERCEVE AR Colummmwar] SR 5
de Ve Ioqure Draw Mesh £t Post Vaidation Window Hep Sax
DEBE B im S/Mo DHBXRBAPS B $ UN X 018638 -0 ++ BLSY]
OAYB HI L~ #5300 BAEAR v,
ol
b ~
=2 “ o
b =
i £ f5am
™ o
a g |9
§
4 3
g £
71 i
3 :
0 H
3 ]
5
= $
]
4
8
EAB
- s st
«  ).0008+000 3.9448+001 7.88964001 1.1838+002 1.6786+002 197264002 236784002 276184002 315684002 355084002

N T 5 751

B/ o & 9la[o]e]=] I LA
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Meaningful non linearities

 Material NL
(MNL):
— EPP (plastic flow
— EP (hardening)

e Geometric NL
(GNL)

e Contact NL (CNL)

NLM is useless if VM < f, or
very local stress peaks

GNL is needed at engineering
judgement

CNL is possibly useful for BL
using bearing surface

Nonlinear Analysis settings ‘

Load cases management (load stations)

[ iActivate load stations (load path)

If stations are not active then distinct load cases

Convergence

Error norm
@ SRSS
(" Max abs for among components

Index

[~ Displacement ’W Tolerance
[v Residual ’W Tolerance
[~ Work 0.001 Tolerance

Divergence [0 Tolerance

Method of analysis

@ Full Newton-Raphson

" Modified Newton-Raphson
P

Number of Lobatio's integration points

10 Plates (from 3to 12, or 20)
5

Beams (fom 310 12, or 20)

Mare parameters

0.0001 Minmum modulus net-null pivots
0.005 Precision of limit muttiplier

Analysis strategy
Iterations

20 Maximum number of iterations per step

Step size

(" Pre-defined number of steps

0 Step number for each stationfload case

@ Automatic step size control

Wished number of iterations

3

05 Exponent for the increment choice
05 Maximum increment (dlambda, max)
0.01

Minimum increment (diambda. min)

[+ Automatic decrease of step size if convergence not reached

Nonlinearity
¥ Material
[~ Geometric

[~ Contact

Fiber number (beam element)

250 Number per section

[~ Printdisplacements at each fteration

Others

[ Printmessages

[ Interpolate stresses to nodes

Retum over plastic domain

[ile0s  Tolernce

100 Max nb. iterations

&

Arc-length

[ Switch to arc length if

@ cspe |03 CSP.lim
 sTEP> |2 STEPlim

Arc-length kind

(" Spherical
@ Cylindrical
 Ramm

(" Fried

Does not stop to singular points
CSP: cumrent siifiness parameter

Annulla

C.S.E.: setting NL analysis

Priming: see D. Kahneman




Some more about NL FEM (1,a): MNL

 |fan EPP model is used, then if
convergence is reached, S <
S, m-This is the limit analysis,
and covers other simplified
method to assess the same.

 |f an EPH model is used,
convergence will always be [
reached, but at the cost of Von
Mises Stress possibly higher

than ultimate stress f,. 5
*  “Breaking “ of material can also /_

be modelled by neglecting

gauss points tribute to stiffness

if ultimate strain has been
reached.




Some more about NL FEM (1,b): MNL

SHELL ELEMENTS

Gauss Points

According to theory, no
matter the spreading of
plasticity if (at ULS) the
component is capable of
carrying the load we are
lower than S,

Increasing the plasticity
areas, the convergence gets
more difficult and the
computational time
increases.

However, not all design must
be conceived in such a way L e e
that the factored loads are at

a small distance from S, ;-

Lobatto Integration Rule

l Plane Stress

stresses

CURAN =5
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Some more about NL FEM (2): GNL

Geometric NL is handled
by assembling K,;:

[Kpp(D)+ K, (1) pu=Ap

*By running GNL analysis one can
assess if there are possible
buckling phenomena coherently
with the applied fem modelling.
*Especially useful for
“nonstandard” geometries, which
are almost all....

*The analysis may NOT converge.
If it converges we are below the
limit.

Ing. Paolo Rugarli - Castalia srl - Milan - Italy
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Some more about NL FEM (3): CNL

Ideally CNL should always be used.

It leads to an increase in bolt axial
force.

The pattern is never easy. All the
models are “wrong” including those of
the standards.

Target elements & contact elements

Co
for

(from V. A. Yastrebov,

Intrduction to Computational
Coni:‘act Mechanics, Centre des
Materiaux, MINES, Paris Tech)

htact
ces

Prying forces
(PF)
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Some more about NL FEM (3): CNL

The two surfaces can be differently meshed. Signed “cross”
elements are the automatically-detected possibly target
elements.
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Available simplified formulation for PF

Prying forces factor setting @

Data X =1 oax b

a e = L gy a

T ®
[25 o 0 b 5=1_£ (@
EZE ®

60

1

P p
23499952 Fy . © s
a=a+05d
T alphais a function of t | F=b-05d
| t is a function of alpha a=>0 nOeriﬂngl'OﬂS | . . | I t
= 1 |
28.922487 1 a=1 max pryingforces i a i b | b i a |
B =max N, bolt
0.256 alpha s T+Q
| | W. Thornton - 1985 - AISC | e
8
Initially t is set as the minimum thickness of connected objects
0 Alpha 1
no prying max prying If the existing thickness is used, a given value of alpha is determined, and so a value for K,prying

e If @ desired value of alpha is set, then the required thickness will be read accordingly
esults

T.max [ B < 1 means a part of B is required to resist prying force Q
0.8513261223 T o/ _ I
g A stiffened plate may be modelled with a high thickness value

—% 1.1746379838 m
’ Kiprying oK | Cancel

C.S.E.: setting of prying forces factor

This model is applicable only to a very limited subset of situations



An example of CNL

BASEJ2
Caso=3/6 Deformata Tz mm

-1.401e-002 @ 8.438e-002 1.828e-001 2.811e-001 3.795e-001

Unscaled vectors.

Ing. Paolo Rugarli - Castalia srl - Milan - Italy
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Another CNL example...

pulled bolts

prying forces

e g

mesh size:
plate 10 mm

constraint block: 30mm y view

tension side compression side

Sargon Reader® - by Castalia srl - vaww.castaliaweb.com - ver. 11.40 2-2014

BASE.AA.UNTITLED105
CS1 Combination =1/1 Von Mises stress N/ mm"2
[0.000e+000 2.350e+001 4.700e+001 7.050e+001 9.400e+001 1.175e+002 1.410e+002 1.645e+002 1.880e+002 2.115e+002

2.350e+002]

Ing. Paolo Rugarli - Castalia srl - Milan - Italy
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Another CNL example...

%,

<:| prying forces

<:I contact forces

GAMACERCEVE_BEARING_SURFACE2.AB.OVERALL
Caso=2/5 Sforzo di Von Mises N/ mm"2
P.000e+000 3.944e+001 7.888e+001 1.183e+002 1.578e+002 1.972e+002 2.366e+002 2.761e+002 3.155e+002 3.550e+002 3.944e+002)

Sargon® - by Castalia sri - www.castaliaweb.com - ver. 11.40 22014 - sn:100101

<:| prying forces

<:| contact forces

Sargon® - by Castalia srl - wwaw.castaliaweb.com - ver. 11.40 2:2014 - s 100101

GAMACERCEVE_BEARING_SURFACE2.AB.OVERALL
Caso=2/5 Sforzo di Von Mises N/ mm*2

P.000e+000 3.944e+001 7.888e+001 1.183e+002 1.578e+002 1.972e+002 2.366e+002 2.761e+002 3.155e+002 3.550e+002 3.944e+002)

Ing. Paolo Rugarli - Castalia srl - Milan - Italy
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Buckling checks (1)

Eigenvalue analysis: critical multipliers can be found.

* Geometrically non linear analysis, convergence must be reached. More sofisticated, especially
needed if there are plastic regions.

*  The analysis can be run for SSFEM.
*  Otherwise standard simple rules may also be used when applicable.

stable

U n Sta b I e Buckling analysis results
Crtitical load multipliers for each combination
= 1 1 A N
Combination = 1 2 Alpha,crit=1.662+002 W
Combingtion= 1 3 Alpha.crit= 2.098e+002
Combingtion= 1 4 Alpha.crit= 2.207e+002
Combination = 1 5 Alpha,crit= 2.2692+002
Combination= 1 [ Alpha,crit = 2.369e+002 L
Combination = 1 7 Alpha.crit = 2.554e+002 B
Combination = 1 ] Alpha,crit= 2.6318+002
Combingtion= 1 ] Alpha,crit= 2.906e+002
Comhingtion= 1 Made= 10 Alpha.crit= 2.947e+002
Combination= 2  Mode= 1 Alpha,crit= 19.4655
Combination= 2 Maode= 2 Alpha,crit= 59.9682
Comhingtion= 2 Maode= 3 Alpha.crit=" 957684
Combingtion= 2 Mode= 4 Alpha.crit=1.1468+002
Combination= 2  Maode= & Alpha,crit=1.2632+002
Combingtion= 2 Mode= B Alpha,crit=1.346e+002
Combingtion= 2 Mode= 7 Alphacrit=1.459g+002
Combination= 2  Mode= 8 Alpha,crit=1.5662+002
Combingtion= 2 Mode= 9 Alpha,crit=1.673e+002
Combingtion= 2  Made= 10 Alpha.crit=1.750e+002
Combination= 3 Mode= 1 Alpha,crit= 267244
Combingtion= 3  Mode= 2 Alpha,crit=" 80.3856
Combingtion= 3 Maode= 3 Alpha.crit=1.313e+002 L
Combinatinn= 3 Mndr= 4 Alnha crit = 1 R73R+007

Combi= 7 Mode= 1 Alpha,crit = 3.246e+000
Ing. Paolo Rugarli - Castalia srl - Milan - Italy
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Buckling checks (2)

Combi=

1 Mode= 5 Alpha,crit = 1.174e+001 Combi= 4 Mode= 2 Alpha,crit = 5.284e+000

TNg. Paolo Rugaril - Castala Sri - vIan - 1taly
- www.castaliaweb.com -
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SSFEM: more than 1 component (1)

a

1

=
v
Loz

Sargon@ - by Castalia srl - www castaliaweb com-wer 10 40 5-2013 - sn:100101

PALO_12M.AB. AGGREGATE
CS1 Combinazione = 7/ 10 Sforzo diVon Mises N/ mm*2

00 3556 710 106.5 142.0 177.5 213.0 2485 2840 3195 355.0
T T W e o o o

Ing. Paolo Rugarli - Castalia srl - Milan - Italy
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SSFEM: more than 1 component (2)

LTI T I DT T T TITI]TII
LT

PALO_12M AA AGGREGATE
CS1 Combinazione = 2/ 10 Sforzo di Von Mises N/ mm*"2

97 19.3 29.0 386 48.3 57.9 676 77.2 86.9 96.5

Ing. Paolo Rugarli - Castalia srl - Milan - Italy
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SSFEM: more than 1 component (3)

Sargon Reader® - by Castalia srl - vwaw castaliaweb.com - ver. 11.40 2-2014

GAMACERCEVE.AB.BEAMHAUNCHENDPLATE
Case=2/5 Von Mises stress N/ mm*2

www.steelchecks.com

0.000e+000 3.944e+001 7.888e+001 1.183e+002 1.578e+002 1.972e+002 2.366e+002 2.761e+002 3.155e+002 3.550e+002 3.944e+002
Ing. Paolo Rugarli - Castalia srl - Milan - Italy
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SSFEM: more than 1 component (4)

Plate-shell elements rendered as solids

Ing. Paolo Rugarli - Castalia srl - Milan - Italy
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PFEM: some more

Ing. Paolo Rugarli - Castalia srl - Milan - Italy
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Displacement control (1)

IFEM is able to initially “test” the
correctness of the design: if some
component is not properly
connected (e.g. bending moments
over hinges), then the displacement
levels are too high

So the displacement check is one
needed step to assure that the
connections are properly designed

n !
be carried - .|_ ”, -
—r——

Ing. Paolo Rugarli - Castalia srl - Milan - Italy
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More realistic
displacement
control may be got
by SSFEM or PFEM.

Displacement control (2)

0.000e+000

6 171e-002

1.234e.001

Sargan Readert - by Castalia sri - vawy, castalsvisb cam - ver. 1140 2-2014

CSE1AAPT
Case=1/24 Deformed Tz mm
4 2832000 -3 8538000 -3423e+000 299384000 -2 56384000 213384000 -1.7038+000 A1 27384000 84266001 41276001 17266002
-
§
£
=
g
S
2
£
H
[
r
&
&
]
DAVIDMODEL
Case=1/2 Deformed Ds mm
1 851e-001 2 468e-001 3.085e-001 3.702e-001 4 320e-001 4.937e-001 5554e-.001 6.171e-001

Ing. Paolo Rugarli - Castalia srl - Milan - Italy
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SSFEM to compute STIFFNESSES

Quite easy...

displacement, u

Bending moment M dummy node

distance, d

Ing. Paolo Rugarli - Castalia srl - Milan - Italy
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User’s”

d “standard” formulae

Addition of a condition

First member

Web (V) | Web (N)

condition Second member

Jobsin213)

‘ ‘ ﬂ | mL.vwpRd ‘

Condition kind

Condition description

1st member meaning

2nd member meaning

-
L

[ check [web (v)
|App\|ed shear
|L|m|t web-panel shear (Eq. 6.7 and 6.8)
ml Component to which the condition refers
Compenents in the renode Variables in the renode
* Master qgl.pi - Pigreek -

gl.L - Modelled member length
gl.gM0 - Partial safety factor gamma, M0
gl.gM1 - Partial safety factor gagmma,M1

gl.gM2 - Partial safety factor gamma,M2
gl.gM3 - Partial safety factor gamma,M3 ASIN | ACOS
qgl.gm4 - Partial safety factor gamma, M4

gl.gM5 - Partial safety factor gamma,M5
CBRT | SQRE

cos TAN

Resuling user's

D

[

gl.E - Steel Young's modulus (according to Et
gl.nu - Steel Poisson's coefficient (according
gl.G - Steel tangential modulus (according to
gl.P - Theoretical node-point

gl.N - Newton

gl.daN - Deca Newton

gl.kN - Kilo Newton

glt - Toen

CUBE HYP

ﬁLLL

=
2

CELL FLOR

CHIC CHID

| Angles in shear | Notched web | DAC. tie force WEB tie force | Web shear | Plate lateral sway

FINUFinplste_(n=p-Dh=0 aiyagz, 3-0 for CHE)

gl.kg - Kilogramme
gl.mm - Millimeter
gl.cm - Centimeter

LLLQLL
ENENENENE

GETX WFEL| WFPL

LL
RN

WTEL| WTPL

Cancel CLEAR|  WVEL

gllb - Pound VMIS CHIB
gl.kip - Kilo Pound

“cooking recipes” approaches might still be used

Ing. Paolo Rugarli - Castalia srl - Milan
- www.castaliaweb.com
www.steelchecks.com

Available variables

alpi - Pigreek

glL - Modelled member length

v

gl.gM - Partial safety factor gamma,M0

- Partial safety factor gamma,M1

gl.gM3 - Partial safety factor gamma,M3
gl.g4 - Partial safety factor gamma,M4

gl.gM5 - Partial safety factor gamma,M5
gl.E - Steel Young's modulus (according to EC3)

glnu - Steel Poisson's coefficient (according to E¢
gl.G - Steel tangential modulus (according to EC3

| E
| =
‘ oh j glamL
gl.gM2 - Partial safety factor gamma,M2
| =
| E
| =

glP - Theoretical node-point

gl - Newton

gl.dal - Deca Newton

gLk - Kilo Neviton

glt - Ton

gllb - Found

glkip - Kilo Pound

glkg - Kilogramme

glmm - Millimeter

glem - Centimeter
T glm - Meter

Cancel

]

Italy
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How manage all this?

e 1) Single component checking rules

Member

| Material Change... Modify... Add...

==

Member stump

1000 Length

Checks
[¥ Check net-sections [v
Fem modelling
[~ Create FEM model [ Use nonlinear computation
10 Borders and welds element size
30 Generic elements size (if 0 then free size)
19.8 Triangle minimum angle in degrees (default 19.8°)

Node distance tolerance (if dist < tol then the nodes are merged)

|v Search and mesh stiffeners when preparing fem model

OK | Cancel |

= Height(D)
180 = Length (D)
15 —| Thickness (DZ)

P4 MName
3275 Material Change. Modify... Add...

[v Simplified checks [+

Fem madelling

[ Create FEM model [~ Use nonlinear computation
Borders and welds element size
Generic elements size (it 0 then free size)

Triangle minimum angle in degrees [default 19.8%

Mode distance tolerance (if dist < ol then the nodes are merged)

111

[ ltis astiffener

[ Search and mesh stifieners when preparing fem model

OK Cancel

C.S.E.: Member check settings

C.S.E.: component (plate) check settings




* 2) General checking rules (also single components SSFEM)
=X

Internal actions computing made Fartial safety factors
CHR 10011 - Allowable stress
1.05 garmma, 0
CHR 10011 = Limit states MM, T
Eurocode 3 - EN 1993-1-8 | 1 parmmam, 1
15 BO0: working stress |
ng Listing 1.35 gammai,2
IS 800; hmit states C E
AISC-ASD: allowable Sross & Dakan | 11 gammaM, 3
AISC-LRFD: factor design " Spanish I'i g M4
e [~ Open when finished checks
: 1 mamaM, 5
SHIP 11 - Limit states | o e
[# Extended listing

Chedks to be exeouted

Bolt préssura baarings Farastitic bending in bolts FEM analyss of components
(& Do not create models
Create just sketch models

Funching shear checks Nt eross-sedions members checks Create complete models
Create and misgel
[+ Execute checks [+ Esecute checks it L

[ Execute checks [ Meglect parasitic bending

Use CSE (Clever, Curan->) _]
Use Sap20a

Use other user defined

Use STAAD FRO

Usa MIDAS

Block tear checks User chedes (added formulae)

[ Execute checks [+ Esecute checks

Simplified through chedks
Standard cross-sections
[+ Execute checks Buckling analysis (only C5E) J

Displacement bounds of components te print a warning message

| 1 Transiation 0.0057266 Rotation (radians)

[ oK I Can-nel|

C.S.E.: check settings
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3) PFEM and multiple SSFEM

FEM model creation settings @
y N
Name of the model to be created Model creation Load cases to include in model
(" Create just sketch model I Combi 1 o
U Name (" Create complete model but do not analyze vl Combi 2
(@ Create complete model and analyze ¥ Combi 3 Mone
¥ Combi 4
vl Combi 5
Mesh Salver
(@ Use CSE (CLEVER) linear analysis
10 Boundaries and welds element size (" Use CSE (CURAN) non linear analysis
("~ Use Sap2000
Other mesh settings are those of each component (" Use other user program
(" Use STAAD
" — Constraints -9  Use MIDAS
C1P4
[ Buckling analysis \ '

f — Contact non linearity N Stabilizing springs
10 Penalty (F/L)

i i 0 Stiffness
Apply the tick to the objects you wish to constrain Constraint block modeling
Members: clamp applied to extreme or extremes un-connected (@ Clamp at half thickness
Cleats: minimum constraint applied (6 dofs) (" Solid elements
Modes of unsaturated welds with "fem constraint” flag will be fully fixed o ) Stabilizing springs prevent spurious buckling, but if more
Mesh size than axial force is applied they do absorb stresses
If there is a constraint block (cb) and contact ML, do constraint cb

\, A h\ A y

oK | Cancel ‘

C.S.E.: FEM model of a set of components, settings

Ing. Paolo Rugarli - Castalia srl - Milan - Italy
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A case history (1): no BS for BL

[COMPUTING DATA:

Renods, Companert; AB.m1 Secton=9; nsance = 1, Combingion =
2 : N=_-17062 R Var 3166600 s Mociba1600810.1 N mm: M3 00 Nmm,
S JAB P Dot s (NUM)=50.170 Sigma =+ 2136 Nimme Signa.d s 3555 N
NET-SECTION UNCHECKED

o= 2136

1 - steelchecks.com - ver, 580 5-2014 - sn 100101

[

Exploitation envelope

0.20 0.40 0.60 0.80 1.00 1.20 1.40 CSE. Copyright (C) - 2001-2014 - Castlia 1 - i - .

b LS =z -
v, Fle Mosy Doy One Evmre Fem INodes Revode Cheos 30 Moos Plensde )Casses Jonis Widow 1 - mx Fie Vew inoure Ores Mes ot Po Vakaton Window Mep

DEReBES - oM ~EENNL AR (#SPAD - HHE ve- x3AA 440 e R GET TN E Mo OMBIEAS R @8 UN X 0r8E3@As - b8 AMER]

FE = DAAS M1 tnn 80300 APBAS fok

b | 4 | @ comeacevesn conmnmnz ~lelg ) '

2™ - 2 4

a & b |

e -

ki ]

Ll -
=

g B . =

o B 213

e A b 2 |

o i :

K - 13 ' -l
Js : Wk
o= § E i |
- m H - 3 : |
= ~ b -

: o 1 | '
- I ————— LS g £ {

i = B i : N E |
- - - H i Bl
- £ | H HiE

3 d K
E § %
u i bi
g & &
e = |
AU A . s
B F = o B 233 . "B
e o e e % e f i — Tt o P =
Bl o e[S ea]e]=] 0] 5] ]

[ - ZANE IS =N STEIY | 1 ES

ﬂ
=

SSFEM:m1

Ing. Paolo Rugarli - Castalia srl - Milan - Italy
- www.castaliaweb.com -
www.steelchecks.com



A case history (1): no BS

Tl SARGON _READER - [GAMACERCEVE AR Colummwar]
Fie View quee D Mesh Edt Post Vaidwion Wincow e

DSEA N s - S WA OHBYBEL RO UN X 0r86I@s—| t+ ALSK]
OBNE H! 1 == $3008D BPrEAPL |

o

+
*

GAMACERCEVE AB.COLUMN
Case=2/6 VonMises stess N mm'2
1.578e+002 1.872e+002 2.387e+002

e —

*  ).000e+000 3,944e+001 7.8896+001 1.183+002

- The SSFEM confirmed results

3 of net cross-sections

3 84de+002

[ e EIEAL

L R ISTEE]

Not using BS is allowed by
Safe theorem but it is
usually not convenient.

w47 |
23052014

Sargon®- by Castalia srl - vy, castaliaweb com - ver. 1140 2:2014 - sn: 100101

Net Section #9
GAMACERCEVE.AB.COLUMN
Caso=2/5 Sforzo diVon Mises N/ mm*2
000e+000 3.944e+001 7.889e+001 1.183e+002 1.578e+002 1.972e+002 2.367e+002 2.761e+002 3.156e+002 3.550e+002 3.944e+002]
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A case history (1): no BS

Sargon Reader® - by Castalia srl - www.castaliaweb.com - ver. 11.40 2-2014

GAMACERCEVE.AB.C1
Case=2/5 Von Mises stress N/ mm*2
p.000e+000 3.944e+001 7.889e+001 1.183e+002 1.578e+002 1.972e+002 2.367e+002 2.761e+002 3.156e+002 3.550e+002 3.944e+002|

Also the haunch was not in an ideal condition

Ing. Paolo Rugarli - Castalia srl - Milan - Italy
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A case history (2): BS

HOW deflne fjd? Definition of ¢

R 4 '
23 Span c $Eé

2
f ) C_ = f t— ‘ Compute c using data below! |
Jd 7 Y6
) 2 l'wi plate thickness
C !
~]Fjd cgmic fy Z I? fy (yield stress)

355 fjd (bearing surface design stress)

Linear strain field

1BL or 2 BL?

Bearing surface is intersected with
plate borders

Now contact pressures do help to
carry the loads

N

n-

[T - T T S N o T o
48[] Go.0 Hoo &no Bon Boo tfnﬁfn

g lll 8.
& Il 5=
a |l <=

e
L




A case history (2): BS

Simplified checkes without BS

Exploitation envelope
0.20 0.40 0.60 0.80 1.00 1.20 1.40

%
Simplified checks with BS:
*higher internal lever arm;
*Better spreading of pressures
E & forces
*But still problems in end plate

° & haunch: let’s use SSFEM

o  ow oo o %0 _am o
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A case history (2): BS

(COMPUTING DATA:

N= 27968t Mu=1843369550.8 N mm;,

Bolt layout: ~ B1 Instance = 1; Combination = 2; _Linear elastic bearing (no tension) - dPNA = 713.475 mm  aPNA=
9.5 N; M= -0.0 Nmm;
Bearing exploitation= 0.005 ; Sigma,max bearing= -539.1 N/mmé; Sigmamaxbolts= 284.5 N/mm? Taumaxbolts= 1.9 N/mm?;

(COMPUTING DATA:

-0.0° maxdist,C,PNA=23.8946 mm | Bolt layout: B1 Instance = 1: Combination = 2; _Linear elastic bearing (no tension) - PNA = 495.063 mm aPNA= -0.0° maxdist,C,PNA=242.307 mm
N= 279689.5 N; Mu=1843369550.8 Nmm; Mv= -0.0 Nmm;

Bearing exploitation= 0.001 ; Sigma,max bearing= -74.9 N/mm? Sigmamaxbotts= 322.2 N/mm® Taumaxbots= 1.9 N/mm?

3?5 2

o 2845
ar- 1 2044
o 2642 1o
i 1o 2666
o 2439 19
@r=| 19 288

o 236
i : 2189
o 2033 1
i 19 183.1
o 1830 19
@] 9 133
o 1627
&= 19 175
o 124 19
@t 1
I: 390
3 640= 864
g | fdar= 1% B
g
s [
] % 09
& 8 1
7 - 00
3 235 19
@rd 19
C.S.E. Copyright (C) - 2001-2014 - Castalia sri - Milan - www. com C.S.E. Copyright (C) - 2001-2014 - Castalia sri - Milan - www. com

The effect of bearing surface “constitutive law”.

Increasing stiffness
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A case hist : BS, SSFEM

‘&V’~
“E,

N

s

D

M

AN
=

ESE

5

=~/

Sargon Reader® - by Castalia sl - wwwy castaliaweb.com - ver. 11.40 2-2014

‘GAMACERCEVE_BEARING_SURFACE.AB.BEAMHAUNCHENDP]
Case=2/5 Von Mises stress N/ mm*2
0.000e+000 3.944e+001 7.888e+001 1.183e+002 1.578e+002 1.972e+002 2.366€+002

X —

[
GAMACERCEVE_BEARING_SURFACE .AB.BEAMHAUNCHENDPLATE
Case=2/5 Von Mises stress N/ mm"2

3.944e+001 7.888e+001 1.183e+002 1.578e+002 1.972e+002 2.366e+002 2.761e+002 3.155e+002 3.550e+002 3.944e+002

12—

Linear strain field;
SSFEM: near the limit

11 Wiy castaliaweb.com - ver. 1140 2-2014

Sargon Reader® - by Castal

GAMACERCEVE_BEARING_SURFACE AB.BEAMHAUNCHENDPLATE
Case=2/5 Von Misesstress N/ mm2

2.000¢+000 3.944¢+001 7.888+001 1.183e+002 1.5780+002 1.9720+002 2.3666+002 2.761e+002 3.155+002 3.5506+002 3.944+002
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case history (3): BS, CNL, PFEM

F

*Different force distribution
*Different VM map

*We cannot be sure it’s ok
*->Try CNL+MNL(EPP)

<:| prying forces

|- v castaliaweb.com - ver. 11.40 2-2014 - sn: 100101

k|
2z
<:I contact forces H
3
GAMACERCEVE_BEARING_SURFACE2.AB.OVERALL
Caso=2/5 Sforzo di Von Mises N/ mm*2
0.000e+000 3.944e+001 7.888e+001 1.183e+002 1.578e+002 1.972e+002 2.366e+002 2.761e+002 3.155e+002 3.550e+002 3.944e+002)

Sargon® - by Castalia sri - www.castaliaweb.com - ver. 11.40 2-2014 - sn: 100101

bt
‘GAMACERCEVE_BEARING_SURFACE2.AB.OVERALL
Caso=2/5 Sforzo di Von Mises N/ mm*2

0.000e+000 3.944e+001 7.888e+001 1.183e+002 1.578e+002 1.972e+002 2.366e+002 2.761e+002 3.155e+002 3.550e+002 3.944e+002]

g
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A case history (4): BS, CNL+MNL(EPP), PFEM

£

x v

*Spreading of plasticity
clearly visible.

eIt changes Vm map.
*Maximum VM = 355 Mpa
(as expected)

*We can assume the
connection pass the check,
however:

er. 11.40 2-2014

Sargon Reader® - by Castalia srl - www.castaliaweb.com - v

o wons__ srpetn s i U et svomin_ avon_ soon *1) We did not modify the
' ' — ' ' ' design and “payed” with
2 greatest computational
effort in order to “prove”
the design is correct;
*2)There is not “one
solution” but a set (Safe
Theorem)
*3) Are there “standard

connections” out there?

or. 1140 2-2014

Sargon Reader® - by Castalia srl - vwy.castaliaweb com - v

GAMACERCEVE_BEARING_SURFACE2.AB.OVERALLPP
Case=1/1 Von Mises stress N/ mm’2

p.000e+000 3.550e+001 7.100e+001 1.0656+002 1.420e+002 1.775e+002 2.1300+002 2.4850+002 2.8400+002 3.1950+002 3.5500+002]

W
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Summing up:

FEM is a general and flexible tool to study connection
FEM is able to deepen analysis that are otherwise condemned to
be done with often oversimplifying assumptions.
FEM can be and has been fully automated in C.S.E..
FEM can be used as a “coarse” mean of evaluation.
Hybrid approaches are available which save a lot of
computational time (C.S.E.).
Computational times are now very short for most of the tasks.
Specific highly nonlinear problems, many combinations, may
require some c.t.
The new paradigm will gradually replace simplified methods as
first tool-to-be-used, as already happened in 3D fem modeling of
structures.

THANK YOU
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