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Chapter LiNTRoODUCTION

PRESENTATION OF THE IM$#S PROGRAM

SeismoStruct is a Finite Element package capable of predicting the large displacembahaviour of
space frames under static or dynamic loadirgy taking into account both geometric nonlinearities and
material inelasticity. Concrete, steel, frp and sma material models are available, together with a large
library of 3D elements that may be used with a wide variety of prelefined steel, concrete andomposite
section configurations. The spread of inelasticity along the member length and across the section dept
is explicity modelled, allowing for accurate estimation of damage distribution Coupled with the
program'’s numerical stability and accuracy at high strain levels, it enables the precise determination of
the inelastic response and the collapse load of any frantgpe structural configuration. SeismoStruct
accepts static (forces and diglacements) as well as dynamic (accelerations) actions and has the ability
to perform eigenvalue, nonlinear static pushover (conventional and adaptive), nonlinear static time
history analysis, nonlinear dynamic analysisincremental dynamic analysisand response spectrum
analysis.

The accuracy of this software in nonlinear analysis of framed structures is demonstratea this report, _
and has also been laid evident by the successesBtind Test FLredictiqn Exerciseh OO AéncréieO O
Column Blind Prediction Contest 2016 j 5# 3 $h 3 A Q5WEERBDrd TestCRalle@ge j , . %# h

Lisbon, Portuga) and the Blind Prediction Contest organizedin20lAU OEA O®%AOOENOAEA 2A0

$EOAOOAD O0OAOGAT GETT " OAT AE 1 Awherte Seismashuctbadided D OAT 3171

amongst tens of entries from around the worldSuch casestudies are included at the end of the current
Verification Report.

The SeismoStructresults presented in this documentvere obtained usingversion 2025 of the program,
running on an Intel® CoreA i7-6700HQ CPU @.60GHzmachine with Windows 10 64-bit. All model

AEI A0 AOA ET Al OAAA ET 3AEOIT3000A080 ET OOAI 1 AOGET I
STRUCTURE OHEREPORT

The presentreport consists of acomprehensivecollection of examples, which have beerselectedto test
the various program fatures. Itis structured in three main sections, which are briefly descied below:

A In the first section (Chaper 2), the results produced by SeismoSEruct are compared with the
independent hand-calculations proposed in SAP2006 O 3 1 X&dificAtionAreport (SAP2000,

Integrated Software for Structural Analysis and Design, Analysis Verification @A T D1 AOGoh #1711 OO

and Structures, Inc., 1992 The results are povided in tabular form;

A In the second section (Chapter 3), the resultgroduced by SeismoStructire compared with well-
known literature case-studies. The resultsare provided in graphical form;

A Finally, the third section (Chapter 4, deals with the comparisonbetween SeismoStruct results and
experimental results, obtained from various laboratory tests In particular, the lastthree examples
of this sectiondescribe the numerical models used imBlind Prediction contests (E 8 A 8Cor@rgtd O
Column Blind Prediction Contest 2016 OEA Opuv 7 # %% " | E lantl thd Blidl@redicoAl 1 AT C
#11 OAOO 1 OCAT EUAA AU OEA OwAOOENOAEA 2AO0EOOAT A

results are provided in graphical form.

PROGRAM FEATURES COVERED BY THE PROGRAM

The aim of this section is to illustrate through the charts provided belowwhich program features (i.e.
types ofanalyses elements, restraints, constraints andapplied loads) are addressed in each example of
the presentreport.
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Eigenvalue analysis Ch208, Ch210, Ch211, Ch212

Ch201, Ch202, Ch203, Ch204,
Static analysis Ch205, Ch206, Ch207, Ch209,
Ch211, Ch213

. . Ch214, Ch201, Ch202, Ch203,
Static Pushover analysis Cha05, Ch306

Static Adaptive Pushover analy

ANALYSIS TYPES
Ch217, Ch218, Ch4Steell,

- - ; Ch4Infill-01, Ch4infill-02, Ch4
Static TimeHistory analysis Infill-03, Ch4joints-01, Ch4

joints-02, Ch4blind-03

Ch211, Ch215, Ch216, Ch4RG
01, Ch4RG02, Ch4rRGO03, Ch4
g ; ; Steel02, Chdinfill-04, Ch4nfill-
Dynamic TimeHistory analysis 05, Chdbridge:01, Chbridge-
02, Ch4blind-01, Ch4blind-02A,
Ch4blind-02B

Incremental Dynamic analysi

Response Spectrum analysis




Displacementbased Inelastig
frame element (infrmDB)

Forcebased Inelastic frame
element (infrmFB)

Forcebased Plastic Hing
Inelasticframe element
(infrmFB)

Displacemenbased
Plastic Hingénelastic
frame element (infrmFB

Elastic frame element (elfr

Inelastic infill panel element

ELEMENT TYPES (infil)

Truss element (truss)

Link element (link)

Lumped mass (Imass)

Distributed Mass (dmass)

Damping element (dashpt)

CHAPTER Introduction

Ch303_B, Ch®4 B, Ch3
06_B,Ch4RC01, Ch4RGO03,
Ch4bridge-02

Ch301_B, Ch®2_B,Ch3
05_B andalmost all the
examples of chapter 4

Ch201, Ch02, Ch203, Ch2

04, Ch205, Ch206, Ch207,

Ch208, Ch209, Ch210, Ch2

11,, Ch212, Ch213, Ch214,
Ch4bridge-02, Ch4blind-
02A, Ch4lind-02B, Ch4

blind-03 and all the example

of chapter 3

Ch4Infill-01, Chdinfill-02,
Ch4Infill-03, Ch4infill-04

Ch203, Ch204, Ch205, Ch2
07, Ch215, Ch216, Ch217,
Ch218, Ch4Steetl

Ch211, Ch212, Ch215, Ch2
16, Ch218, Ch4RCG01, Ch4
RC02, Ch4lnfill-03, Ch4
Infill-04, Ch4Infill-05, Ch4
bridge-0 h4bridge02,
Ch4blind-01, Ch4blind-02A,
Ch4blind-02B

Ch4RCO03, Ch4bridge-01

9
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Permanent nodal Loads (force

Permanent nodal Loads
(displacements)

Permanent Distributed Loadd
(forces)

Dynamic timehistory Loads
(forces)

APPLIED LOADING

Dynamic timehistory Loads
(accelerations)

Static timehistory Loads
(displacements)

Incremental Loads
(displacements)

Incremental Loads (forces)

RESTRAINTS

Rigid Link

NODAL CONSTRAINTS

Rigid Diaphragm

Equal DOF

Ch201, Ch202, Ch204, Ch2
06, Ch207, Ch211, Ch217,
Ch305, Ch4Steel01, Ch4
Infill-01, Ch4Infill-02, Ch4

joint-01, Ch4blind-03

Ch201, Ch202, Ch205,
Ch209

Ch215, Ch216

Ch211, Ch4RG01, Ch4RG02,
Ch4RGO03, Ch4Steel02, Ch4
Infill-04, ChdInfill-05, Ch4
bridge 01, Ch4bridge-02, Ch4
blind-01, Ch4blind-02A, Ch4
blind-02B

Ch217, Ch218, Ch4Steel01,
Ch4Infill-01, Chdinfill-02, Ch4
Infill-03, Ch4joint-01, Ch4
joint-02, Ch4blind-03

Ch213, Ch214, Ch301, Ch3
02, Ch303, Ch304

Ch213, Ch4blind-02A, Ch4lind-
02B, Ch4lind-03

Ch211, Ch212, Ch4RG02, Ch4
RG03, Ch4sSteet02, Chdinfill-04,
Ch4Infill-05

Ch4Steet02, Ch4blind-03
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Note: all verificationreport filesand verification reportmodelscan be accessed from the toolbar but1§{j

and the help men\@
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Chapter 2compARISOWITH INDEPENDENANDCALCS

As noted above, this chaptemakes use of examplesand their corresponding independent hand
calculations,describedET 3! 0¢nmnmnd O 31 AOx ACoiputerd and SEECAIRO Bd.)XDn OA DT 00
occasions, a direct correspondence between the models used in different programs was not possible

(e.g. an oblique load cannot be explicitly defined on some of the programs), but solutions were always

found to attain equivalent models

EXAMPLE 4 General loading

DESCRIPTION

A three-element frame is subjected tosix load cases with various types of load (distribted and
concentrated). Sixdifferent models have beercreated, one for each load case

The resulting displacements at specifiedgjints obtained with the FE analysis program SeismoStruetre
compared with hand calculations The FE modeldie in the X-Z plane.

! |
: NOTE Only bending deformations are considered in the analysis. In order to ignore the axial :
' ARAEI Of AGET 1T Oh OEA Al Ail A1 660 AQGEAI OOEAEAI AOGO EO I
: default. 1

1

GEOMETRY AND PROPERTIES
T Bl W @
I I # Material Properties
T E = 3600kip/in 2
"o Unit Weight: 0.15k/ft3

Section Properties
4 2 A = 144n2

1=1728 it

X GQ

[+]
Z~I.20

MODELLINBGND LOADING

The frame membersare modelled through an elastic frame element (elfrm) with the following
properties: EA = 518400000 [kip]; El (axis2) = 6220800 [kipinZ]; El (axis3) = 6220800 [kip-in?]; GJ =
4380845 [Kip-in?]. Four different load cases are considered:

A Load Case 1Selfweights (the weights are inserted in the program as distributed masseand n the
O' OAGEOU AT A -OAOO & ARAC A AisBEaderkid debvé loalls flom masses,
based on the g value in the gravity direction)
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A Load Case 2Global uniform distributed load on frame element 3, plus concentrated load on joint 4
(the uniform distributed load is inserted aselement permanentload in the Z direction (F =-1.8
k/ft) ; the concentrated load is applied as permanent load in terms of forcestime Z direction (R, =-
10 Kk);

A Load Case 3Global joint force and joint moment at joint 2 (force and moment are applied as
permanent loads, in terms of forces (F=-17.2 k) and moments (My =-652.8 Kip-in) in the Z and RY
directions respectively);

A Load Case 4Concentrated load on frame element 2 (it has been decompos@ua vertical and a
horizontal component, so they areapplied as permanent loadsn terms of forces inthe X andZ
directions respectively, /= 9k and F; =-12 K);

A Load Casé: Uniformly distributed projected load on frame element 2 (it has been applied on the
full element length as element permanent load ithe Z direction, F; =-1.6 k/ft) ;

A Load Cases: Uniformly distributed load on frame elements 1 and 2 in frame local direction (in
element 1 the frame local directioncoincide with the global X axis, so it is applied as element load
in terms of forces inthe X direction (Fx = 2 k/ft); the load on frame element 2 has been decomposed
in a vertical and a horizontal component, so they are applied as element loads in terms of forces in
the X and Z directions respectivelyFx = 1.2 k/ft and F =-1.6 k/ft).

The FE models are showibelow:

Nodal Load
(force)

Distributed Load

Elastic Frame Element

Elastic Frame Element
with specified Mass/length

J— Mass/length (assigned
---* as element property)

K Mesh node

Load Case 1 Load Case 2
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Nodal Load
(force R)

Permanent Load
(moment My)

<4— Elastic Frame Element

N Mesh node

Load Case 3

Distributed Load

Mesh node

Load Case 5

Elastic Frame Element

Distributed Load

Nodal Loads AN
(forces R, K)

Elastic Frame Element

A

Load Case 4

—

Load Case 6

Figure 2.1. Load cases of EXAMPLHA

Node 1 is fully restrained and node 3 is restrained in X, Y, RX, RZ.

ANALYSIS TYPE

Static analysis(with geometric nonlinearities disabled)
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RESULTS COMPARISON

The mostsignificant results are compared in the table below:

Table 2.1. Comparison between SeismoStruct and hand-calculated results for EXAMPLE 1

LOAD OUTPUT SeismoStruct Hand
CASE | PARAMETER 2025 calculations
CASE 1|  Ugjt. 3) [in] -0.02639 -0.02639
CASE 2|  Ugt. 3) [in] 0.06296 0.06296
CASE 3|  U(jt. 3) [in] 0.06296 0.06296
CASE 4| Uk(jt. 2) [in] 0.00651 0.00651
CASBE Uq(jt. 3) [in] -0.2963 -0.2963
CASBEb Us(jt. 2) [in] 0.3125 0.3125

COMPUTER FRRE

Ch201_1spf
Ch2-01_2spf
Ch2-01_3spf
Ch2-01_4spf
Ch201_5spf
Ch201_6spf

I I v > D
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EXAMPLE @2 Rotated local axes

DESCRIPTION

A cantilever beam, with its localaxes(2 and 3) not parallel to the global ones, is subjected to three load
cases with various types of loadAn Fsection cantilever beam is used with the local 3 axis rotated 30
degrees from the global Z. Threelifferent models have beercreated, one for each load case.

The resulting displacements at specified jointebtained with the FE analysis program SeismoStruetre
compared with hand catulations. The FE modeléie in the X-Z plane.

NOTE Only bending deformations are considered in the analysis. Shear deformations are ignored by
default.

GEOMETRY ANTROPERTIES

1446
I Material Properties

E = 29000 k/in2

|
I
q !
1
. Section Properties
Rotated local axes

3 l22=933in4
% 133 =301 in*

X

MODELLING AND LOADING

The cantilever beams modelled through an elastic frame element (elfrm) with the following properties:
EA = 904800 [kip]; El (axis2) = 2.7057E+007 [kign?2]; El (axis3) = 8729000 [kip-in2]; GJ = 101835 [kip
in2].

Three different load cases are considered:

A Load Case 1Global uniform distributed load on frame element (the uniform distributed load is
assigned axlement permanent load in terms of forces ithe Z direction, Fz =-0.01 k/in);

A Load Case 2Concentrated load at free end in global Z direction (the concentrated load is applied as
permanent load in terms of forces irthe Z direction, F =-1 k);

A Load Case 3Concentrated moment at free end about global Z axis (the concentrated load is applied
as permanent load in terms of moments in RY directiqgiM = 240 kip-in).

The FE models areshown below:
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Distributed Load

Nodal Load
force =1 k)
Mesh Node
Load Case 2

Elastic Frame Element

Load Case 1
Nodal Load
q (moment My = 240k-in)
a Elastic Frame Element
Load Case 3

ANALYSIS TYPE

Figure 2.2. Load cases of EXAMPLE 2

Static analysis(with geometric nonlinearities disabled)

RESULTS COMPARISON

The mostsignificant results are compared in the table below:

Table 2.2. Comparison between SeismoStruct and hand-calculated results for EXAMPLE 2

LOAD OUTPUT SeismoStruct Hand
CASE PARAMETER 2025 calculations

Uy(jt. 2) [in] -0.01806 -0.01806
CASE 1 . :

U(jt. 2) [in] -0.03029 -0.03029

Uy(jt. 2) [in] -0.03345 -0.03345
CASE 2

Us(jt. 2) [in] -0.05610 -0.05610

it. 2) [in -0.08361 -0.08361

CASE 3 Uy(J_ )[_ ]

Us(jt. 2) [in] -0.14024 -0.14024

COMPUTER FILES

A Ch202_1spf
A Ch202_2spf
A Ch202_3spf
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EXAMPLE 8Displacement loading

DESCRIPTION

This exampletests SeismoStruct for settlement and rotation of normal supports and spring supporta
a portal frame. Four different models have beexreated. The models are identical, except for the loading
and the support condition at joint 4.

The resultsobtained with the FE analysis program SeismoStructt specified jointsand in each model
are compared withhand calculations The FE modeldie in the X-Z plane.

|
: NOTE Only bending deformations are considered in the analysis. Shear and axial deformations are
: ignored. In order to ignore the axial deformations the value of axial stiffness of the element is multiplied

1 by a factor of 105. The program does not consider the shear deformations by default.

|

GEOMETRY AND PROPERTIES

1448 ¢ ) )
| | Material Properties

E = 29000 k/in2
Section Properties
A = 144in2

| =1728in4

144
Different support
conditions at this
z joint depending on
the model

144

MODELLING AND LOADING

The frame membersare modelled through an elastic frame element (elfrm) with the following
properties: EA = 4.1760E+011 [kip]; El (axis2) = 5.012E+007 [kip-in2]; El (axis3) = 5.01RE+007 [kip-
in2]; GJ = 3.2576E+007 [kipnZ].

Nodel is fully restrained.
Four different models have beertonsidered:

A Model A imposed displacement irthe Z direction at joint 4 (it is applied as permanent load in terms
of displacements inthe Z direction, d =-0.5 in);

A Model B spring with displacement in the Z direction at joint 4 (the displacement is applied as
permanent load in terms of displacements itthe Z direction,d =-0.2 in);

A Model C rotation around global Y axis at joint 1(it is applied as permanent load in terms of rotations
in RY direction ry =0.01 rad);

A Model D spring with rotation around global Y axis at joint 4 (the rotation is applied as permanent
load in terms ofrotations in RY direction, ry = 0.01 rad)).

In those models in which it is necessary to introduce a spring (translational or rotational)this is
modelled by using a link element.This element connects two initially coincident structural nodes and
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requires the definition of an independent forcedisplacement response curve for each of its local six
degreesof-freedom (F1,F2, F3, M1, M2, M3) (seEigure 2.3).

In particular, a translational gring is introduced in Model B by using a link elementharacterized by a
stiffnessk equal to 10 kip/in in the Z direction (F1) with a linear symmetric response curve (the other
five degreesof-freedom have the stiffness value set to zero). Then a rotational spring, charactexizby
a rotational stiffnessk equal to80000 kip-in/rad about Y axis(M2), is introduced in ModelD.

Link Element
(properties)

K

Force/moment

Coincident nodes

»
»

Displacement/rotation

Figure 2.3. Modelling of a link element

The FE models are showibelow:

Mesh Node
.

Elastic Frame Element

? .

Nodal Load
Nodal Load (displ. d&,E T €
(displ. dzE T €
Link Element
Model A Model B
*>— — T— —
Nodal Load Nodal Load
(rot. ry=0.01 rad) (rot. ry=0.01 rad)

f77A

Model C

77

Link Element

Model D

Figure 2.4. Models for EXAMPLE 3
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ANALYSIS TYPE

Static analysis(with geometric nonlinearities disabled)

RESULTS COMPARISON

The mostsignificant results are compared in the table below:

Table 2.3. Comparison between SeismoStruct and hand -calculated results for EXAMPLE 3

COMPUTER FILES

> >

Ch2-03_Aspf
Ch2-03_Bspf
Ch2-03_Cspf
Ch2-03_Dspf

MOD. OUTPUT SeismoStruct Hand
PARAMETER 2025 calculations
A F(jt. 1) [K] 6.293 6.293
My(jt. 1) [k-in] -906.25 -906.25
5 Fo(it. 1) [K] 1.115 1.115
My(jt. 1) [k-in] -160.492 -160.492
c Fo(jt. 1) [K] -18.125 -18.125
My(jt. 1) [K-in] 2610 2610
5 My(jt. 1) [K-in] -473.469 -473.469
Ry(t. 4) [rad] 0.00408 0.00408
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EXAMPLE 4 Moment/Forcereleases

DESCRIPTION

This example describes how to model the end releasén SeismoStruct Three identical models have
beencreated: theyonly differ each anotherfor the types of end releases (i.eModel A has a shear release,
Model Ban axial rekase and Mdel Ca moment releasg.

The resultsobtained with the FE analysis program SeismoStruett specified jointsare comparedwith
hand calculations The FE modeldie in the X-Z plane.

NOTE Shear deformations are ignored: the program does not consider the shear deformations by
default.

[ I Material Properties
10k E = 3600 k/in2

— Section Properties

3
End Releases é A =144 ir?

(axial, shear _ .
and moment) I=1728irt

MODELLING AND LOADING

The members havearectangular solid section (rss)that employs the elastic materialtype. The sectiond O
dimensions are shown in the figureabove, and itselastic properties are: EA = 518400 [kip]; El (axis2) =
6220800 [kip-in2]; El (axis3) = 6220800 [kip-in?]; GJ = 4380845 [kipin2]. The frame members are
modelled through an elastic frame element (elfrm).

Three different models have beeronsidered:

A Model A Shear release
A Model B Axial release
A Model C Moment release

The end releasesiefined in model A are modelled by using a link element (sed-igure 2.3). The linkis
characterized by a linear symmetric response curve witha stiffnessk = 0 in those degreesof-freedom
which need to be release (F3 in Model A). The remaining degreetfreedom are characterized again by
a linear symmetric response curve with a stiffnesk =1.00E+012kip/in. Axial and moment releases are
modelled through the O- T 1 AT OT &1 OA Facili, AvhidnAOavalldble in the element dialog
window. For the axial release in Model Bhe F checkbox s selected in elements 1 and Zor the moment
release in Model Ghe M2b checkbox is selectedin element 1 andthe M2a check-box in element 2.

Node 1 is fully restrained, whereasnode 4 is restrained in Y, Z, RX and RZhe FE nodels are shown
below:
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Nodal Load Nodal Load
(F =10kK) (F = 10k)
Link Element é \ Link Element é
(F3=0) (F1=0)
\ Elastic Frame Element
Model A Model B
Nodal Load
(F =10k)
Link Element _/
(M2 =0)
Mesh Node
Model C

Figure 2.5. Models for EXAMPLE 4
ANALYSIS TYPE

Static analysis(with geometric nonlinearities disabled)
RESULTS COMPARISON

The mostsignificant results are compared in the table below:

Table 2.4. Comparison between SeismoStruct and hand-calculated results for EXAMPLE 4

MOD. OUTPUT SeismoStruct Hand

PARAMETER 2025 calculations

A F(jt. 1) [K] 0 0
My(jt. 1) [k-in] 600 600

B F(jt. 1) [K] 0 0
My(jt. 1) [k-in] 600 600

c F(jt. 1) [K] 5 5
My(jt. 1) [k-in] 0 0
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COMPUTER FILES
A Ch204_A.spf
A Ch204 B.spf
A Ch204 C.spf
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EXAMPLE & Patrtial fixity endreleases

DESCRIPTION

This example describes how to model the partial fixity end releases in SeismoStruct. The model consists
of a cantilever beamsubjected to a uniform load equal to twice itself-weight. At the fixed end ofthe
frame element thepartial fixity moment (My) and shear (\%) springs have been assigned.

The vertical tip deflection of the cantilever obtained with the FE analysis program SeismoStruds
compared with hand calculations The FE modeléie in the X-Z plane

Important Note: Only bending deformations are considered in the analysis for this exampl&8hear
deformations are ignored by default.

GEOMETRY AND PROPERTIES
Material Properties
E = 4320 k/in2

O

2xselfweight | Section Properties
: A =540ir?
: | = 40500 i
z Partial fixity for ! 05001

moment and shear 308 Note

2886 ¢

An element distributed
. load equal to 0.09375 k/in
180 is applied onthe members

X

MODELLING AND LOADING

The members have a rectangular solid section (rss) that employs the elastic material type. The section
dimensions are shown in the figure aboveand itselastic properties are: EA = 23328E+006 [kip]; El
(axis2) = 17496E+008 [kip-in?]; El (axis3) = 6.2986E+007 [Kipin2]; GJ =6.5724E+007 [Kip-in2];
Mass/length = 0.00024288 [kipxse&/in 2].

Instead of the uniform load equal to beam selfweight, a distributed mass isdirectly associated tathe
elastic frame element andhen automatically converted to gravity load during the analysis A uniformly
distributed permanent forceload is applied on the element inthe Z direction, F; =-0.09375 k/in).

The partial fixity moment and shearsprings are modelled by using a link element, which is characterized
by a siffness value k = 540 k/in in F3 and k = 3888000 4n/rad in M2 respectively, both with a linear
symmetric response curve. The other degreesf-freedom areconsideredinfinite ly stiff.

The FE model is showrelow:

Distributed Load

> 1
Link Element

ﬁ (properties)

Elastic Frame Element Mesh Node
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Figure 2.6. Model for EXAMPLE 5
ANALYSIS TYPE

Static analysis(with geometric nonlinearities disabled)
RESULTS COMPARISON

The mostsignificant results are compared in the table below:

Table 2.5. Comparison between SeismoStruct and hand -calculated results for EXAMPLE 5

OUTPUT PARAMETER | Seismostruct Hand
2025 calculations
U(t. 2) [in] -0.7988 -0.7988

COMPUTER FILES
A Ch205.spf
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EXAMPLE 6 End offsetlengths

DESCRIPTION

This example tests the SeismoStruct end offseffairee models have beebuilt for this purpose. The first

one has the end offset length set agal to zero, the second anthird AOA AEAOAAOAOEUAA AU

end offsetsrespectively.

The vertical displacement at the free end of theantilever obtained with the FE analysis program
SeismoStructis comparedwith hand calculations. The FE modeldie in the X-Z plane

Important Note: Only bending deformations are consideredin the analyses for this exampleShear
deformations are ignored by default.

GEOMETRY AND PROPERTIES

1448 ¢

Material Properties
a b 10k

E = 4320 k/in2
G = 1800 k/ir2
Section Properties
z End Offset A = 216in?
Py l22 = 5832in*
X l33 = 2592in4
Pe J =6085.12 in

MODELLING AND LOADING

The members have a rectangular solid section (rss) that employs the elastic material type. The section
dimensions are shown in the figure above, and itslastic properties are: EA = 933120 [kip]; El (axis2) =
25194240 [kip-in?]; El (axis3) = 11197440 [kipin2]; GJ = 10953216 [kipinZ]. In every model, te
cantilever beam ismodelled through an elastic frame element (elfrm).

4EARA OOEG&IDAWT TEA S JOE A is defingddiobigh ® E B WO & A A£0 Aoprion, RHiclgi® E O 6

available in theelement dialogue window. In particular:
A Model A no offset length;
A ModelB:OEA AT A 1T £ECAO 1 Al ¢ OE500Awidity); AA p EO ANOAI
A ModelCOEA AT A T ££0AO0 1 Al ¢ GE10080igidity) AR p EO ANOAI
A concentrated load isapplied as permanent load in term®f forces inthe Z direction (F =-10 k). The FE
models are presented below:

A E pr1r1 |

I + | {
K Elastic Frame Element & Elastic Frame Element

Model A Model B and C

Qu
Ou
=
> >
M mr
© °
- Qq

© <
@l |
&8

Nodal Load A E @66 ij
A E 0068B) i

|

|

Figure 2.7. Models for EXAMPLE 6

o

OQu

Qu Qu
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ANALYSIS TYPE

Static analysis(with geometric nonlinearities disabled)

RESULTGOMPARISON

The mostsignificant results are compared in the table below:

Table 2.6. Comparison between SeismoStruct and hand -calculated results for EXAMPLE 6

LOAD OUTPUT SeismoStruct Hand

CASE | PARAMETER 2025 calculations
A Ug(jt. 2) [in] -0.39506 -0.39506
B Ug(jt. 2) [in] -0.37088 -0.37088
C Ux(jt. 2) [in] -0.34771 -0.34771

COMPUTER FILES
A Ch206_A.spf

A Ch206 B.spf
A Ch206_C.spf
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EXAMPLE @ No tension, no compression frame object

DESCRIPTION

This example uses a onbay, onestorey braced framesubjected toa horizontal load applied at the top
of the frame to test the tension and compression limit§or frame objects. Three modelshave been
created for this example wit different element properties.

The horizontal displacements at the top of thdrame and the support reactionsobtained with the FE
analysis program SeismoStrucare comparedwith hand calculations The FE modeldie in the X-Z plane

GEOMETRY AND PROPERTIES

| 1206 ¢ | Material Properties
E = 30000 k/in2
Section Properties
A=8ir?
l2=1in#
laz=1 i

100k

Notes

A Frame objects4 and 5
have pinned ends
(see par.Modelling

_and Loading

A Braces are not
connected at their
intersection

MODELLING AND LOADING

The frame objectsare modelled through an elastic frame element (elfrm)with : EA = 240000 [kip]; El
(axis2) = 30000 [kip-in2]; El (axis3) = 30000 [kip-in?]; GJ 11538 [kip-in2].

Three modelswith the following tension/compression limits have beenconsidered

A Model A No tension or compression limits

A Model B Nocompression in frame object 5
A Model C No tension in frame object 4

In order to simulate pinned-ends,element releasesare definedin tE A O %1 CArindclivifyd module
Asfollows:

A Model A M2a and M2b releases in elements 1, 2 and 3
A Model B M2a and M2b releases in elements 1, 2 and@d F release in element 5
A Model C M2a and M2b releases in elements 1, 2, 3, and F release in element 4

A concentratedforce load in the X direction (F = 100 k)is appliedin node 2 The FE modelsare shown
below:
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Nodal Load Elastic Frame Element
P <
. End Releases
(moment)
Model A
Nodal Load
>
O End Releases
(axial-no
compression)
. End Releases
(moment)
Model B
Nodal Load
O End Releases
(axial-no tension)
. End Releases
(moment)
Model C

Figure 2.8. Models for EXAMPLE 7

ANALYSIS TYPE

Static analysis(with geometric nonlinearities disabled)
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RESULTS COMPARISON

The most significant results are compared in the table below:

Table 2.7. Comparison between SeismoStruct and hand -calculated results for EXAMPLE 7

LOAD OUTPUT SeismoStruct Hand
CASE | PARAMETER 2025 calculations
Ux (jt. 2) [in] 0.10677 0.10677
B (jt. 1) [kip] -44.224 -44.224
A F (jt. 1) [kip] -100 -100
Fx (it. 3) [kip] -55.776 -55.776
F (jt. 3) [kip] 100 100
Ux (jt. 2) [in] 0.24142 0.24142
Fx (jt. 1) [kip] -100 -100
B F (jt. 1) [kip] -100 -100
Fx (jt. 3) [kip] 0 0
F (jt. 3) [kip] 100 100
Ux (jt. 2) [in] 0.19142 0.19142
Fx (jt. 1) [kip] 0 0
C F; (jt. 1) [kip] -100 -100
Fx (jt. 3) [kip] -100 -100
F (jt. 3) [kip] 100 100

COMPUTER FILES

A Ch207_Aspf
A Ch207_Bspf
A Ch207_Cspf
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EXAMPLE 8Eigenvalue problem

DESCRIPTION

In this examplea ninety-six inchlong cantilever concrete beam with b2Elsz is used to test SeismoStruct
eigenvalue analysis Severmodels have been created: they diffevne anotherin the discretization of the
frame object.

The periods of vibration of the first three modesobtained for each modelwith the FE analysis program
SeismoStructare compared with hand calculations The models are created irthe X-Z plane.

Important Note: Shear deformations are ignored by default.

GEOMETRY AND PROPERTIES

| we |

1

Material Properties

E =36 k/in 2

Unit Weight: 8.878E05 k/in 3
Section Properties

z A =216in2

Py l2> = 5832in¢

X l33 = 2592 int
PG

MODELLING AND DISCRETIZATION

The members have a rectangular solid section (rss) thd&t i D1 T U0 OEA Al AOOEA | AOAOEA]
dimensions are shown in the figure above, and its elastic properties areA = 777600 [kip]; El (axis2) =

20995200 [Kip-inZ?]; El (axis3) = 9331200 [kip-in?]; GJ = 9127680 [kipin2]; Mass/Length = 4.968E05

[kip-se/in 2]. The cantilever beam is modeled throughan elastic frame element (elfrm).

Seven different models have beeareated depending on the beam discretization:

Madel A 1 element 96 inches long

Model B 2 elements each 48 inches long
Madel C 4 elements each 24 inches long
Model D 6 elements each 16 inches long
Madel E 8 elements each 12 inches long
Model F 10 elements each 9.6 inches long
Model G 96 elements each 1 inch long

> > > >y >y > >

f Mesh node
® °

\ Elastic Frame Element

Figure 2.9. Model Cof EXAMPLE 8

ANALYSIS TYPE

Eigenvalue analysigLanczos algorithm).
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RESULTS COMPARISON

The mostsignificant results are compared in the table below:

Table 2.8. Comparison between SeismoStruct and hand-calculated results for EXAMPLES

PP%L/J“\TNTEJ;ER MODEL SeIS;:)c;?rUCt calctfgl:lns
A 0.0545
B 0.0423
Period [sec] C 0.0391
st
bg‘ di?;g‘f);ﬁ; J D 0.0385 0.038005
axis) E 0.0383
F 0.0382
G 0.0380
A 0.0364
B 0.0282
Period [sec] C 0.0261
st
bg} dirr’]‘;if);ﬁi J4_D 0.0257 0.025337
axis) E 0.0255
F 0.0255
G 0.0253
A N.A.
B 0.0082
Period [sec] C 0.0067
nd
bfazn di;“goggggtr J D 0.0063 0.006064
axis) E 0.0062
F 0.0062
G 0.0061
A N.A.
B 0.0055
Period [sec] C 0.0044
nd
bézn dirr:]gogg(:ﬁtr Jg_D 0.0042 0.004043
axis) E 0.0041
F 0.0041
G 0.0040
A N.A.
B N.A.
Period [sec] C 0.0025
rd
bégn dig‘;gﬁ;ﬂ: J D 0.0023 0.002165
axis) E 0.0023
F 0.0022
G 0.0022
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COMPUTER FILES

Ch2-08_A.spf
Ch2-08 B.spf
Ch2-08 C.spf
Ch2-08 D.spf
Ch2-08_E.spf
Ch2-08_F.spf
Ch2-08_G.spf

I v I I D
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EXAMPLRE ¢ Bending and axial deformations in a rigid frame

DESCRIPTION

A onestorey, onebay rigid frame is subjected to a uniform verical load across the horizontal beam
Three different models with combined bending and axial deformation have beencreated for this
example.

The resulting vertical displacementmeasuredat the center of the horizontal memberbtained with the
FE analysis program SeismoStruds comparedwith hand calculations. The FE modeldie in the X-Z
plane.

Important Note: SeismoStructignores shear deformationby default. For models withignored bending
deformations, the values of flexional stfhess are multiplied by 107. For models with ignored axial
deformations, the value of axialstiffness is multiplied by 105.

o
: NOTE SeismoStruct ignores shear deformation by default. For models with ignored bending

: deformations, the values of flexional stiffness are multiplied by 10 7. For models with ignored axial

: deformations, the value of axial stiffness is multiplied by 10 5.

f { Material Properties
l l l l E = 29900 Kin 2
G = 11500 k/in?
Section Properties
A =9.12in2
l22=110in4

ls3=37.11ir¢
J=0.536in

Note

An element distributed
load equal to 0.1 k/in is

X applied on frame objects 3
and 4

MODELLING AND LOADING

A uniformly distributed load is applied on frame elements3 and 4 as element permanent forces ithe Z
direction (Fz=-0.1 k/in).

Three different models have beeronsidered:

A Model A bending and axial deformations

A Model B bending deformations only
A Model C axial deformations only

The frame members are modelled through an elastic frame element (elfrm) with the following

properties:

A Model A EA = 272688 [kip]; El (axis2) = 3289000 [kipin2]; El (axis3) = 1109290 [kip-in?]; GJ = 6164
[kip-inZ]
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A Model B EA = 27268800000 [kip]; El (axis2) = 3289000 [kipin?]; El (axis3) = 1109290 [kip-in2]; GJ
= 6164 [Kip-in?]
A Model C EA = 272688 [kip]; El (axis2) = 32890000000000 [kipin2]; El (axis3) = 11092900000000

[kip-in?]; GJ = 6164 [Kipin2]

Distributed Load

vvvvvvvv.vvvvv

V'

Elastic Frame Element

(different properties
depending on themodel)

f<— Mesh node

Figure 2.10. Model of EXAMPLE 10

.\,
S
oY

ANALYSIS TYPE

Satic analysis(with geometric nonlinearities disabled)

RESULTS COMPARISON

The mostsignificant results are compared in the table below:

Table 2.9. Comparison between SeismoStruct and hand-calculated results for EXAMPLE 9

COMPUTER FRE
A Ch209 A.spf
A Ch209 B.spf
A Ch209 C.spf

MOD. OUTPUT SeismoStruct Hand
PARAMETER 2025 calculations
A Ug(jt. 5) [in] -2.73121 -2.73121
B Ug(jt. 5) [in] -2.72361 -2.72361
Cc Uq(jt. 5) [in] -0.00760 -0.00760
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EXAMPLECQLc Bathe and Wilson eigenvalue problem

DESCRIPTION

A ten bay, ninestorey, two dimensional frame structure solved in Bathe and Wilsor{1972) is analyzed
for the first three eigenvalues.The material and section properties, and the mass per unit length used
for all members, as shown below, are consisté with those used in theabove-mentioned reference
4AEA OAOOI OOR, otfdined wAh@He BE dnalysishprogram SeismoStruare compared with
independent results. The FE model isn the X-Z plane.

Important Note: Only bending and axial deformations are considered in the analysis. Shear defornoats
are ignored by default.

GEOMETRY AND PROPERTIES

4
Material Properties Section Properties
X E = 4320 k/ ft2 A =3fe
| = 1ft4

MODELLING AND LOADING

The frame objectsare modelled through elastic frame elemens (elfrm) with the following properties:
EA = 1296000 [Kip]; El (axis2) =432000 [kip-ft?]; El (axis3) = 432000 [kip-ft2]; GJ = 166154kip -ft2];
Mass/Length = 3 [Kipxsec/ft 2].

All the base nodes are fully restrained.

The FE model is showrelow:
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---= Mass/length (assigned as

Mesh node
=---' element property)

Figure 2.11. Model of EXAMPLE D
ANALYSIS TYPE
Eigenvalueanalysis(Lanczos algorithm).
RESULTS COMPARISON

The mostsignificant results are compared in the table below:

Table 2.10. Comparison between SeismoStr uct and independent results (Bathe & Wilson) for EXAMPLE 10

SeismoStruct INDEPENDENT
OUTPUT PARAMETER 2025 RESULTS
Eigenvalue (¥t mode) 0.58954 0.58954
Eigenvalue (2d mode) 552696 5.52695
Eigenvalue (34 mode) 16.5879 16.5878

COMPUTER FILE
A Ch210.spf
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EXAMPLEL¢ Two-dimensionalframe with staticand dynamidoads

DESCRIPTION

A sevenstorey, two-dimensional frame is subjected toearthquake loads After the eigenvalue analysis,
a static analysis (with static lateral loads) and aynamic time-history analysis(with the N-S component
I /10 # A bhaGeéedperformed.

The SeismoStruct resultare comparedwith hand calaulations. The FE modelies in the X-Z plane.

Important Note: Only bending and axial deformationgre considered in the analysis.

GEOMETRY AND PROPERTIES

22 W24x110 W24x110 ) i
© ([ Hﬂ @0 -IT— Material Properties
N~ — ~ [le) i
S N ] S E = 29500 k/in2
S S Jl < ) .
= l W24x110 g. W24x110 ;. 1 Section Properties
§ 5 § 20 W14X176
% % £ N A=517ir
— — — _ H
| weaato 3] weaalo 3| | I=2150 it
5 § 5 © W14x21;

X % % o A=62.1ir
o d d| < | = 2670 it
=l weaxazo 3] waaxazo 3| |
. cg = © W14X246
S N | A=723ir
3 3 3 < I = 3230 it
= W24x130 = W24x130 =
© T .o\o" 33. T W14X287
S R N S A=844ir
3 3 Jl < I =3910 i
= W24x160 = W24x160 =
ot —4 - T W24X110
§< ‘;&; §>{,< -zg A=325ir
( _ .
% g g ol I =3330im
W24x160 W24x160
4 W24X130
© N~ © .
© 5 el A=38.3ir
N 1 N N O K _ .
Ped X X =
z % 3 | I = 4020 it
1 ) %,/ ] ;,7 4 W24X160
| gmo | omo | A=47.1i0r
X ' ! | = 5120 i

MODELLING AND LOADING

Three different models are considered (one for each analysis): (i) Model A for eigenvalue analysis, (ii)
Model Bfor static analysisand (iii) Model Cfor dynamic time-history analysis

In each model, columns and bearmrare modelled with elastic frame elemens (elfrm) with the following

properties:

A W14X176: EA = 1525150 [kip]; El (axis2) = 6.3425E+007 [kiin2]; El (axis3) = 6.3425E+007 [kip
in2]; GJ = 1.0000E+008 [Kkipn?];
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A W14X211: EA = 1831950 [kip]; El (axis2) = 7.8765E+007 [kiin2]; El (axis3) = 7.8765E+007 [kip
in]; GJ = 1.0000E+008 [kipnZ];

A W14X246: EA = 2132850 [kip]; El (axis2) = 9.5285E+007 [kiin2]; El (axis3) = 9.5285E+007 [kip
in2]; GJ = 1.0000E+008 [kipnZ];

A W14X287: EA = 2489800 [kip]; El (axis2) = 1.1535E+008 [kiin2]; El (axis3) =1.1535E+008 [kip-
in2]; GJ = 1.0000E+009 [kipnZ];

A W24X110: EA = 958750 [kip]; El (axis2) = 9.8235E+007 [kiin?]; El (axis3) = 9.8235E+007 [kip
in2]; GJ = 1.0000E+008 [kipnZ];

A W24X130: EA = 1129850 [kip]; El (axis2) = 1.1859E+008 [kiin2]; El (axis3) = 1.1859E+008 [kip
in2]; GJ = 1.0000E+009 [kipnZ];

A W24X160: EA = 1389450 [kip]; El (axis2) = 1.5104E+008 [kiin2]; El (axis3) = 1.5104E+008 [kip
in2]; GJ = 1.0000E+009 [kipn2].

A lumpedmassof 0.49 kip-se@/in is appliedin the Xdirection at joints 5, 8, 11, 14, Z, 20 ard 23.

A rigid diaphragm is introduced at each flooy in order to constrain the lateral displacements of the
columns.

All the base nodes are fully restrained.

In model B the static lateral loads are applied as permanent loads in terms of forcestlre X direction
(F1=25k,F2=5k,F3=75k,F4=10k, F5 =125k, F6 = 20k

In model Ca time-history AOOOA j %l #A1T 00T AAAAI A dist@yOuivesd EAE ATTTAGA A A
box, asdefined in Figure 2.12 (accelerations are in g).The used output sampling time interval is 0.001

seconds andhe response is calculated for the first 8 seconds of the recor@ihen,the dynamic loads are
applied as dynamic timehistory loads in terms of accelerations irthe X direction.

A mass proportiongl dampingAcoeffAicient of 0.3686 arld a ~stiffness prqurtiopal coefficient @f.005127
AOA AAEET AA ET OEA 0001 EAAO OA O®ELy gbuningsiiddnipiag 4 EAOA
for the first two modes.

0,4
0,3 -
0,2 -
0,1 -

[ 'LV A W & . . SEIL RIS LY WL R E - - FHAM e RIS E WL E VAR, WA 1Y - -
0,1 -

Acceleration [g]

-0,2 -
-0,3 -

-0,4

0 2 4 6 8 10 12

Time [sec]

Figure 2.12. El Centro Accelerogram
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The FE models are showibelow:

Nodal Loads
_23
_________ = ;__________ _22________'___________
20
) e
~ 1 19
17
_________ B S 16________'___________
IS v SU (Y S R
_________ RITT T T T TS 1§________'___________
11
--------- T ;--—------- —’ 16__-_____-_-_______-_
.18
) S g e, e
~ 1 7
_________ S I
_________ ~ I========="= Z_________'___________
7 7 77 7 77 Voagi
Model A Model B
e
777! Lumped Mass in X direction
EEEEEEE LN WEEEEEEEELE U__! Constraint (Rigid Link)
_________ I / Mesh node
————— ¢
/ Elastic Frame Element
1 2 3 L .
—Ppd —P —P4,  Dynamic time-history Loads

Figure 2.13. Models of EXAMPLE 1L

ANALYSIS TYPE

Eigenvalue analysis, static analysis and dynamic tirdgstory analysis (direct integration), using the
Hilber-HughesTaylor method for time integration (with the alpha factorequal tozero).
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RESULTS COMPARISON

The mostsignificant results are compared in the tables below:

Table 2.11. Comparison between SeismoStruct and hand -calculated results for EXAMPLE 1 1 (Eigenvalue

analysis)
MOD. OUTPUT PARAMETER SeismoStruct Hanfj
2025 calculations
Period [sec] (1st mode) 1.2732 1.2732
Period [sec] (21d mode) 0.4313 0.4313
Period [sec] (3¢ mode) 0.2420 0.2420
A Period [sec] (4" mode) 0.1602 0.1602
Period [sec] (8" mode) 0.1190 0.1190
Period [sec] (6" mode) 0.0951 0.0951
Period [sec] (7" mode) 0.0795 0.0795

Table 2.12. Comparison between SeismoStruct and hand -calculated results for EXAMPLE 11 (Static

analysis)
MOD. OUTPUT PARAMETER SeismoStruct Hanq
2025 calculations
Ux (jt. 22) [in] 1.451 1.451
B Axial force (fr. 1) [kip] 69.99 69.99
Moment (fr. 1, jt. 1) [kin] 232465 2324.68

Table 2.13. Comparison between SeismoStruct and hand -calculate d results for EXAMPLE 11 (Dynamic
time -history analysis with dt = 0.001 s)

i H
MOD. OUTPUT PARAMETER SeismoStruct anfj
2025 calculations
Ux (jt. 22) [in] 5.44 5.46
C Axial force (fr. 1) [kip] 261 258
Moment (fr. 1, jt. 1) [kin] 9077 8740

* Considering dt equal t00.02 seconds.

COMPUTER FRRE

A Ch211 A.spf
A Ch211 B.spf

A Ch211 C.spf

NOTE

If the output sampling time interval is sufficiently small (0.001 second$, the results are more accurate
(than those obtained with hand calculations, for which the assumeautput sampling is 0.QL seconds)
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EXAMPLE 2L ¢ Eigenvalue analysi of a threedimensional frame with rigid floor
diaphragm
DESCRIPTION

A two-storey, two- bay, three-dimensional frame structure isanalyzedfor its four natural periods. The
structure is doubly symmetric in plan, except that the center of mass at eastorey level is ecentric, as
shown inthe figure below. The entire storey mass is applied at these joints ithe X and Y directions only.

The SeismoStructesults are comparedwith independentresults. The FE modelies in the X-Y-Z space

GEOMETRY AND PROPERTIES

| oL o | oL d |
[ | |
3 o
| CM (Floor 2) o
T 2 j owdhe °
29
o
| CM (Floor 1) 2
{ j owdhe
8|
¢ q
c u/é
3
A A 1
z 3
y 3
Y /
X 5 2 A3
7% 7 7% )2
Material Properties ColumnProperties BeamProperties
E = 350000 k/ft2 (col) A = 4Af@ A =5ff
E = 500000 k/ft2 (beam) l22 = ls3 = 1.25ft# l22 = 2.61ft4; Is3 = 1.67ft4

MODELLING AND LOADING

The framemembersare modelled through elastic frame elemens (elfrm) with the following properties:

A Beam = 2500000 [kip]; El (axis2) = 1305000 [kipft2]; El (axis3) = 835000 [kipft2]; GJ
1.0000E+010 [kip-ft2];

A Column = 1400000 [kip]; El (axis2) = 437500 [kipft?]; El (axis3) = 437500 [kip-ftZ]; GJ
1.0000E+010 [kip-ft2];

A lumped mass is applied to joints 28 and 29 witka value 0f6.2112 k-se¢/ft in the X andY directions.
Two rigid diaphragm constraints are introduced (one at each floor level) All the base nodes are fully

restrained.
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The FE model is presented below:

f28
_
7%7 5w 17
¢ 4
Mesh node \7 Elastic Frame Element
"77' Lumped Mass in X and Y direction "~ 7' Constraint (Diaphragm)

Figure 2.14. Model of EXAMPLE P
ANALYSIS TYPE
Eigenvalue analysigLanczos algorithm).
RESULTS COMPARISON

The mostsignificant results are compared in the table below:

Table 2.14. Comparison between SeismoStr uct and independent results for EXAMPLE 12

SeismoStruct INDEPENDENT
OUTPUT PARAMETER 2025 RESULTS
Period [sec] (1st mode) 0.2271 0.2271
Period [sec] (2 mode) 0.2156 0.2156
Period [sec] (3¢ mode) 0.0733 0.0733
Period [sec] (4" mode) 0.0720 0.0720

COMPUTER FILE
A ch212.spf
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EXAMPLES3I¢ Large axial displacements

DESCRIPTION

Athree-hinged archis subjected to gpseudo-static vertical load P (displacement)applied to the central
joint in order to test static nonlinear analysis with large axal displacements

The resulting vertical support reaction at joint 1 obtained with the FE analysis program SeismoStruct is
compared with independentresults. The modellies in the X-Z plane.

Important Note: Only bending and axial deformations are considered in the analysis. Shear deformations
are ignored by SeismoStruct by default.

GEOMETRY AND PROPERTIES

Material Properties
E = 29000 kipin 2
Section Properties
A = 26.5in2

l22 =999in4

MODELLING AND LOADING

The frame objects arenodelled through an elastic frame element (elfrm) with the following properties:
EA = 768500 [kip]; El (axis2) = 2.8971E+007 [kign2]; El (axis3) = 2.8971E+007 [kipin2]; GJ =
1.0000E+012 [Kip-inZ2].

A rigid link is introduced between the two coincident nodes 2 (master) and 4 (slave), restrainintne X,
Y and Z degrees of freedonThe base nodes are restrained in X, Y, Z, RX and RZ.

Theload P is definedas apermanent displacementload, appliedat joint 2 in the Z direction with a value
of 12 inches

The FE model igpresented below:

Nodal Load

(displacement)

Mesh Node
{ Rigid Link

3 ._' (Restrained
DOFs: X,Y,Z)

Elastic Frame Element
Figure 2.15. Model of EXAMPLE B

ANALYSIS TYPE

Staticanalysis(non-variable load).
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RESULTS COMPARISON

The mostsignificant results are compared in the table below:

Table 2.15. Comparison between SeismoStr uct and independent results for EXAMPLE 13

SeismoStruct INDEPENDENT
OUTPUT PARAMETER 2025 RESULTS
Fo(jt. 1) [K] 3497.35 3497.35

COMPUTER FILE
1 Ch213.spf



46 | SeismosStruct Verification Report

EXAMPLEA4c Large bending displacements

DESCRIPTION

Afixed base cantilever columns subjected to aconcentrated moment Mapplied at the top of theelement
in order to test static nonlinear analysis with large bending displacement§he moment M is increased
until the rotation at the top of the column is equal tg radians (180 degrees).

Three different modelshave beenbuilt for this example. The models are identical except for theolumn
discretization, which issubdivided into 4, 16 and 64 elementsrespectively.

The resulting vertical and horizontal displacements of the top of the column and the moment required
to havethe desired deflected shap@btained with the FE analysis program SeismoStruct are compared
with hand calculations. The model is inthe X-Z plane

Important Note: Only bending and axial deformations are considered in the analysis. Shear deformations
are ignored by SeismoStruct by default.

GEOMETRY AND PROPERTIES

r\ M Material Properties
. ——
E = 29000 kip/in2

SectionProperties

A =3.83in2
8 l22=11.3in4
—
33 =3.86 irt
Z _ .
J=0.151i4

MODELLING AND LOADING

The cantilever beam ismodelled through an elastic frame element (elfrm)with the following properties:
EA = 111070 [kip]; El (axis2) = 327700 [kipinZ?]; El (axis3) = 111940 [kip-in2]; GJ = 1684 [kipinZ].

Three different models with different frame discretization are considered:

A Model A 4 elements
A Model B 16 elements
A Model C 64 elements

Moment Mis definedas an incremental loadn terms of rotations at joint 2 in RYdirection with a value
I £ o8p1t j AQS8

The base node is fully restrained.

The FE model is presented below:
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r\ Incremental Load r\ m
? W (rotation)

Mesh node
[ ]

<4— Elastic Frame Element

[ }
Model A (4 el.) Model B (16 el.) Model C (64 el.)

Figure 2.16. Models of EXAMPLE 4

ANALYSIS TYPE

Static pushoveranalysis.

RESULTS COMPARISON

The mostsignificant results are compared in the table below:

Table 2.16. Comparison between SeismoStruct and hand-calculated results for EXAMPLE 1 4

i H
MODEL OUTPUT PARAMETER SeismoStruct an_d
2025 calculations

Ux (jt. 2) [in] 65.328 63.662

A (4del) U (jt. 2) [in] -100 -100
Moment [K-in] -10295.023 10295
Ux (jt. 2) [in] 63.764 63.662

B (16 el) U (jt. 2) [in] -100 -100
Moment [K-in] -10295.023 10295
Ux (jt. 2) [in] 63.668 63.662

C(64el) s (jt. 2) [in] -100 -100
Moment [k-in] -10295.023 10295

COMPUTER FRE
A Ch214 A.spf
A Ch214 B.spf
A Ch214 C.spf
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EXAMPLESIC Linear link with ramp loading

DESCRIPTION

An undamped singledegree-of-freedom structure, consisting of two coincident joints (one fixed and the
other free) connected by a link element and witta lumped mass applied at the free joint, is subjected to
a ramp load. The ramp loadindhas a finite rise time t and it is constant thereafter (see description
below). Two different load cases are definetbne (called Load Case Ajonsidering t equal to the period
of the structure (t E 4 , the oth€f(called Load Case Byonsidering t equal to onehalf the period of
the structure 'E 4 ¥¢ E aAZXcQ8

The vertical displacementof the joint at two selected timesteps obtained with the FE analysis program
SeismosStruct are compared with hand calculationsTheFEmodel lies in the X-Z plane.

GEOMETRY AND PROPERTIES

po(t/tr) t<tr
pY = Po oL o6 Model Properties
k = 4 kip/in
ﬂ(t) m =1 kip-se&/in

T =2p0m/k = psec

MODELLING AND LOADING

Themodel consists of two coincident joints connected by a linear link element fixed at the first joint and
free at the other one. As shown in the figurabove, the link ismodelledin the X-Z plane and is oriented
such that its local 1 axids parallel to the global Z axisThe only activedegree-of-freedom in the model
is U.. Similarly, the onlydegree-of-freedom in the linear link element with nonzero properties is the F1
(axial) degree-of-freedom.

A lumped mass is appliedt joint 2 with a value of 1 kip-se@/in in the Z direction only.
Four different models have beercreated:

A Model Al: t, is equalto the period of the structure (RAMP1) and the timestepiis set to 0.25 sec;

A Model A2 t is equalto the period of the structure (RAMP1) and the timestepis set to 0.0025 sec;

A ModelBl1:t: is equal to onehalf the period of the structure(RAMP2)and the timestepis set to 0.25
sec;

A Model B2 t; is equal to onehalf the period of the structure (RAMP2) and the timestep is set to
0.0025 sec.

Both loads RAMP1 and RAMP2ye loadedET  OE Ahistorg Eurvdsd AEAT T C AT @ AT A AOA
follows:
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Figure 2.17. Time-history curve (RAMP1)
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Figure 2.18. Time-history curve (RAMP2)

In each mode]the ramp loading is appliedat the free end of the link {oint 2) as dynamic time-history
load in terms of forces inthe Z direction.

The FE model ipresented below:

Dynamic time-history Load
(RAMP1 or RAMP2 Nf_
depending on the model) L§!

<4—Link Element

/ Lumped Mass in Z direction

Figure 2.19. Model of EXAMPLE b

ANALYSIS TYPE

Dynamic time-history analysis (direct integration), using the HilberHughesTaylor method for time
integration with an alpha factor of0, a beta factor of 0.25 and a gamarfactor of 0.5
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RESULTS COMPARISON

The mostsignificant results are compared in the table below:

Table 2.17. Comparison between SeismoStruct and hand -calculated results for EXAMPLE 15

MODEL OUTPUT PARAMETER Seismostruct Hanfj
2025 calculations

AL U, (jt. 2) [in] att = 1 sec 0.34210 0.34718
U, (jt. 2) [in] at t = 4 sec 1.9888 2

A2 U (jt. 2) [in] at t =1 sec 0.34718 0.34718
U (jt. 2) [in] at t = 4 sec 2 2

B1 U, (jt. 2) [in] at t = 1 sec 0.68419 0.69436
U (jt. 2) [in] att = 4 sec 0.74300 0.74031

B2 Uz (jt. 2) [in] att =1 sec 0.69436 0.69436
U (jt. 2) [in] at t = 4 sec 0.74032 0.74031

COMPUTER FRRE

A Ch215_Alspf
Ch2-15_A2spf
Ch215 B1spf
Ch2-15_B2spf

> > >
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EXAMPLESGIc Damper element under harmonic loading

DESCRIPTION

A dampedsingle degree-of-freedom structure, which consists of two coincident joints (one fixed and the
other free) connected by a link element and with a lumped masmnd a damping elemenapplied at the
free joint, is subjected to a harmonic load. The frequency of the harmonic load is chosen to be equal to
the frequency of the springmassdamper system. The damper is assumed tprovide 5% of critical
damping.

The joint vertical displacement of the spring-massdamper system evaluatedat various time steps and
the steadystate deformation of the systemobtained with the FE analysis program SeismoStruct are
compared with hand calculations The FEmodel is inthe X-Z plane.

GEOMETRY AND PROPERTIES

t)=po3 ) .nf) O
P =po3 ) . ) Model Properties

. ﬂ(t) k = 100 kip/in
m m = 1 kip-se&/in

2 ~
c Wh = Ck/m = 10 rad/sec

K ¢ = Zwnm = 1kip-sec/in

X

MODELLING AND LOADING

The model consists of two coincident joints connected by a linear link element that is fixed at the first
joint and is free at the other one. As shown in the figurabove, the linkis oriented such that its local 1
axisis parallel to the global Z axisThe only degree-of-freedom with nonzero properties is F1 (axial).
The stiffness of the Ink element is set to 100 k/in.

A lumped mass is appliedat joint 2 with a value of 1 kip-sec/in in the Z direction only. A singlenode
damping element is applied at the same joinvith the damping coefficient set to 1 kipsec/in.

Aharmonic time-history AOOOA EO 1 1 A-Ridoky CarvesdO EAE AO4 B AT @8 ) O EO

Load Factor (force) [kip]

0 5 10 15 20 25

Time [sec]

Figure 2.20. Harmonic time -history curve

AA,
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The loadis applied at the free end of the link (joint 2) as dynamic timénistory load in terms of forces in
the Z direction.

The FE model is presented below:

Lumped Mass in Z direction +

Dynamic time-history Load Damping Element at the same joint

r=-

<4+—Link Element

Figure 2.21. Model of EXAMPLE 19
ANALYSIS TYPE

Dynamic time-history analysis (direct integration), using the HilberHughesTaylor method for time
integration with an alpha factor ofzero, a beta factor of 0.25 and a gamarfactor of 0.5

RESULTS COMPARISON

The mostsignificant results are compared in the table below

Table 2.18. Comparison between SeismoStruct and hand -calculated results for EXAMPLE 1 6

OUTPUT PARAMETER SeismoStruct HanFi
2025 calculations
U (jt. 2) [in] at t = 0.5 sec -0.10431 -0.10488
U, (jt. 2) [in] att =5 sec -0.88456 -0.88858
U, (jt. 2) [in] at t = 11 sec 0.99463 0.99497
SteadyState deformation [in] 0.99902 1.00000

COMPUTER FRRE

A Ch216_Dampspf
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EXAMPLRE7 ¢ Plasticlink (bilinear symmetriq

DESCRIPTION

This example uses a singldegree-of-freedom structure to test the behaviour of a link element with a
bilinear symmetric response curve Astatic analysisis usedto push first the link element to a positive
10 inch displacement (the @plied load is a displacement) andhen, starting from the final conditions,
to a negative 10 inch displacement (20 ich push).

The resulting link force at various deformatios obtained with the FE analysis program SeismoStruct is
compared with hand calculations The FEmodel lies in the X-Z plane.

GEOMETRY AND PROPERTIES

1k o- 10t nSOSp Link Properties
P -10t+20 pF OS o k = 100 kip/in

1 2 F = 50 kip
Z K r=0.1
Plastic Link (bilinear symmetric)
X

MODELLING AND LOADING

Themodel consists of two coincideninodes connected witha link element. The link element is oriented
such that its positive local 2 axis is parallel to the positive global Z axis. Onl{ Begreeof-freedom
properties are defined for the link element. A bilinear symmetric response curve is chosen with the
following properties: kO (stiffness) = 100 k/in, yield force Fy = 50 Kips, ratio of initial stiffness to yield
stiffness = 0.1. The yielding exponentontrolling the sharpness of the transition from the inital stiffness
to the yielded stiffness is notmodelled with this response curve

Atime-history curve EO 1 T A A Aide-hisiory CQuevésd OAEAT T ¢ AT @ AT A EO AAEET A

12

Load Factor (displ.) [in]

Time [sec]
Figure 2.22. Time-history curve

The load is applied at the free end ofthe link (joint 2) as static time-history load in terms of
displacementsin the X direction.
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The weight of the link is 1 kip It is applied as permanent load acting inthe Z direction.

The FE model is presented below:

Permanent Load
(force)

Link Element
(properties)

> Mesh Node

I 1 Local Axes

orientation

Static time-history Load

Link Element

Figure 2.23. Model of EXAMPLE17

ANALYSIS TYPE

Static time-history analysis.

RESULTS COMPARISON

Because a bilinear symmetric response curve is adopted in order to model the link element in
SeismoStruct, only few results can be compared witthe independent results.

Table 2.19. Comparison between SeismoStruct and hand-calculated results for EXAMPLE 17

OUTPUT PARAMETER Seismostruct HanFi
2025 calculations
Link force at9.6in deformation [kips] (A) 141 141
Link force at 9.6 in deformation [kips] (B) 105 105
Link force at-9.6 in deformation [kips] (C) -141 -141
150
A
100 - B
= 50 .
=
Q
(8]
é 0 T T T T
X~ /
£
-
-50
-100 .
-150 c
-15 -10 -5 0 5 10 15

Link deformation [in]

Figure 2.24. Link force vs. Link deformation
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COMPUTER FRE
A Ch217.spf
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EXAMPLES ¢ Plastic link(trilinear asymmetric)

DESCRIPTION

This example uses a singldegree-of-freedom structure to test the behaviour of a link element with a

tri linear asymmetric response curvefor which an isotropic hardening rule is adopted Multi-linear force-
deformation characteristics are defined for the link element for both tension and compression
behaviour. The forcedeformation characteristics modelled for tension are different from those
modelled for compression. A nonlinear static analysis is used to push the link element to a positive 12
inch displacement (the applied load is a displacementthen a second load is started from the final
conditions of the first analysis cased and used to push the link element to a negative 12 hnc
displacement(24 inch push.

The resulting link force at various deformatios obtained with the FE analysis program SeismoStruct is
compared with hand calculations The FEmodel is inthe X-Z plane.

GEOMETRY AND PROPERTIES

1k o(t) = 12t nSOSp Link Properties
2424 pF OSo
(see par.Modelling and
7 2 Loading)
1 Plastic Kinematic Link
X (trilinear asymmetric)

MODELLING AND LOADING

The model consists of two coincidentnodesconnected by dink element. The link element is oriented
such that its positive local 1 axis is parallel to the positive global Z axis. Onl{ Begreeof-freedom
properties are defined for the link element. A trilinear asymmetric response curve is chosen with the
following properties: initial stiffness kO (+) = 25 k/in, displacement d1 (+) = 2 in, stiffness of second
branch k1 (+) = 5 k/in, displacement d2 (+) = 6n, stiffness of third branch k2 (+) = 1 k/in, initial stiffness
kO (-) = 40 k/in, displacement d1 ¢) =-1 in, stiffness of second branch ki-J = 2 k/in, displacement d2
(-) =-6 in, stiffness of third branch k2 ¢) = 0.5 k/in.

Atime-history curve EO 1 1 A A Kidve-hisfory Quevdsd OAEAT 1 ¢ ATl @ AT A EO AAEET AA
15

12 -
9 -

(o]
1

Load Factor (displ.) [in]

Time [sec]

Figure 2.25. Time-history curve
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The load is applied at the free end ofthe link (joint 2) as static time-history load in terms of
displacementsin the Z direction.

Thel E Twei§hOis 1 kip, defined as lumped massn the Z direction only with the value of 0.00259067
[Kip-se@/in] and then automatically converted to gravityload.

The FE model is presented below:

Static time-history Load / Lumped Mass in Z direction

r
[}
=

<4—Link Element

Figure 2.26. Model of EXAMPLEL18
ANALYSIS TYPE

Static time-history analysis.

RESULTS COMPARISON

The mostsignificant results are compared in the table below:

Table 2.20. Comparison between SeismoStruct and hand-calculated results for EXAMPLE 18

OUTPUT PARAMETER SeismoStruct Hanfj
2025 calculations

Link force at 1.2 in deformation [kips] (A) 30 30
Link force at 4.2 in deformation [kips] (B) 61 61
Link force at 12 in deformation [kips] (C) 76 76
Link force at 11.52 in deformation [kips] (D) 64 64
Link force at 9.6 in deformation [kips] (E) 16 10
Link force at 2.4 in deformation [kips] (F) -33.2 -36

Link force at-12 in deformation [kips] (G) -53 -52.25
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100
80 1 c
60 1 D
40 1

Link force [kip]
& 8 o

Link deformation [in]

Figure 2.27. Link force vs. Link deformation
COMPUTER FRE
A Ch218.spf

1
: NOTE Comparison of the SeismoStruct results with the independent results is exact only for the

I AGAAT AET ¢ AOAT AE8 4EA 1T OEAO OAOOI OO0 AEAEAO AAAA
: hardening rule is isotropic, rather than kinematic.

1
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Chapter 3coMPARISCBWITH LITERATURE GSSEDIES

EXAMPLE 4 Von Misestruss

DESCRIPTION

A single frame element, defined in literature a¥on Misegruss, is subjected to a vertial load at its final

joint8 4EEO AgGAI PI A OAOGOO 3AEOI T 3000A 0 psbudoliatis adhA DOOET
(displacement) at the end of the elementand by using the load control strategy for the increrantation

of the loading factor.

The resulting response in terms of force vs. displacemenbbtained with the FE analysis program
SeismoStructjs compared with the reference solution. The model is inthe X-Z plane.

GEOMETRANDPROPERTIES

Material Properties
E = 29000 kip/in2

Geometrical Properties
W14X90

, AT 0j1q E pgm
,OATj1Q E oo
1 E m8cwp OAA
Section Properties
A=265ir

MODELLIN®AND LOADING
Two different models have been created:

A Maodel A the element ismodelled with an elastic frame element (elfrm) which has EA = 768500 kip;

A Model B: an I-shaped section is adopted (W14X9G> this section has the same elastic section
properties of the model above) the element ismodelled with a force-based inelastic frame element
(infrmFB), with 5 integration sections and D0 section fibres.

A pseudostatic load(displacement)is applied incrementally at the final joint in the negative Z direction
with a magnitude of 120in.

The total response is completely attained with the load control phase, thus the program is never
required to change for the automatic response control.

ANALYSIS TYPE

Static pushover analysigLoad Control).
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RESULTS COMPARISON

The comparison between thereference solution and the analysis results, in terms of forces vs.
displacements at the final joint of the frame element, is shown below:

80.000
==m Reference solution
70.000 -
Analysis (model A)
60.000 -
Analysis (model B)
50.000 -
g
3 40.000 -
()
2
Q 30.000 -
20.000 -
10.000 -
0 T \ T T T
-10.000
0 20 40 60 80 100 120

Displacement in Z [in]

Figure 3.1. Reference solution vs. Analysis results (force -displacement)

COMPUTER FILES

A Ch301_Aspf
A Ch301_Bspf
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EXAMPLE 2 Cantilever beam under a moment at the tip

DESCRIPTION

A cantilever beam element is subjected to a moment atthe tip. EEO A @GAT b1 A OAOOO
pushover analysis by applying @seudo-static load (rotation) at the free end of the elemenand by using
the load control strategy for the increnentation of the loading factor.

The resulting response in terms oénd rotation vs. displacementobtained with the FE analysis program
SeismoStructjs compared withthe reference solution. The model is inthe X-Z plane.

GEOMETRY AND PROPERTIES

. / Material Properties
E = 29000 kip/in2

Geometrical Properties

R ., BE pmmoo

Section Properties

W4x13
o \a
uh, \ A=383iR
d

| (axis 2) = 11.3 irt

MODELLIN®AND LOADING
Two different models have been created:

A Model A the element ismodelled with eight elastic frame elemens (elfrm) of equal length (EA =
111070 kip, ElI = 327700 kipin?);

A Model B an kshaped section isadopted (W4X13); theelement ismodelled with eight force-based
inelastic frame elemens (infrm FB) with 3 integration sections and100 section fibres

A pseudostatic load (rotation) is incrementally applied at the free end of the cantilever beam final joint
in RY direction with a magnitude of 12.5664ad.

The total response is completely attained with the load control phase.

ANALYSIS TYPE

Static pushover analysigLoad Control).

SAEOI
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RESULTS COMPARISON

The comparion between thereference solution (horizontal and vertical components) and the analysis
results, in terms of displacementvs. end rotationat the final joint of the frame element, is shown below:

80
== Reference solution
70 A
60 - Analysis (model A)
=5 .
;- 50 Analysis (model B)
£
2 40 A
g
g 30
]
2 20 1
s}
10 A
0 T T 1 :
0 2 4 6

End rotation [rad]

Figure 3.2. Reference solution (horizontal) vs. Analysis results (displacement -end rotation)

140

120 +

100 A

80 -

60 -

===mm Reference solution
40 A

Displacement in Z [in]

Analysis (model A)
20 -
Analysis (model B)
0 - ‘ ‘ ‘ ‘ ‘
0 2 4 6 8 10 12
End rotation [rad]

Figure 3.3. Reference solution (vertical ) vs. Analysis results (displacement -end rotation)

COMPUTER FRRE

A Ch3-02_Aspf
A (h3-02_Bspf
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EXAMPLE8S] SSQ&a FNJI YS

DESCRIPTION
A two member frame, defined in literature as, A A& O, isA&SGhadted to a load. fis example tests

beam kength and by using the load control strategy for the incrementation of the loading factor.

The resulting response in terms of applied load vs. displacemembtained with the FEanalysis program
SeismoStructjs compaed with the referencesolution. The model is irthe X-Z plane.

GEOMETRY AND PROPERTIES

[ Material Properties
E =7.20E+10 Pa

f -IT- Geometrical Properties
a=0.03m

b=0.02m

Section Properties

A = 6.00E04 m2

Z | (axis 2) = 2.00E08 m#

120

v
>
|
[

MODELLIN®AND LOADING
Two different models have been created:

A Model A the frame is modelled with five elastic frame elemens (elfrm) : the column consists oftwo
elements of equal length, whereas thebeam consists of threeelements of 24, 48 and 48 cm,
respectively;

A Model B the frame is modelled with five displacementbased indastic frame elements (infrmDB)
(for the discretization see above) arectangular section is adoptedor both the frame objectsand
the number of section fibers is set td.00.

A pseudostatic load (displacement) isincrementally applied at1/5 of the beam length inthe negativeZ
direction with a magnitude of 0.86.

The total response is attainedy employing oneload control andone automatic load control phase.

ANALYSIS TYPE

Static pushover analysigLoad Control and Automatic Response Control).
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RESULTS COMPARISON

The comparison betweenthe reference solution and analysisresults, in terms of forces(shear) vs.
displacements at the joint of the frame element where the load is applied, is shown below:

25000

20000

15000

10000

Force [N]

5000

5000 | e Reference solution

-10000 - —— Analysis (model A)

Analysis (model B)

-15000
0 0,2 0,4 0,6 0,8 1

Displacement in Z [m]

Figure 3.4. Reference solution vs. Analysis results (force -displacement)

COMPUTER FILE

A Ch3.03_Aspf
A Ch303_B.spf

NOTE

The reference solution results have been obtained by digitizing the curve plotted in the publication
Souza, 2000 (p. 157)Although the global response isvell predicted (including the modelling of snap
through and snapback), the process of finding the best combinien of applied loads/ loading phases
and associated convergence parametersas not straightforward, requiring "a priori" knowledge of the
responsehistory.

REFERENCES

A Lee S., Manuel F. S., Rossow, E1968] Qarge deflections and stability of elastic fram@sournal of
the Engneering Mechanics Division, ASCE, EM2, 5847;

A Cichon C.1984] Qarge displacements Hplane analysis oélastic plastic frame§ Comput. Struct, 19,
737-745;

A 31 OUA +Faroebased Fiite Element for Large Displacement Inelastic Analysis of Frénfes 0 E $
Thesis, University of California (Berkley)
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EXAMPLEg2 Af f Al YAQ (233fS FTNI YS

DESCRIPTION
A single element frame, defined in literature ag E1 1 EAT 08 , G bubjertedio aAxdtiadl 18ad at

(displacement) at the end of the elementand by using the load control strategy for the incrementation
of the loading factor.

The resulting response in terms okhear force(at the fixed end)vs. displacement(at the other end),
obtained with the FE analysis program SeismoStructs compared with the reference solution. The
model is inthe X-Z plane.

GEOMETRY AND PROPERTIES

| 32.8575 cm | _ _
] T Material Properties

E = 2.00E+11 Pa

Geometrical Properties
- D =0.00721 m
R =0.003605 m
Section Properties
A =4.08282E-05 m?
| (axis 2) = 1.32651E10 mv

0.9805 cm

MODELLINAND LOADING
Two different models have been created:

A Model A: the element ismodelled with eight elastic frame elemens (elfrm) of equal length (EA =
8153803 N, El =26.5N-m2);

A Model B: a circular section is adopted the element is modelled with fourdisplacementbased
inelastic frame elemens (infrmDB) with 120 section fibres.

A pseudostatic load (displacement)is incrementally applied at the right end of the element inthe
negativeZ direction with a magnitude of 0.02.

The total response is completely attained with the load control phase.

ANALYSIS TYPE

Static pushover analysigLoad Control).

PDOOET O,
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RESULTS COMPARISON

The comparison betweerreferencesolution and analysis results, in terms of forces vs. displacements at
the final joint of the frame element, is shown in the following:

140 - === Reference solution
Analysis (model A)
120 A
Analysis (model B)
100 A
3
o 80 A
o
o
LL
60 -
40 -
20 A
0 T T T T T T T
0 2 4 6 8 10 12 14 16

Displacement [mm]

Figure 3.5. Reference solution vs. Analysis results (force -displacement)

COMPUTER FRRE

A Ch3-04_A.spf
A Ch3-04 B.spf

REFERENCES

A 7E11 EAI O & &n Apgroach pouhe notinedr behaviour of the members of a rigid jointed
plane framework with finite deflectioné Quarterly Journal of Mechanics and ApplieMathematics,
17(Pt. 4), 451-469

A Chan S. L.1988] GBeometric and material nofinear analysis of beantolumns and frames using the
minimum residual displacement methay International Jurnal for Numerical Methods in
Engneering, 26, 26572669

A Souzar ¢ T Fur¥ebaded Finite Element for Large Displacement Inelastic Analysis of Frantes 0 E $
Thesis, University of California (Berkley)
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EXAMPLE & Clamped rightangle frame under tip load

DESCRIPTION

A clamped rightangle frame is subjeatd to a tip loadin the X direction. A small permanent load is also
applied in the Y direction, in order to artificially induce the bucking instability. This example tests
the load control strategy for the incrementation of the loading factor.

The resulting response in terms of force vs. displacementbtained with the FE analysis program
SeismosStructjs compared withthe reference solution. The modelliesin the X-Z plane.

GEOMETRY AND PROPERTIES

! 240 mm Material Properties
E =7.12E+04 MPa
G =27190.84 MPa

Geometrical Properties

a=30mm

Section Properties
z ol A =18 mn?

Y | (axis 2) = 1350 mn#
I

| (axis 3) = 0.54 mnt
X L
0.0002 N J=2.16 mm

MODELLIN@GND LOADING

A Eachmember (horizontal and vertical) is modelled with four elastic frame elemens (elfrm) (EA =
1882320 N, EI2 = 96174000 Nmm2, EI3 = 38469.6 Nmmz2, GJ = 58732.1 fhm?2);

Two different loads are applied at thetip: a permanent load (force) of 0.0002 N ithe Y direction and a
pseudo-static load (force) with a value of 1.8 N irthe X direction.

b=0.6 mm
a = _
£ L =240 mm
o
<
b [qV]

The total response is completely attained with the load control phase.

ANALYSIS TYPE

Static pushover analysis.
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RESULTS COMPARISON

The comparison betweenreference solution and analysis results, in terms of force vs. displacement at
the tip, is shown in the following:

2,0

1,8

1,6 -

1,4 -

1,2 1

1,0 A

0,8 -

Applied Load [N]

0,6

0,4 -
=mm Reference solution

0,2 Analysis

0,0 T T T T T T
0 10 20 30 40 50 60 70

Lateral displacement [mm]

Figure 3.6. Reference solution vs. Analysis results (force -displacement)

COMPUTER FILES
A Ch3-05.spf

NOTE

The reference solutionresults have been obtainedby digitizing the curve plotted in the publication
Souza, 2000 (p. 18).

REFERENCES

A Crisfield MA [1990] Q\ consistent caotational formulation for non-linear, three-dimensional, beam
element® Gomp. Meth. Appl. Mech. Eng. 81, 1350

A 31 OUA +Faroebased Firtite Element for Large Displacement Inelastic Analysis of Franfes 0 E $
Thesis, University of California (Berkley)
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EXAMPLE ¢ Cantilever beam with vertical tp load

DESCRIPTION

A cantilever beam element is subjected to a viical tip load8 4 EEO A@Ai b1 A OAOOO
pushover analysis by applying pseudo-static load (displacement)at the erd of the elementand by using
the load control strategy for the incrementation of the loading factor.

The resulting response in terms of applied load vs. lateral displacemembtained with the FE analysis
program SeismoStructjs compared with the referencesolution. The model is inthe X-Z plane.

GEOMETRY AND PROPERTIES

Material Properties
E =20 MPa
G =27190.84 MPa

400 cm

I
;l Geometrical Properties
j e D = 355.46 mm
;)

. d =347.86 mm
Section Properties
‘ A = 4198.1 mmi
X | (axis 2) = 64902751 mmp

MODELLIN@GND LOADING

Two different models have been created:

A Model A: a circular hollow section is adopted;the element ismodelled with four elastic frame
elements (elfrm);

A ModelB: a circular hollow section is adopted; the element isiodelledwith four displacementbased
inelastic frame elemens (infrmDB) with 1 00 section fibres

In each model, a pseudatatic load (force), that isincrementally varied, is defined at the tip inthe
negativeZ direction with a magnitude of 2000.

The total response is completely attained with the load control phase.

ANALYSIS TYPE

Static pushover analysigLoad Control)

SAEOI
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RESULTS COMPARISON

The comparison betweerthe reference solution and analysis results, in termsf force vs. displacement
at the tip, is shown in the followingfigures:

800
=== Reference solution
700 1 —— Analysis (model A)
Analysis (model B
600 ysis ( )

500

Force [N]

400

300

200

100

0 T T T T T T
0 500 1000 1500 2000 2500 3000 3500 4000

Displacement in Z [mm]

Figure 3.7. Reference solution vs. Analysis results (force -displacement)

COMPUTER FRRE

A Ch306_Aspf
A Ch306_Bspf

REFERENCES

A Frish-Fay R[1962] (Flexible bar$, Butterworths, London

A #EAT 38 Gedmetripandgna®rialhodinear analysis of beantolumns and frames using the
minimum residual displacement metha@adh )1 OAOT AGET 1 Al *1 001 Al Al O
Engineering, 26, 26572669

A 31 OUA +Faroebased Fidite Element for Large Displacement Inelastic Analysis of Frénfes 0 E $
Thesis, University of California (Berkley)
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Chapter 4coMPARISGBWITH EXPERIMENTAL RESULTS

TYPICAL EXISTING NSEISMIGLLYDESIGNERCEUROPEAN BUILDING

EXAMPLE 4 Multi-storey, 2D frame (ICONS frambare)

DESCRIPTION

This example describes themodelling of a full-scale, fourstorey, 2D bareframe, which was designed

essentially for gravity loads and a nominal lateral load of 8% of its weight. The reinforcement details

attempted toreproduce OEA AT T OOOOAOEI T DHPOAAOEAAOG OOAA ET Oi OOE/
AT A p dlgerfraniedvas tested at the ELSA laboratory (Joint Research Centre, Isprajder two

subsequent pseudedynamic loadings, first usingthe Acc475 input motion and then the Ace975 input

motion.

The analytical results, obtained with the FE analysis progra SeismoStruct are compared with the
experimental results. The model isdefined inthe X-Z plane

1 NOTE Further information about the ICONS frame and the tests conducted in ELSA, can be found in Pinto

1
1
1
: et al. (1999), Carvalho et al. (1999), Pinho and Elnashai (2000) and Varum (2003). :
1

o
A =X

Figure 4.1.ICONS frame tested at the ELSA laboratory of Ispra

GEOMETRY AND PROPERTIES

The model consists of a thredbay RC frameThe dimensions are indicated in the figures below:
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Figure 4.2. Four-storey, three -bay RC frame geometry (elevation and plan views , after Carvalho et al.
[1999])

Structural Geometry

The geometrical details of the structural elements, columns and beams, are given in fbkkowing tables:

Table 4.1. Geometrical details of columns

Storey Coll Col2 Col3 Cold
3-4 0.4x0.2(6 f 12) 0.25x0.5(4 f 16 + 2 12) 0.4x0.2(6 f12) 0.3x0.2(6 f12)
1-2 0.4x0.2(6 f 12) 0.25x0.6 (8 f 16 + 2 12) 0.4x0.2(8f12) 0.3x0.2(6 f12)
Table 4.2. Geometrical details of beams
Floor Beam (1stand 2nd bay) Beam (3rd bay)
R
4
3 0.5x0.25x1.05x0.15* 0.5x0.25x0.65x0.15
2
* beam height x beam width x slab effective width x slab thickness
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©

Figure 4.3. Four-storey, three -bay RC frame geometry (reinforcement details of the columns, after
Carvalho et al. [1999] )

Material Properties of the frame

The Mander et al. concrete model is employed for defining the concrete materialThe characteristic
parameters are listed below:

A fo= 16300 kPa; f = 1900 kO A £ 0002 m/m.

The MenegottePinto steel model is employed for defining the steel material with the following
properties:

A Es=2.00E+008 kPa;f= 343000 kPa;m= 0.0024

MODELLING AND LOADING
Two different models have been created:

A Model A: Both columns and beams are modelled through 3D fordeased inelastic frame elements
(infrmFB) with 4 integration sections. The number of fibres used in section equilibrium
computations is set to 200.

A Model B Both columns and beams arenodelled through 3D displacementbased inelastic frame
elements (infrmDB). The number of fibres used in section equilibrium computations is set to 200.

Themasses, proportional to the tribut~ary areasare gpplied a§(i2 Iumpgd (to each beamcolumn joint§) 3
andas(ii) di stributed along beamg OOET €cti@BAAGOET T A1l | AOGO6 AAAROOA
valuesare summarized in the table below:

Table 4.3. Lumped and distributed masses applied to the frame (in ton and ton/m )

Floor Coll Col2 Col3 Col4 Distributed Mass
Roof 4.5 7.8 6.1 2.9 1.295
2-3-4 5.7 9 7.4 4.1 1.539

All the base nodes are fully restrained

In order to run a dynamic time-history analysis, a timehistory curve, constituted bytwo artificial
records (Acc475 and Acc975)n series and separated by5 s interval with no acceleration isloaded in
the O 4 E-hiskory Curveso AEAI T C Al @8

The time step for thedynamic analysis is selected as 0.005 s and 0.81respectively (coincident with
the input record sampling time step).

AO
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The two input motions are given in the figures below

0,3

0,2 -

0,1

Acceleration [g]
o

0 2 4 6 8 10 12 14
Time [s]

Figure 4.4. Artificial acceleration time  history for 475 year return period (Acc-475)

0,3

0,2 -

0,1 -

Acceleration [g]
o

4 6 8 10 12 14
Time [s]

Figure 4.5. Artificial acceleration time  history for 975 year return period (Acc-975)

The vertical loads are aitomatically computed by the program through the option loads are derived
from masses, based on the g value, but ONLY in the gravity directi@ee Project Settings)

A sketch of the FE model is presented in the followinfigure:
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Pa— Pa— Pa— Pa—

*- < - ' 9!
T T Inelastic Frame Elefjent with [
additional mass/lenggh
Lumped Mass
i a1 -9 = -2
' -E P ."‘_"u .'._'E

[n o

— Inelastic Frame Flement

P77 P77 =777

Dynamic time-history Loads
Figure 4.6. FE model sketch of ICONS frame

ANALYSIS TYPE

Nonlinear dynamic time-history analysis.

RESULTS COMPARISON

The comparison between experimental an@dnalytical resultsis shown below:

80
Experiment

60 - Analysis (model B)

40 - ﬂ
€
A
c
)
g 0 T M T T
; v
73
= -20
o
°

-40 -

-60 - u

0 2 4 6 8 10 12 14
Time [s]

Figure 4.7. Experimental vs. Analytical results z top displacement -time (475yrp)
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150

— Experiment

—— Analysis (model A)
100 -

50 -

Top displacement [mm]

-100 -

-150
0 2 4 6 8 10 12 14
Time [s]

Figure 4.8. Experimental vs. Analytical results z top displacement -time (975yrp)

COMPUTER FILE

A Ch4RGO1_Aspf
A Ch4RGO1_Bspf

REFERENCES

A OET O 18h 6AOUAI AOGOGE '8h -11 El A Psea@dsDgriamicTess®h ( 0
Non3 AEOI EA 2AO0EOOET ¢ 2# &OAI AO dj8" Ak ARIADTDNDhAARIEGD -
Centre, Ispra, Italy.

A Carvalho E.C., Coelho E., Campgbd OO A | @Prepamtionabtiie FOHScale Tests on Reinforced
Concrete Frames. Characteristics of the Test Specimens, Materials and Testing Corgi@DbIS
Report, Innovative Seismic Design Concepts for New and Existing Structures, European TMR
Network, LNEC.

A OETETh 28 Al A %Il DydadiE doapsaestiagBoa fullgcalatfouy storeyDRC frandeh
ISET Journal of Earthquake Technologyaper No406; 37(4), pp. 143-164.

A Varum, H. [2003] (Beismic Assessment, Strengthening and Repair of Existing BuildifRj®D Thesis,
Department of Civil Engineering, Universityof Aveiro
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EXAMPLE 2 Sevenstorey, full-scale, RC shear wall building

DESCRIPTION

This example describes the modelling of a prototype buildingsevenstorey, full-scale RC shear wall

frame) testedon the NEES Largédigh-0 AO &£l O AT AA / OOAT 1T O 3EAEA 4AAT A AO
Engineeringunder dynamic conditions (Panagiotou et al. 2006)by applying foursubsequentuniaxial

ground motions. The structure was designed with the displacementbased capacity approah for a site

in Los Angeles: hencgthe design lateral forces are smaller than those currently specified in U.S. building

codes fa regions of high seismic risk.

The analytical results, obtained with the FE analysis program SeismoStruct, are compared with the
experimental results. The model isdefined inthe X-Y-Z space.

15" 311" 12

T — At
T
56,1,
L4
Bracing
ot tensfones precast Flange wall
st tensianed precas
segmental pler b
|
.—/

SlIRe

Web wall
| —

g

v g
A
146"

*

M
=t
23 e 78" e @

I GOAT 1 O 3EAEA 4AAIA AO 5#3$%80 %I CIMaffielDRE and BIPORRD,OAT %l CET
2009]

GEOMETRY AND PROPERTIES

The frameconsists of(i) a cantilever web wall, (ii) a flange wall, (iii) a precast segmental pier and (iv)
gravity columns. At each floor, the slab is simply supported by the wall and the column$he plan
dimensions are indicated in the figurebelow:
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Figure 4.10. Frame geometry (floor plan view ) [Martinelli P. and Filippou F.C., 2009]

Structural Geometry
The geometrical deails of the structural elements, walls and gravity columnsre given in the following

table:
Table 4.4. Geometrical details of walls
Storey Web Wall Flange Wall Gravity Columns Wall
7 144 inx 8 in 192 inx6in d=4in;t=1.3125in
6 144 inx6in 192 inx6in d=4in;t=1.125in
5 144 inx6in 192 inx6in d=4in;t=1.125in
4 144 inx 6 in 192 inx6in d=4in;t=1.125in
3 144 inx6in 192 inx6in d=4in;t=1.125in
2 144 inx6in 192 inx6in d=4in;t=1.125in
1 144 inx 8 in 192 inx6in d=4in;t=1.125in
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Figure 4.11. Wall reinforcement (floor plan view  zlevel 1) [Martinelli P. and Filippou F.C., 2009]

Material Properties of the frame

The Mander et al. concrete model is employed for defining the concrete materialised in the RC
rectangular sections for modelling the walls. The characteristic parameters are listed below:

A f.=5426.39 psi fi =542.71 psi) . =r.00269in/ in.

The MenegottePinto steel model is employed for defining the steel materiaused for the wall
reinforcement:

A Es=29007E+007 psi; f, = 66497.42 psit = 0.014

The uniaxial elastic material model with symmetric behaviour in tension and compresen is employed
for defining the material usedin the RCcircular hollow sections for modelling thegravity columns with
Es= 29007E+007 psi.

MODELLIN®GND LOADING

Both walls are modelled through 3D force-basedinelastic frame elements (infrm FB) with 4 integration
sections The number of fibres used in section eglibrium computations is set to 200

The pinned gravity columnsare modelled through truss elements (truss) where the number of fibres
used in section equibrium computations is set to 200.

The precast column since itwasdesigned in order to remain elasticis modelledthrough an elastic frame
element (elfrm) with the following properties: EA =3.9720E+009 [Ib]; El (axis2) =3.3035E+012[lb-
in2]; El (axis3) =1.7548 E+011[lb-in?]; GJ &5.7887E+010[Ib-in?].

The moddling of the slabs is realized throughigid diaphragms (for details, refer to SeismoStruct input
file).



The masses are computed starting from the values of weights given by the organizing committee and
are assignedin a lumped fashionto eachfloor node. The applied values are summarized in the table
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below:
Table 4.5. Lumped masses applied to the frame (in ton)
Floor Web Wall Flange Wall Columns Precast Pier
7 1.8 2.4 3.7 2.2
1-6 3.6 4.8 3.8 4.3

The base nodesre fully restrained, in order to reproduce the anchorage between the structure and the

shaking table.

In order to run a nonlinear dynamic time-history analysis, a timehistory curve (the last accelerogram
of the experimental series)E O
dynamic time-history analysis is set to 0.02 s.

The applied ground motiors are shown below:

Dynamic time-history loads are applied at the base node#) terms of accelerations inthe Y direction.
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Figure 4.12. Input ground motion
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The FE modeis presented below:

Figure 4.13. FE model
ANALYSIS TYPE

Nonlinear dynamic time-history analysis.

RESULTS COMPARISON

The comparison between numerical an@xperimental results is shown hereafter:

e EXperiment

e SeismoStruct 2020

-
S
o

o
o

S
o

Top displacement (in)
o
©

-10,0

-15,0

-20,0

Time (s)

Figure 4.14. Experimental vs. Analytical results z top displacement -time (EQ4)
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e EXperiment

200.000

e SeismoStruct 2020

150.000

100.000
50.000
0

)
-50.000

Base shear (Ib)

-100.000
-150.000
-200.000

-250.000

-300.000

Time (s)

Figure 4.15. Experimental vs. Analytical results z base shear-time (EQ4)

COMPUTER FILE
A Ch4RG02.spf

REFERENCES

A Quaglini L. [2006]odellazione di un edificio di sette piani in c.a. sottoposto ad una prova dinamica
a scala real§ Undergraduate Thesis, Structural Mechanics Department, University of Pavia. (in
Italian).

A Panagiotou M., Retrepo J.I. and Englekirk R.E. [2008Experimental seismic response of a full scale
reinforced concrete wall building Proceedings of the First European Conference on Earthquake
Engineering andSeismology, Geneva, Switzerland, Paper no. 201

A Martinelli P. andFilippou F.C. [2009]"Simulation of the Shaking Table Test of a Sexg@toreyShear
Wall Building", Earthquake Engineering andtructural Dynamics Vol. 38, No. 5, pfh87-607.
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EXAMPLE & Fulkscale, three storey, threelimensional RC moment frame (SPEAR
building)

DESCRIPTION

This exampledescribes the modelling of a fuliscale, threestorey, three-dimensional RC building, which

was designedfor gravity loads only, according to the 19541995 Greek Code. The prototype building

was built with the construction practice and materialsuA A ET ' OAAAA #oh-eafhgihkeA A O1 U ¥
resistant construction). It is regular in height but highly irregular in plan.The prototype building was

testedat the EuropeanLaboratory for Structural Assessment (ELSA) of théoint Research Centre of Ispra

(Italy) under pseudo-dynamic conditionsusing the HercegNovi bi-directional accelerogram registered

during the Montenegro 1979 earthquake

The analytical results, obtained with the FE analysis programSeismoStruct are compared with the
experimental results. Themodel is created inthe X-Y-Z space.

S S S

1
NOTE Detailed information about the structural beam member dimensions and reinforcing bars may :
be found in Fardis and Negro (2006). :

1

Figure 4.16. Full-scale, three-storey prototype building [Fardis & Negro, 2006 ]
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GEOMETRAND PROPERTIES
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Figure 4.17. Plan view of the full -scale, three-storey prototype building [Laneseet al., 2008]

Structural Geometry

The model consists of seven RC cahns (0.25 x 0.25 m) andbne RC column (0.25 x 0.7%)er floor and
RC beams (0.25 x 0.50 m).

Material Properties of the building

The Mander et al. concrete model is employed for defining the concrete materialith the following
parameters:

A fo=26.5MPa; f=0.001 MD A FF 0002 mm/mm

Then, thebilinear model with kinematic strain-hardening is employedfor defining the steel material
with the following parameters:

A Es=200000 MPa; § = 459 MPat = 0.004

MODELLIN@GND LOADING

Columns and beamsare modelled through3D displacementbasedinelastic frame elements (infrm DB).
The number of fibres used in section eqlibrium computations is set to 200

The connection between column Cénd the adjacentbeams ismodelled as rigidthrough elastic frame
elements (elfrm) with high stiffness values.
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Beam

Rigid Arm
(elfrm)

Beam

Figure 4.18. Modelling of column C6 and its connection to the adjacent beams

Regarding the applied masses, they are distributealong columns and beamsin order to represent (i)
the self-weight of the frame, (ii) a permanent load of 0.5 kN/mdand (iii) a variable load of 2 kN/m?. For
the exactvalues refer to the SeismoStruct frame model

All foundation nodes are considered as fully restrained against rotations and translations.

The slabs are modelled by introducing a rigid diaphragm ithe X-Y plane for each floor level (see
SeismoStruct model).

In order to run a nonlinear dynamic timer)istory analysis, twotime-history curves areloaded in the
O 4 E-hisfory Curvesd A E A1 dn€for X [di@ctign, another for Y direction, respectively)The two
curves are defined as follows:
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Figure 4.19. H-BCR140 accelerogram in the X direction
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Figure 4.20. H-BCR230 accelerogram in the Y direction (b)

The time stepfor the dynamic time-history analysis is set to 0.01 s.

Dynamic time-history loads are applied at the base nodes, in terms of accelerations time X and Y
directions.

The FE model of the building is preseted below:

Figure 4.21. FE model of the building

ANALYSIS TYPE

Nonlinear dynamictime-history analysis.
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RESULTS COMPARISON

The comparison betweerexperimental and analytical results is shown below:

3
e EXpEriment
Analysi

5 nalysis

1 4
€
£ A h
e 0

v

2 v
3]
<
7]
5 1-

2 -

-3

0 2 4 6 8 10 12 14 16

Time [s]

Figure 4.22. Experimental vs. Analytical results z displacement vs. time

COMPUTER FILE
A Ch4RGO03.spf

REFERENCES

A &AOAEOhR - Besighofarrregulay Buildihg for the SPEAR ProjegtDescription of the 3Storey
Structured Research Report, Universitpf Patras, Greece

A &AOAEOh - 8.8 Al SPEARASBrhic per®rmancerasses¥me and rehabilitation of
existing building® Proceedings of the International Workshop on the SPEAR Project, Ispra, Italy.

A Laneseet al. (2008)
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STEEL FRAMES

EXAMPLE 4 Three storey, threedimensional steel moment frame

DESCRIPTION

This exampledescribes the modelling ofa three-storey, steel moment frametested at the University of
Kyoto by prof. Nakashima and his team of researchetsder a quasi-static cyclic loading.The building
was designed following the most common design considerations exercised in Japam fmst-Kobe steel
moment frames.lIt is noted that the columns have beerextended to the approximate midheight in the
third storey, at which level steel braces were connected horizontally to the columns by high strength
bolts through gusset plates to allow for the rotation at the column top.

The analytical results, obtained with the FE analysis programSeismo®ruct, are compared with the
experimental results. The model iscreated inthe X-Z plane

7

Figure 4.23. Three-storey, three -dimensional steel moment frame [Nakashima et al., 2006]

GEOMETRY AND PROPERTIES

The test structure plan dimensions are 12 nin the longitudinal direction and 8.5 min the transversal
direction. The total heightis85n x EQET OO Al 1T OEAAOETI ¢ OEA OOOAAI

Al T AEO
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Figure 4.24. Elevation and plan of the test structure (unit: mm) [Nakashima et al., 2006]

Structural Geometry

The test structure consists of two lateral resisting steel frames. They lie along the longitudinal direction
and, since they work almost independently only one of them has been modelled. In particular, the
geometrical details of the principal elements (columns and beams) are listed below:

A Column1, 2 and 3: rectangular hollow section of 0.3 m x 0.3 m, with section thickness of 9 mm, 12
mm and 16 mm, respectively;

A Beam:symmetric I-section with a bottom and top flange width 0f0.2 m,a bottom and top flange
thickness of16 mm, a web height of 0.368 m and a web thickness 8fmm.

Material Properties of the structure

A bilinear steel model is employed for defining the steel materials:

A Steell: E=2.0000E+008 kPa;yf= 512000 kPaj = 0.01;
A Steel2: = 2.0000E+008 kPa;yf= 522000 kPaj = 0.01;
A Steel3: E=2.0000E+008 kPa;yf= 537000 kPaj = 0.01;
A Steel4:Es= 2.0000E+008 kPa;yf= 375000 kPa;t = 0.01.

MODELLING AND LOADING

The lateral resisting frame is modelled through steel beam and column elements where a bilinear
hysteretic model according with the measured material properties after testing (Nakashima et al., 260
is adopted.

Beams ard columns are modelled through3D force-basedinelastic frame elements (infrm FB) with 4
integration sections. The number of fibres used in section eqlibrium computations is set to 100.

Panel zones are modelledonsidering a panelsize of 400 mm in depth ard 300 mm in width (beam
length and columnheight are shortened by the panel width and depth, respectively
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At the top of the frame, thdink beams connecting horizontally the columns aremodelled with an elastic
frame element (elfrm) with the following properties: EA = 1.0000E+010 [kN]; El (axis2) = 1 [khnZ]; EI
(axis3) = 1 [kKN-m2]; GJ = 1 [KNm2].

Rotational springs areinserted at the bottom of the fist storey columns to allow for the rotational
flexibility of the column base.They are modeled with link elements, in which for F, R, R, M, and M
degrees of freedom a linear symmetric response curve is chosen with a value tffsess kO equal to
1.00E+®, whereas for M degree-of-freedom atrilinear symmetric response curve is chosen

All the base nodesare fully restrained.

The vertical loads asgjned for the frame are appliedo each beamcolumn joint as permanent loads in
terms of forces inthe Z direction (for details refer to the computer file of the model)

AquasstOOAOGEA AUAI EA 1T AAET ¢ xEOE ET AOAAOET GhistBe OPT AAAT A
Curvesd A E Al Theused dugut sampling time interval is set to 0.1 seconds. Thwyclic loadingis
applied at the top lateral node as a static timéistory load in terms of displacements irthe X direction.
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Figure 4.25. Cyclic loading
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The FE model of the steel frame is presented below:

R

\ Elastic Frame
Element

Permanent Load

Static time-history (force)

Load (displacement)

\\ Link Element

(pinned-end)

ﬂ Inelastic Frame

Element

Panel zone

Link Element
(rotational spring)

Figure 4.26. FE model
ANALYSIS TYPE

Nonlinear satic time-history analysis.

RESULTS COMPARISON
The comparison between experimental anénalytical results, is shown below:
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Figure 4.27. Total shear vs. Total drift
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Figure 4.28. Storey shear vs. Storey drift z 1st storey
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A Ché4steel01.spf

Figure 4.29. Storey shear vs. Storey drift z 2nd storey
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REFERENCES
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EXAMPLE 2 Fulkscale four-storey 3D steel frame

DESCRIPTION

This exampledescribes the modelling ofa prototype building (full-scale, 3D steel moment resisting
frame) tested on the world's largest threedimensional shaking table located at Miki City, Hyogo
Prefecture (Japan) under dynamic conditions, by applying a scaled version thie near-fault motion
recorded in Takatori during the 1995 Kobe earthquake.More 3D shaking table tests havebeen
performed consecutively with increasing levels of seismic motion to evaluate the effect of plastic
deformation: Takatori scaled to 40% (elastic level), Takatori scaled to 60% (incipient collapse level) and
Takatori in full scale (collapse level).

The analytical results, obtained with the FE analysis program SeismoStrucafter the test (posttest
results), are compared with experimental results The model iscreated inthe X-Y-Z space

| NOTE, &O1 1 AROAEI O i1
| (2008).
|

:
'
A
.
‘!

Figure 4.30. Four-storey 3D steel moment resisting frame [NRIESDP, 2007

GEOMETRY AND PROPERTIES

The model consists otwo steelframes composed by two bays 5 rfong, dong NSdirection, and three
steelframes (with one bay 6 m long in EW-direction. The interstorey height isequal to3.5 m.
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Figure 4.31. Four-storey 3D steel frame geometry (frontal and lateral views) [Pavan, 2008]

Structural Geometry

The geometrical details of the principal structural elements (columns and beams) are given in the table
below:

Table 4.6. Geometrical details of beams and columns

Beam Column
Floor G1 G11 G12 Storey -
R H- 346x174x6x9 H- 346x174x6x9 H- 346x174x6x9 4 RHS 300x300x9
4 H- 350x175x7x11 H- 350x175x7x11 H- 340x175x9x14 3 RHS 300x300x9
3 H- 396x199x7x11 H- 400x200x8x13 H- 400x200x8x13 2 RHS 300x300x9
2 H- 400x200x8x13 H- 400x200x8x13 H- 390x200x10x16 1 RHS 300x300x9
H- height x width x web thickness x flange thickness, RH&ight x width x thickness

In order to consider that the slabs consist in@amposite ded floor (at the second third and forth level)
andreinforced concrete (at the roof), each beam section is modelled as a compos#gektion.

Material Properties of the structure

The Mander etal. concrete model is employed for defining the concrete material used in the composite
I-sections for modelling the slabs. The characteristic parameters are listed below:

Table 4.7. Characteristic parameters of concrete

PARAMETERS 2nd Level 3rd Level 4t | evel Roof Level
fc (kPa) 33530 28800 27540 35900
ft (kPa) 3353 2880 2754 3590
Re(m/m) 0.00154 0.0012 0.00127 0.002467
r o} E)TI 24 24 24 24
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Then, the bilinear model is employed for defining the steghaterials. In particular, eight different kind

of steel materials are defined:

Table 4.8. Steel bi-line ar constitutive model

characteristic parameters (1)

HARAISUIES (ste(e:lcilgg?:n}nl) (steglcilggmn?nZ) 3(22-(1;21 ,(st(;;ll_’b?airill,) (steedlrj)timZ)
E (kPa) 200000000 200000000 203750000 212830000
fy (kPa) 380000 380000 326000 308600
t 0.05 0.05 0.12 0.10
roj E)TI 78 78 78 78
Table 4.9. Steel bi-line ar constitutive model characteristic parameters (2)
PARAMETERS | "0 ams) | (ctesl beama) | 2012(stcelbeams) | (o e o)
E (kPa) 201820000 223480000 174770000 199550000
fy (kPa) 333000 301700 279100 311100
t 0.15 0.13 0.20 0.18
r ] E)TI 78 78 78 78

MODELLING AND LOADING

Two different models have been created:

A Model A: Columns and beams are modelled through 3D forebased inelastic frame elements
(infrmFB) with 4 integration sections. The number of fibres used in section equilium

computations is set to 100;

A Model B: Columns and beams aremodelled through 3D displacementbased inelastic frame
elements(infrm DB). The number of fibres used in section eqlibrium computations is set to 100.

The masses areomputed darting from the values of weights given by the organizing aomittee and
are assigned to each beam sectioas additional mass Theapplied values are summarized in the table

below:

Table 4.10. Additional mass distributed on girders

Level Element Addi(ttig:;l] ;\/Iass
RG1 1.064
Roof RG11 1.203
RG12 1.954
4G1 0.668
4 4G11 0.779
4G12 1.559
3G1 0.632
3 3G11 0.737
3G12 1.385
2G1 0.594
2 2G11 0.692
2G12 1.385
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The base nodesare fully restrained, in order to reproduce the anchorage between the structure and the
shaking table.

The slabs are modelled by introducing a rigid diaphragm ithe X-Y plane for each floor level (see
SeismoStruct model).

In order to run a nonlinear dynamic time-history analysis, three timehistory curves are loaded in the
O4 E-hiskory Curves6 AEAI T C Al @gh T1TA £ O AAAE AEOAAOQEII
component). Each curve includes 10 s interval with no acceleration (needed to damp out the structure
motion after each earthquake run).The three curves are defined as follows:

6
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Figure 4.32. Post-test shaking t able acceleration time -history (NS component)
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Figure 4.33. Post-test shaking t able acceleration time -history (EW component)
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Figure 4.34. Post-test shaking table acceleration time -histories (vertical component)

The time stepfor the dynamic time-history analysis is set to 0.Q s, with the exception of the last and
computationally more demanding8 seconds, where it was set to 0.001s

Dynamic time-history loads are applied at the base nodes, in terms of accelerationsthe X, Y and Z
directions, respectively.

yT OEA O001 EAAO 3 A O&ifiness frdportvdal ddmpingtisselectedd AT CAT O
The FE analysis model of the steel building jmesented below:

Figure 4.35. Four-storey 3D steel frame geometry ( 3D model)
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ANALYSIS TYPE
Nonlinear dynamic time-history analysis
RESULTS COMPARISON

The comparison between experimental andnalytical results (posttest results), in terms of maximum
relative displacements and maximunstorey shearfor the second timehistory curve, is shown below:

5 5
4 - 4 -
q>'> 3 g 3
v )
— |
2 2
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1 : . Ar]alysis (m?del B) 1 . . Alnalysis (n’:odel B)
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Figure 4.36. Experimental vs. Analytical results z maximum relative displacement -floor level
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Figure 4.37. Experimental vs. Analytical results z maximum storey shear-floor level
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COMPUTER FILE

A Ch4steel02_Aspf
A Ch4steel02_B.spf
REFERENCES

A Pavan A. [2008]Blind Prediction of a FuliScale 3D Steel Frame Tested under Dynamic Condifions
MSc Dissertation, ROSE School, Pavia, Italy.
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INFILLED FRAMBSASONRY INFILLS

EXAMPLE 4 One sbrey, single bay infilled framéCrisafulli)

DESCRIPTION

This example describes themodelling of one storey, single bay infilled frame constructed to a reduced
scale of % and tested by Crisafulli (1997)inder pseudostatic cyclic loadings. Actuators have beemsed

to apply lateral and vertical forces, simulating thus the gravity loads and overturning moment
corresponding to a typical twastorey building with infill panels.

The analytical results, obtained with the FE analysis program SeismoStruct are compared with
experimental results. The model is defined inthe X-Z plane.

NOTE Detailed information about the material properties and the test arrangements can be found in

Crisafulli (1997).

GEOMETRY AND PROPERTIES
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Figure 4.38. Infilled frame tested by Crisafulli (1997)

Geometry

The model consists of two RC columns (0.15 x 0.15 m), a RC beam (0.2 x 0.15 m) and an infill panel with

the propertiA® 1 EOOAA ET OEA DPAOAGOADE

Material Properties of the frame

The Mander etal. concrete model is employed for defining the concrete materialsThe characteristic
parameters are listed below:

A

fc=31200 kPa; fE 11 E=00A0P mim

O-TAATTETC ATA

AA
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The MenegottePinto steel model is employed for defining the steel material with the following
properties:

A Es=2.0700E+008 kPa;yf= 323000 kPa;m= 0.004

Properties of the infill panel

Seeparagraph Modelling and Loading

MODELLING AND LOADING

Columns and beans are modelled through 3D force-basedinelastic frame elements (infrm FB) with 4
integration sections. The number of fibres used in section eqlibrium computations is set to 200

The infill panel is modelled through a fournode masonry panel element (inelastic infill paneklement).
This element is characterized by the following parameters:

A Strut curve parametas (inf strut response curve): nitial Young modulus E = 1100000,
compressive strength # = 950, tensile strength f = 0.01, strain at maximum stressem = 0.001,
ultimate strain ey = 0.02, closing straine: = 0.002, strut area reduction strainer = 0.0004, residual
strut area strain e2 = 0.0008, starting unloading stiffness factory, = 2.0, strain reloading factorar =
1.5, strain inflection factorach = 0.6, complete unloading strain factoba= 2.0, stress inflection factor
beh = 0.7, zero stress stiffness factogu = 1.0, reloading stiffness factoigr = 1.1, plastic unloading
stiffness factor @1 = 1.5, repeated cycle sain factor ex2 = 1.0

Shear curveparameters (inf shear response curve): Bear bond strength= 50, friction coefficient =
0.2, maximum shear resistance =@, reduction shear factor = 1.6

Panel thickness (t): 0.09 m

Out-of-plane failure drift: 5% of ver. panel side

Strut Area 1 (A1): 0.1 m

Strut Area 2 (A2): 70% of Al

Equivalent contact length (hz): 7% of vert. panel side

Horizontal and vertical offsets (xo and yo): 5% of horiz. panel side and 5% of vert. panel side
Proportion of stiffness assigned to shear: 50%

Specific weight: 10 KN/

>

I I D > D

All the base nodes are fully estrained.

In order to run a nonlinear static time-history analysis, a timehistory AOOOA EO 11 AAAA
history Curves6 AEAI T C Al @8 )O EO AAEET AA AO A 111 x04
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Figure 4.39. Cyclic loading
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The time step for the staticanalysis is selected as 1 s (coincident with the input record sampling time
step).

Two permanent loads of 20 kN each are applied at thtep of the columnsin the negative Z direction in
terms of forces in order to simulate the gravity loads, whereas a static timdiistory load, in terms of
displacements, is imposed at the node nb121 ithe X direction.

The FEmodel of the infilled frame is shown below:

Figure 4.40. FE model (screenshot)

ANALYSIS TYPE
Nonlinear static time-history analysis.
RESULTS COMPARISON

The comparison between experimatal and analytical resultsis shown below:
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Figure 4.41. Experimental vs. Analytical results z shear force -lateral displacement



106 | SeismosStruct Verification Report

COMPUTER FILE
A Ch4infill -01.spf

REFERENCES

A Crisafulli F.J. [1997(BeismidBehaviour of Reinforced Concrete Structures With Masonry IrilRhD
Thesis, University of Canterbury, New Zealand.
A SmyrouE., Blandors OEAA #8h ' 1 01 1 ET O InplemeAadtidn afd kdrificdtiondia ¢+ ¢ Tmo Y
masonry panel model for nonlineadynamic analysis of for infilled RC fram@®roceedings of the First
European Conference on Earthquake Engineering and Seismolo@eneva, Sitzerland, Paper no.
355.
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EXAMPLE 2 One storey, single bay infilled frame (Colangedbal.)

DESCRIPTION

This example describes thenodelling of one storey, single bay infilled frame (in reduced scale) tested
by Colangelcet al.(1999) and built to comply with the requirements of an earlier version of Eurocod@
(CEN, 1995). The specimewastestedin the laboratory of materials and structures at the University of

, 6! NOEI Ander pséudddyhamic loading using the EW component of Tolmezzo earthquake
(Friuli 1976).

The analytical results, obtained with the FE analysis programSeismdtruct, are compared withthe
experimental results. The model is defined irnthe X-Z plane.

1

NOTE Detailed information about the material properties and the test arrangements can be found in :
Biondi et al. (2000). :
1
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Figure 4.42. Infilled frame tested by Colangelo (1999 )

Geometry
The model consists of two RC columns (0.2 x 0.2 m), a RC beam (0.262xm) and an infill panel,the
properties of which arelisted in the paragraphO- T AAT 1 ET ¢ .AT A , T AAET Co

Material Properties of the frame

The Mander etal. concrete model is employed for defining the concrete materialsThe characteristic
parameters are listed below:

A f.=48900 kPa; f=t E QATPORM/m.
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Thebilinear steelmodelwith kinematic strain hardening is employed for defining the steel material with
the properties listed below:

A Es=2.0000E+008 kPa;yf= 550000 kPajt = 0.003

Properties of the infill panel

See paragraphiModelling and Loading.

MODELLING AND LOADING

Columns and beans are modelledthrough 3D force-basedinelastic frame elements (infrm FB) with 4
integration sections. The number of fibres used in section eqlibrium computations is set to 200

The infill panel is modelled through a fournode masonry panel element (inelastic infill panel element).
It is characterized by the following parameters:

A Strut curve parametas (inf strut response curve): nitial Young modulus B = 4088000,
compressive strength f = 800, tensile strength f = 0.001, strain at maximum stressm = 0.002,
ultimate strain ey = 0.005, closing straines = 0.0000001, strut area reduction strainer = 0.001,
residual strut area strain e2 = 0.002, starting unloading stiffness factoly, = 2.0, strain reloading
factor ar = 1.5, strain inflection factorach = 0.6, complete unloading strain factotba = 2.0, stress
inflection factor beh = 0.6, zero stress stiffness factogu = 1.0, reloading stiffness factoigr = 1.1,
plastic unloading stiffness factor @ = 1.5, repeated cycle stin factor ex2= 1.0

Shear curve parametes (inf shear response curve): Bear bond strength = 150, friction coefficient
= 0.4, maximum shear resistance= 800, reductionshear factor = 1.46

Panel thickness {): 0.12m

Out-of-plane failure drift: 5% of ver. panel side

Strut Areal (Al): 0.11m?2

Strut Area 2 (A2): 60% of Al

Equivalent contact length (hz): 196 of vert. panel side

Horizontal and vettical offsets (xo and yo): 46 of horiz. panel side and % of vert. panel side
Proportion of stiffness assigned to shear: @6

Specific weight:10 kN/m3

>

I v I I D >

All the base nodes are fully estrained.

In order to run a nonlinear static time-history analysis, a timehisory AOOOA EO 11T AAAA
history Curves6 AEAI T C Al @8 )OO EO AAELET AA AO A 111 x04
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Figure 4.43. E-W component of Tolmezzo earthquake (Friuli, 1976) z displacement history
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The time step for the staticanalysis is selected as 0.007 s (coincident with the input record sampling
time step).

Two permanent loads of 50 kN each are applied at théop of the columnsin the negativeZ direction in
terms of forces in order to represent a ground floor infilled panel in a fourstorey structure. Astatic
time-history load, in terms of displacements, is imposed dhe node nb121 inthe X direction.

The FEmodel of the infilled frame is shown below:

Figure 4.44. FE model (screenshot)

ANALYSIS TYPE

Nonlinear static time-history analysis.

RESULTS COMPARISON

The comparison between experimental anénalytical resultsis shown below:
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Figure 4.45. Experimental vs. Analytical results 7z base shear-time

COMPUTER FILE
A Ché4infill -02.spf

REFERENCES

A Colangelo F¥ p w wQuxiific&xione, rispostaismica pseudodinamica e modellefhomenologici di
portali di c.a. amponati con aterizod h 2 AOAAOAE 2ADPT OOh $)3!4h 51 EOAOQO
Italian).

A Biondi S., Colangelo F., Nuti C. [2000]a Risposta Sismica dei Telai con Tamponature Mied
Research Report, GNDT, Rome, Ita{in Italian).

A Smyrou E., Blandors OEAA #8h 11 01 1 ET O InplemeAadtidn afd kdrificdtiondia ¢ ¢ Tmo Y
masonry panel model for nonlinear dynamic analysis of for infiled RC frairfesceedings of the First

European Conference on Earthquake Engineering and Seismolo@eneva, Switzerland, Paper no.
355.
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EXAMPLE 8Multi-storey 3D frame (Negro)

DESCRIPTION

This example describes thenodelling of a full-scale, fourstorey building, whichwas designed according
to initial versions of Eurocode 8 (CEN, 995) and Eurocode2 (CEN, 1991). The structuravas tested at
the ELSA laboratory (Joint Research Centre, Isprapder pseudodynamic loading using an artificial

accelerogram derived fom the 1976 Friuli earthquake.

The analytical results obtained with the FE aralysis program SeismoStructare compared withthe
experimental results.The model isdefined inthe X-Y-Z space.

——— e ———————————————————————————————————————

1
NOTE Full detailson OEA OOOOAOOOASEO CcAi i AOGOEAAI AT A i AOGAOE]
al. (1996). :

1

Figure 4.46. Four-storey 3D infilled frame tested by Negro et al. (1996)

GEOMETRY AND PROPERTIES

The model consist othree RC frames, two infilled (exterior) and one bare (interio), composed by two
bays (6 m and 4 m long, respectively), alonthe NSdirection and three bare RC frames composed by
two bays (5 m long), inthe EW-direction. The interstorey height is 3.5 m for the firstfloor and 3 m for
the others.



112 | SeismosStruct Verification Report

30 [ u n
<
3.0 )
Load
045] 1015 Direction
1 e n |
3.0
External Columns
40x 40 <
i v
Internal Column 0.30 &
45 x 45
040x040 0.45x 045 0.40x0.40
s | e 135 i I I
N g k 60 b0
. ¢ o u

Figure 4.47. Four-storey 3D infilled frame geometry (frontal and plan views) [Negro et al., 1996]

Structural Geometry

The model consists of eight (exterior) RC columns (0.4 x 0.4 m), one (interj RC column (0.45 x 0.45),
T-sectionRCbeamswith different dimensions and infill panels.

Material Properties of the frames

The Mander etal. concrete model is employed for defining the concrete material usefr columns and
beams In particular, eight different types of concrete are defined:

Table 4.11. Characteristic parameters of concrete (columns)

PARAMETERS 1st Storey 2nd Storey 3rd Storey 4th Storey
fc (kPa) 44800 42600 27000 41300
ft (kPa) 0.001 0.001 0.001 0.001
Rc(m/m) 0.002 0.002 0.002 0.002

Table 4.12. Characteristic parameters of concrete (beams)

PARAMETERS 1st Storey 2nd Storey 3rd Storey 4th Storey
fc (kPa) 51400 48200 42200 37100
ft (kPa) 0.001 0.001 0.001 0.001
Rc(m/m) 0.002 0.002 0.002 0.002

Then, theMenegotto-Pinto steelmodel is employedfor defining the steel materialwith the following

properties:

A Es=200000000 kPa; § = 555000 kPajt = 0.02

Properties of the infill paneks

See SeismoStruct input fil§--> Ch4infill -03.spf).

MODELLING AND LOADING

The RC colums and beans are modelledthrough 3D force-basedinelastic frame elements (infrm FB)
with 4 integration sections. The number of fibres used in section eglifbrium computations is set to 20Q
It is noted that multiple sectionsare assigned to somelement classes.
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The infill panels are modelled through a foumode masonry panel element (inelastic infill panel
element). For the characteristic parameters refer to the input file of the model.

Regarding the masses, they are applied to the structure in lumped fashion (for the three translational
inertia values of each lumped mass refer to the SeismoStruct modelyd then automatically converted
to gravity loads.

The slabs are modelled by introducing a rigid diaphragm ithe X-Y plane for each floor level (see
SeismoStruct model).

All the base nodes are considered fully restrained against rotations and translations.

In order to run anonlinear static time-history analysis, fourtime-history curves (one for each floor)are

1T AAAA méhisoy Bunvé&d@ EAEAT T ¢ Al @8

100
80
60
40

Floor 1 Floor 2
——Floor 3 ——Floor 4

Load Factor (displ.) [mm]

0 1 2 3 4 5 6 7 8 9

Time [sec]
Figure 4.48. Artificial record generated from Friuli accelerogram  z displacement histor ies

The time stepfor the static time-history analysis is set to 0.002 s.

Only static time-history loads, in terms of displacementsare appliedto the structure in the X direction
(two loads per floor).
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The FE model of the building is presented below:

ANALYSIS TYPE

Figure 4.49. FE model (screenshot)

Nonlinear static time-history analysis.

RESULTS COMPARISON

The comparison between experimental an@nalytical resultsis shown below:
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Figure 4.50. Experimental vs. Analytical results 7z base shear-time
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COMPUTER FILE
A Ch4infill -03.spf

REFERENCES

A Negro, Pet alf p wwlest onGhe FouStorey FuliScale RC frame with masonry InfilisBpecial
Publication No 1.95.54, European Laboratory for Structural Assessment, Joint Research Centre,
Ispra, Italy.

A Negro P., Pinto A.V., Verzeletti G., Magonette G1B96] "PsD Test on a FouBtoreyR/C Building
Designed According to Eurocodedournal of Structural Engineering AS@E, Vol. 122, No. 11, 14069
1417.

A Negro P., Verzeletti G[1996] "Effect of Infills on the Global Behaviour of R/C Frames: Energy
Considerations from Pseudodynamic TéstEarthquake Engineering and Structural Dynamics, Vol.
25, 753-773.

A Negro P.[1996] "Experimental Assessment of the Global Cyclic Damage of Framed R/C Strugtures
Journal of Earthquake Engineering, Vol. 1, No. 3, 5882, 1997.

A SmyrouE., Blandors OEAA #8h 1 011 ET O Indblemedtdtidn artd drificdtiondféa £ ¢ T @ ¥
masonry panel model for nonlinear dynamic analysis of for infilled RC fraiyfe®ceedings of the First
European Conference on Earthquake Engineering and Seismolo@eneva, Switzerland, Paper no.
355.
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EXAMPLE ¢ Multi-storey, 2Dinfilled frame (ICON&ame - infilled)

DESCRIPTION

This example describes themodelling of a full-scale, fourstorey, 2D infilled frame, which is
representative of the design and construction practice of the 5660s in Southern Mediterranean
countries, hence not meeting mode seismic design requirementsThe frame includesnfill panels with
openings of different dimensions.The specimenwas tested under two subsequent pseudo-dynamic
loading (Acc475 and Ace975) at the ELSA laboratory (Joint Research Centre, Ispra) within the
framework of the ICONS reseah program (Carvalho and Coelho, 2001)

The analytical results, obtaingl with the FE analysis program SeismoStructare compared with the
experimental resultsfor the 975 years return period input motion. The model isdefined inthe X-Z plane

1
: NOTE Further information about the ICONS frame as well as the tests conducted in ELSA can be found :
: in Pinto et al. (1999), Carvalho et al. (1999), Pinho and Elnashai (2000) and Varum (2003). :
|

1

GEOMETRY AND PROPERTIES
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Figure 4.51. Four-storey 2D infilled frame (ICONS frame) [Carvalho et al., 1999]

Structural Geometry

The model corsists of RC columis and beamsand three kinds of infill panels (with and without
openings).

Material Properties of the frame

The materid properties are the same of those presented for thbare frame (seeChapter 4 >Typical
existingnon-seismicallydesigned REuropeanframes > EXAMPLE) 1

Properties of the infill panel
SeeSeismoStruct input file
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MODELLING AND LOADING

Columns and beans are modelled through 3D force-basedinelastic frame elements (infrm FB) with 4
integration sections. The number of fibres used in section eglibrium computations is set to 200. It is
noted that multiple sectionsare assigned to somelement classes.

The infill panels are modelled through a founode masonry panel element (inelasc infill panel
element). For the characteristic parameters refer to the input file of the model.
Regarding he masseswhich have been computedas proportional to the tributary areas, they are

applied (i) in alumped fashion (at each beamcolumn joint) and (ii) distributed along the beams(using
OE Bectibn AAAEQET T Al 1 AOO6 AA A DierQhkir VAldes ©fer Ao the BakeGrarel 1 AOAI

(Chapter 4 >Typical existing norseismicallydesigned REuropeanframes > EXAMPLE) 1

All the base nodes are fully restrained

In order to run adynamic time-history analysis, the sameime-history curve employed inthe bare frame
modelling and constituted by two artificial records (Acc475 and Acc975)n series separated by35 s
interval with no acceleratorh E O 1 T A A A-AistoyiCur@@®dA AGAEIT L Al @
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Figure 4.52. Artificial acceleration time histories for 475 year (Acc  -475)
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Figure 4.53. Artificial acceleration time histories for 975 year (Acc  -975)
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The vertical loads are automatically computed by the program through the optioto derive loads from
masses, based on the g valysee Gravity and mass page of thBroject Settings)

The FE model is presentethereafter:

__'-

Figure 4.54. FE model (screenshot)

ANALYSIS TYPE

Nonlinear dynamic time-history analysis.
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RESULTS COMPARISON
The comparison between experimental and analytical results is shown below:
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Figure 4.55. Experimental vs. Analytical results z top displacement -time (975yrp)
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Figure 4.56. Experimental vs. Analytical results 7z base shear-time (975yrp)
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COMPUTER FILE
A Ch4infill -04.spf

REFERENCES

A cCarvalho E.C., Coelho E., Campbs OOA | Prepamtionvabtiie FOHScale Tests on Reinforced
Concrete Frames. Characteristics of the Test Specimens, Materials and Testing Corditions) # / . 3
Report, Innovative Seismic Design Concepts for New and Existing Structures, European TMR
Network, LNEC.

A SmyrouE., Blandors OEAA #8h 1 01 1 ET O InpblemeAdtidn atd kdrificdtiondféa ¢+ ¢ mmoe Y
masonry panel model for nonlinear dynamic analysis of for infilled RC fraines 0 OT AAAAET CcO 1T £ OF
European Conference on Earthquake Engineering and Seismology, Geneva, Switzerland, Paper no.

355.
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EXAMPLE &Halfscale three-storey, threedimensionalinfiled RCframe

DESCRIPTION

This example describes the modelling of a half scalehree-storey RC building, similar to SPEAR
structure, filled by nonstructural masonry infilled walls (made on cellular concrete Gasbeton RDBJhe
prototype building was built with the construction practice and materials usd in Greece in the early
X Tt Bn@n-egarthquake resistant construction). As the SPEAR buildingt is regular in height but highly
irregular in plan. It wastestedat the EUCENTRE of Pav{tialy) under pseudc-dynamic conditions using
the HercegNovi accelerogram registered during the Montenegro 1979 earthquake.

The analytical results, obtained with the FE analysis programSeismoStruct are compared with the
experimental results. The model iglefined inthe X-Y-Z space

o - o -y

1
NOTE Detailed information about structural beam member dimensions and reinforcing bars may be :
found in Fardis and Negro (2006). :

1

Figure 4.57. Half scale, three-storey infilled RC building

GEOMETRAND PROPERTIES

Structural Geometry

The model consists of seven RC columns 1@5 x 0125 m) and one RC column (@25 x 0375) per floor
and RC beams (@25 x 0.25m).

Material Properties of the building

The Mander etal. concrete model is employed for defining the concrete materialwith the following
parameters:

A (beams 1 and 2)f=43MPa; f=0- 0 AdF 0.802 mm/mm

A (beam 3). f.= 36 MPa; f=0- 0 Ad¥ 0.802 mm/mm
A (columns 1l and 2) f.=33MPa; f=0- 0 Ad¥F 0.02 mm/mm



122 | SeismosStruct Verification Report

A (column 3): fc= 27 MPa; f= 0 MPaRr: = 0.002 mm/mm

The bilinear model with kinematic strain-hardeningis employedfor defining two types ofsteel materials
with the following parameters:

A (steel for 6mm bars): Es= 200000 MPa;§=364- 0 AN { E mn8mmt
A (steelfor 10mm bars): Es= 200000 MPa;fE ¢ wo - 0AN t E m8mmrt

" oilug I
150.0 250,0 85.0
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Figure 4.58. Plan view of the half -scale, three-storey prototype building [Ali H.,2009]

MODELLIN@GND LOADING

Columns and beams are modelledhrough 3D force-basedinelastic frame elements (infrm FB) with 5
integration sections. The number of fibres used in section eqlib rium computations is set to 200

The infill panels are modelled through a foumode masonry panel element (inelasc infill panel
element). For the characteristic parameter®f each panerefer to the input file of the model.

Regarding the applied masses, they are distributed along columns and beajnsD OE T GectorE A O
AAAEOET T Al 1 A0OO6 AA Aibddedko rdpese B)Ahe RIBWRIGHE df the flarkeO 1 Q
permanent loads and (iii) variable loads. For the values refer to the SeismoStruct frame model.

All foundation nodes are considered as fullyestrained against rotations and translations.

The connection between column C6 and the adjacent beams is modelled as rigid through rigid links.

Beam

Rigid Arm
(elfrm)

Beam

Figure 4.59. Modelling of column C6 and its connection to the adjacent beams
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The slabs are modelledby introducing a rigid diaphragm in the X-Y plane ateach floor level (see
SeismoStruct model).

In order to run a nonlinear dynamic time-history analysis, th%calegﬂefcegNovi record with moderate
intensity (PGA = 0.3g)s loaded in theTime-history Curvesd A E A 1 TheGpphied @irveis presented

below:
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Figure 4.60. Scaled Herceg-Novi record with moderate intensity (PGA = 0.3g) in the Y direction

The time step for the dynamic timehistory analysis is set to 0.0021 s.
Dynamic time-history loads are applied at the base nodes, tarms of accelerations inthe Y direction.

The FE malel of the building is shownbelow:

Figure 4.61. FE model of the building

ANALYSIS TYPE

Nonlinear dynamic time-history analysis.
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RESULTS COMPARISON

The comparison between experimental and analytical results is shown below:
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Figure 4.62. Experimental vs. Analytical results z top displacement -time

COMPUTER FILE
A Ch4infill -05.spf

REFERENCES

A &AOAEOh - BesighofargimegutaiBuilding for the SPEAR Proje@escription of the 3Storey
Structured Research Report, Universityf Patras, Greece.
A &AOAEOh - 8.8 Al SPEARASBrhic per®rmancerasses¥me and rehabilitation of
existing buildingg h 0 OT AAAAET ¢O 1T £ OEA )1 OAOT ACET T Al 71 OEOET ¢
A 0ATT A | 8Campmagna ¢pgriméntale su telai in calcestruzzo armato con tamponamenti in
calcestruzzo cellulare e diverse soluzioni di rinfolzdy 4 A A E 1T EENGENTREAenirdEdrbpeo
di Formazione e Ricerca in Ingegneria Sismica.
A Ali H8 ¢ ¢ tdalfuStale Ohrestorey nfilled RC Building; A Comparison of Experimental and
Numerical Model§ MSc Dissertation, ROSE School, Pavia, Italy.
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BEAM-COLUMN JOINTS

EXAMPLE ¢ RC joints

DESCRIPTION

This example describes the modelling of threbalf-scale Rbeam-column joints sub-assemblagesThe
specimens, subdivided into two serieSeriesA and B), have beenested at the University of Tokyo
under quaststatically reversed cyclic loading with increasing amplitudes simuléng seismic loading
condition.

For specimens A2, B1 and Bhé analytical results, obtainel with the FE analysis program SeismoStruct
are compared with the experimental resultsA FE malel iscreated for each jointand is definedin the X-
Z plane.

Figure 4.63. RC joint[Shiohara & Kusuhara, 2006 ]

GEOMETRY AND PROPERTIES

Eachmodel consists of a RC joint of crucial formtwo columns and beams ardraming to one joint
without transverse beam nor slab
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Figure 4.64. RC joint scheme[Shiohara & Kusuhara, 2006 ]

Structural Geometry of specimen®\2.B1 and B2

The geometrical detailsare shown in the figures below:

deformed bar with grooved section

4D13 Fip 35 5013
4D13 | i >p13
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D13 = 213 |
4D13 = 5013 [{8
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unit In mm
(a) beam () column

Figure 4.65. Section details of specimen A2 [Yu, 2006]

deformed bar with grooved section loading direction
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Figure 4.66. Section details of specimens B1 and B2 [Yu, 2006]
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Material Properties of the specimens

The material properties are the same for each specimen.

The Mander etal. concrete model is employed for defining the concretenaterial usedfor columns and
beams The characteristic parameters are listed below:

A f.=283MPa;dfE ¢ 8 @ Xxc=0.00A M/m.R

The Menegotto-Pinto steel model is employed for defining the steel materialwith the following
properties:

A (steel forbeam section): E= 200000 MPa;fE Tuv @81 - 0AN t E m8mmT
A (steel forcolumn section): E=200000 MPa;fE cuv @8 w - 0AN { E m8mnmnt

3| | us | s | |ss zs‘| us | us | [3s
30 300
(a) Specimen B1 (b) Specimen B2

unit in mm

Figure 4.67. Reinforcing details of s pecimensB1 and B2 [Yu, 2006]

MODELLIN@GND LOADING

Columns and beans are modelled through3D force-basedinelastic frame elements (infrm FB) with 5

integration sections. The number of fibres used in section eqgliibrium computations is set to 200.

4EA ET OAOOCAAOGEIT AAOxAAT ATI1O6IT AT A AAAih AAEET AA
nonlinear beam-column element (elfrm) with the following properties: EA = 1.0000E+019 [N]; El (axis2)

= 1.0000E+019 [Nmm?Z]; El (axis3) = 1.0000E+019 [Nmm?Z]; GJ = 1.0000E+019 [Nnm?Z].

Three link elements are defined, in order to connect the inelastic frame ateents to the elastic panel
zone. The progerties of the link elements employed in the FE model of specimen A2 are listeeltw. For
the properties of the other specimens refer to the input files of the models.

Properties ofLinkl1 (JointA_bm)

All degrees of freedom properties are defined for the link element. In particular, foriFFR, Mt and Ms
degrees of freedom a linear symmetric response curve is chosen with a value of stiffness kO equal to
1.0000E+016N/mm, whereas for B and Mz degrees of freedom a simplified bilinear Takeda response
curve is chosen with the following properties: yielding strength = 405000 MPa initial stiffness § =
4800000 N/mm, postyielding to initial stiffness ratio = 0.000001, outer loop stiffness degradation
factor = 0.00001, inner loop stiffness degradation factor = 1.0 (for sFdof), yielding strength F =
7.7265E+007 MP4q initial stiffness S = 1.0657E+011, postyielding to initial stiffness ratio = 0.017058
outer loop stiffness degradation factor = 0.1, inner loop stiffness degradation factor = 0.9 (for. klof)

Properties ofLink2 (JointA_col)

All degrees of freedom properties are defined for the link element. In particular, for2FFs, My and Ms
degrees of freedom a linear symmetric response curve is chosen with a value of stiffness kO equal to
1.0000E+016N/mm, whereas for k and M degrees of freedom a simplified bilinear Takeda response
curve is chosen with the following properties: yielding strength = 405000 MPa initial stiffness § =
4800000 N/mm, postyielding to initial stiffness ratio = 0.000001, outer loop stiffness degradation
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factor = 0.00001, inner loop stiffness degradation factor = 1.0 (foriFdof), yielding strength F =
8.3004E+007, intial stiffness § = 1.8653&+011 N/mm, postyielding to initial stiffn ess ratio =
0.0128875, outer loop stiffness degradation factor = 0.1, inner loop stiffness degradation factor = 0.9
(for M2 dof).

Properties ofLink3 (JointA Ceitroid )

All degrees of freedom properties are defined for the link element. In particular, foriFR, F, Mo and Ms
degrees of freedom a linear symmetric response curve is chosen with a value of stiffness kO equal to
1.0000E+016, whereas for Mdegreeof-freedom a simplified bilinear Takeda response curve is chosen
with the following properties: yielding strength i, =2.3581E+008 MPg, initial stiffness §=2.2735+010
N/mm, postyielding to initial stiffness ratio = 0.16219, outer loop stiffness degradation facto =
0.00001, inner loop stiffness degradation factor = 1.0

The column base node is fully restrained.

In order to run a nonlinear static time-history analysis, a timehistoy AOOOA EO 11 AAAA
history Curveso AEAI T ¢ Al @8 )OO EO AAEET AA AO A 111 x04
100
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Figure 4.68. Cyclic loading

The time step for the static analysis is selected as 0.01 s, coincident with the input record sampling time
step.

Two permanent loads of 3037.5 N and 216000 N respectively are applied at the nodes 5 and Thie
negative Z direction in terms of forces, whereas a static timdistory load, in terms of displacements, is
imposed at the node 7 irthe X direction.

The FE model of specimens A2, Bihd B2 are shown below:

ET
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Figure 4.69. FE modek of specimen A2, B1 (on the left) and B2 (on the right)
ANALYSIS TYPE
Nonlinear static time-history analysis.
RESULTS COMPARISON

The comparison between gperimental and analytical resultsis shownbelow:

120

80

40

Shear force [kN]
o

-40
-80
= Experiment
Analysis
-120
-5 -4 -3 -2 -1 0 1 2 3 4 5

Drift [%]

Figure 4.70. Experimental vs. Analytical results z shear force -drift (top node) (specimen B1)



130 | SeismosStruct Verification Report

120

80

40

Shear force [kN]
o

-80
e EXperiment
Analysis
1120 4
-5 -4 -3 -2 -1 0 1 2 3 4 5

Drift [%]

Figure 4.71. Experimental vs. Analytical results z shear force -drift (top node) (specimen B2)
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Figure 4.72. Experimental vs. Analytical results z shear force -drift (top node) (specimen A2)
COMPUTER FILES

A Ché4joint-01.spf(-> specimen B1)
A Ch4joint-02.spf(-> specimen B2)
A Ché4joint-03.spf(-> specimen A2)
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REFERENCES

A Yu W. [2006] Onelastic modeling of reinforcing bars andlind analysis of the benchmark tests on
beamcolumn joints under cyclic loadingg MSdDissertation, ROSE School, Pavia, Italy.
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EXAMPLE @2 Steel joints

DESCRIPTION

This example describes the modéhg of three steel joints tested byBursi et al.(2002), Korol et al(1990)

and Broderick & Thomson(2002), respectively, under different cyclic loadingsThe first joint presented
in this exampleis an extended engplate connection with 18 mm plate thicknesqseeFigure 4.73 (a)),

the secondoneis an extended eneblate connection with stiffeners in the columnweb as well as in the
end-plate (seeFigure 4.73 (b)) andthe third one is a flush eneplate joint (seeFigure 4.73 (c)).

The analytical results, obtainel with the FE analysis program SeismoStrudin which is employedthe
modified Richard-Abbot hysteretic modelable to simulate the cyclicbehaviour of steeland composite
joints), are compared wit the experimental results. Br each connectiona FE model has been created
and is defined inthe X-Z plane.

1
|
1 NOTE Detailed information about the geometry and material properties may be found in Nogueiro et :
| al. (2007). :
|

1
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Figure 4.73. Steel joints (a) Bursi et al. (2002), (b) Korol et al. (1990), (c) Broderick et al. (2002)

GEOMETRY AND PROPERTIES

o(t) (cyclic loading) Link Properties

1 2 (see paragraph Modelling
7 K and Loading)
Link (modified Richard-Abbott)

X
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Each model consists of two coincident joints connected by a link element. The link elemasitdefined
with the following properties: for F1, 2, Fs, M and Mz degrees of freedom a linear symmetric response
curve is chosen with a value oftiffness kO equal b 1.00E+012kN/m , whereasfor Mz degree-of-freedom
a modified RichardAbbott response curve is chosen with the properties summarized in the tables

below:
Table 4.13. Modified Richard -Abbott response curve parameters (ascending branches)
PARAMETERS TESTN.
2 (Bursi) 3 (Korol) 7 (Broderick)

Ka [KN-m/rad] 35000 63751 3550

Ma [KN -m] 130 400 50

Kpa [KN -m/rad] 1000 1 150

Na 1 1 1

Kap [KN -m/rad] 35000 0 3550
Map [KN -m] 80 0 5

Kpap [kN -m/rad] 1000 0 100

Nap 1 0 1

t1a 1 0 20

t2a 0.3 0 0.3

G 1 0 1

iKa 10 30 0

iMa 0 0.03 0

Ha 0.2 0 0
Emaxa [rad] 0.1 0.1 0.1

Table 4.14. Modified Richard -Abbott response curve parameters (descending branches)
PARAMETERS TESTN.
2 (Bursi) 3 (Korol) 7 (Broderick)

Kd [KN -m/rad] 35000 63751 4550
Ma [KN -m] 120 400 60

Kpd [KN -m/rad] 1000 1 100

Nd 1 1 1

Kap [kN -m/rad] 35000 0 4550
Map [kN-m] 80 0 5

Kpdp [kKN -m/rad] 1000 0 100

Ndp 1 0 1

t1d 1 0 20

tod 0.3 0 0.3

G 1 0 1

iKd 10 30 0

imd 0 0.03 0

Hd 0.2 0 0
Emaxd [rad] 0.1 0.1 0.1

In order to run a nonlinear static time-history analysis, a timehistory AOOOA EO 11 AAAA
history Curveso AEAI T ¢ AT @8 )OO EO AAEET AA AO A 111 x0¢q
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Figure 4.74. Cyclic loading (Ch4-joint -05.spf)

The time step for the staticanalysis is selected as 0.01 s, coincident with the input record sampling time
step.

A static time-history load, in terms of displacements, is imposed at the node 2fine RY direction.

The FE model is shown below:

Link Element
(properties)

Statictime-history Load 2 Mesh Node
I 1 Local Axes
Link Element orientation

Figure 4.75. FE model of steel joints

ANALYSIS TYPE

Nonlinear static time-history analysis
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RESULTSOMPARISON

The comparisons between nurarical and experimental resultsis shown hereafter:
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Figure 4.77. Experimenta | vs. Analytical results z mom ent-rotation (Korol et al. )
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Figure 4.76. Experimenta | vs. Analytical results z moment-rotation (Bursi et al. )
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Figure 4.78. Experimenta | vs. Analytical results z mom ent-rotation (Broderick et al. )

COMPUTER FILES
A Ch4joint-04.spf(C Bursi et al.(2002))

A
A
R
A

A

Ch4joint-05.spf(C Korol et al.(1990))
Ch4joint-06.spf(C Broderick et al.(2002))

EFERENCES
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isolated Tee stub connectiogComputers & Structures Vol. 80, pp. 23332360.

“O1 AAOEAE " 8- 8h 4 EThé @dpdnse lofsfldsfpints undemerrthiiak® loading

Journal of Constructional Steel Researcol. 8, pp. 11641175.

+1 011 28-8h ' EI AAOAEterdd& fEne?lafei CArinectlos Under @yiitdnding:

Behaviour and Desigh Journal of Constructional Steel Researghol. 16, pp. 253280.
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calibration of a hysteretic model with pinching for the cyclic response of steel ja@irttgernational

Journal of Advanced Steel Constructigri/ol. 3, No. 1, pp. 45984.
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ROBRIDGES

EXAMPLE 4 Multi-spancontinuous deck bridge

DESCRIPTION

This example describes the modéing of a bridge, composed of three piersof different height and a

continuous deck with four identical spans. Theinput ground motion is represented by an adequately
scaled accelerogramTwo pseudodynamic tests have beemerformed on the structure at the European

Joint Research Centre of Isp (Italy) : one with the input motion corresponding to the design earthquake
and another defined on the basis of the estimatedltimate capacity of the bridge (.2 times the design
earthquake).

The analytical results observed when the bridge is subjected to the second and stronger earthquake
input motion, in terms of displacements ad forces at the top of per 1, are compared with the
experimental results.The FE model islefined in the X-Z plane

o - - - -y

1
NOTE Detailed information about the geometry and material properties may be found in Casarotti and :
Pinho (2006). :

1

GEOMETRY AND PROPERTIES

Pier 1 Pier 2 Pier 3
28m
2.8m
28m
20m k 20m i 20m i 20m
12m
5.6m e
I 1 0.12m
L1 0.16m
0.7m 0.8m
0.12m
0.1m
’ 26m ’ ’ 16m ’
D eck Pier

Figure 4.79. Bridge configuration and member cross sections [Casarotti and Pinho, 2006]
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Figure 4.80. Reinforcement layout [Casarotti and Pinho , 2006]
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Structural Geometry

The model consists of three RC piers (rectangular hollow section of 0.8 m x 1.6 m, with a wall width of
0.16 m), and a deck (hollowcore pre-stressed concrete girdel5.6 m wide) with the properties described
hereafter.

Material Properties of the piers

The Mander etal. concrete model is employed fordefining the concrete materials. The characteristic
parameters are listed below:

A (concrete Pier 1) £ = 31450 kPa; f= 0 kPa;r: = 0.002 m/m
A (concrete Pier 2) f. = 35000 kPa; f = 0 kPa;R. = 0.002 m/m
A (concrete Pier 3) fo = 42920 kPa; f = 0 kPa;R.= 0.002 m/m

The MenegottePinto steel model is employed for defining the steel materials with the following
properties:

A (steel Pier 1) E = 2.0600E+008 kPa;yf= 496000 kPa; = 0.0036
A (steel Pier 2) E = 2.0600E+008 kPa;,f= 468000 kPa; = 0.0027
A (steel Pier 3) E = 2.0600E+008 kPa;,f= 496000 kPa; = 0.0036

MODELLIN@GND LOADING

The piers are modelledthrough 3D force-basedinelastic frame elements (infrm FB) with 5 integration
sections The number of fibres used in section egliibrium computations is set to 200.

As the deck is assumed to behave elasticallit is modelled with a 3D elastic nonlinear beantolumn
element (elfrm) with the following properties: EA = 2.7837E+007 [KN]EI (axis 2) =2590000 [kN-mZ];
El (axis 3) = 4.240€E+007 [kN-m2]; GJ = 2.3988+007 [kN-m2]. Each span of the deck is discretized with
four elements, of length equal to 10%, 40%, 40% and 10% of the span.

Rigid connections are also modelled. The rigid arm, connecting the top of the pier and the centre of
gravity of the deck, is constituted by an elastic eteent (elfrm) with the following properties: EA =
1.0000E+008 [kN]; El (axis2) = 1.0000E+010 [kMn2]; El (axis3) = 1.0000E+010 [kNm?]; GJ =
1.0000E+010 [kN-m?], whilst the connection between the base of the rigid arm and thtep of the pier is
modelled as a hinge by introducing a link elementwhichis set as a spring with infinite stiffnessn the
vertical and transversal direction, and fully flexible in all the other four degrees of freedom.

The pier massesre defined as lumped andare concentrated at the top of eaclpier, whilst the deck mass
is corsidered both distributed at each deck span and lumpeat the top of each pieythe employed values
are summarized in the table below

Table 4.15. Lumped and distrib uted masses applied to the bridge

Lumped masses (ton) Distributed Mass (ton/m)
Pier 1 Pier 2 Pier 3 Deck (per pier) Deck
.87
9.3184 4.6592 13.9776 56 3.875 (abutments)
1.091 (others)

The base nodes are fully restrained

In order to run a nonlinear dynamic time-history analysis, a timehistory curve, including the 10 s
interval swith no acceleration (needed to damp out the structure motion after the first earthquake run),

EO 11T AAAA -nisiory Cuevésd OAEAAT ¢ Al @8 ) O EO AAEET AA AO A T11 x
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Figure 4.81. Input ground motion, design earthquake (Guedes, 1997)

The time step for the dynamic analysis is selected as 0.004 s (coincident with the input record sampling
time step).

Permanent loads of2450 kN are applied at the top of each pier irthe negative Z direction, whilst
dynamic time-history loads are imposed at the pier bases and at the abutmentstime Y direction.

A sketch of the FE model is presented in the following:

Link Element

Lumped Mass

Distributed Mass r_q_______———_‘_

L Elastic Frame
Element (rigid)

Inelastic Frame
Element

Dynamic time-history Loads

Figure 4.82. Details of the FE model of the large -scale RC viaduct
ANALYSIS TYPE
Nonlinear dynamic time-history analysis.
RESULTS COMPARISON

The comparison between numerical and experimental results, in terms of displacementsdiforces at
the top of the mediumpier (pier 1) observed when the bridge was subjected to the second and stronger
earthquake input motion, is shown hereafter:
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Figure 4.83. Experimenta | vs. Analytical results z pier 1 top displacemen t-time
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Figure 4.84.Experimenta | vs. Analytical results z pier 1 shear -time
COMPUTERILE

A Ché4bridge-01.spf
REFERENCES

A #AOAOT OOE # 8 hSeidnfidrésionse & contiguaus epEn bfdges through fibased finite
element analysig Journal of Earthquake Engineering and Engineering Vibratigivol. 5, No. 1, pp.
119-131.
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EXAMPLE 2 Scaled bidge pier

DESCRIPTION

This example describes the modellingof a scaled standard RC hollovgection cantilever bridge pier
(scaling factor equal to 4) The specimenwas tested under dynamic loadingat the EUCENTRE
Foundation in Pavia (Italy). The input ground motion is represented by an adequately scaled
accelerogram with duration of 40 sconds.

The analyticalresults, obtained with the FE analysis program SeismoStruah terms of displacementsat
the top of the pier, are compared with the experimental results. THEEmodel isdefinedin the X-Z plane.

1
NOTE Detailed information about the geometry and material properties may be found in Petrini et al. :
(2008). :

1

Figure 4.85. Bridge pier tested at the EUCENTRE

GEOMETRY AND PROPERTIES

Structural Geometry

The model consists of a RC bridge pier (circular hollow section with an outer diameter of 0.45 m and an
inner stirrup diameter of 0.3775 m) with the properties described hereafter.

Material Properties of the pier

The Mander etal. concrete model is employed for defining the concrete materials. The characteristic
parameters are listed below:

A fc=39440 kPa;fE T 8 T 1T = 0B@AMmM R
The MenegottePinto steel model is employed for defining the steel material as follows:
A Es=2.0000E+008 kPa;yf= 514000 kPaj = 0.004
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Figure 4.86. Bridge pier specimen configuration and pier cross section  [Petrini et al., 2008]

MODELLIN@GND LOADING

Thewhole pier is modelledthrough three elements. In particular, the yielding penetration in the footing
is modelled by using an elastic bearsolumn element (elfrm), 11 mm long, at the bottom with the
following properties: EA = 4294164 [kN]; El (axis2) = 13770 [kNm?2]; El (axis3) = 13770 [kNmZ]; GJ =
99999999 [kN-m?2].

Then, starting from the basethe column is modelledthrough four 3D displacementbased inelastic
frame elements (infrmDB) of different length (300, 200, 500 and 560 mm long, respectively)The
number of fibres used in section equilibrium computations is set to 200An element specific damping is
Al 01 AAEET AA ET OEA OAI A stifiresh prdpbriddaldanipibd 1 | ¢ AT @
Regarding the applied masses, the effective mass of the pier is neglected, rigas a lumped mass of 7.8
ton in the X direction only is concentrated at the top of the column.

In order to run a rlonlinAear dynamic time-history analy§is, he amplified Morgan Hill accelerogram is
1T AAAA El-hisory Burvésd E A B A TItlisQefidet! 8 follows:
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Figure 4.87. Input ground motion (amplified Morgan Hill accelerogram)

The time step for the dynamic analysis is selected as 0.0019501 s.

Apermanent load of 76.5 kN is applied at the top of the pier ithe negativeZ direction, whilst a dynamic
time-history load is imposed at the pier base ithe X direction.

A sketch of the FE model is presented in the following:
Lumped Mass in Xirection —»{ g3\

> Inelastic Frame Elements

Dynamic time-history Load ~ Elastic Frame Element

Figure 4.88. FE model of the bridge pier

ANALYSIS TYPE

Nonlinear dynamic ime-history analysis.
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RESULTSOMPARISON

The comparison between numerical and experimental rgults is shown hereafter:
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Figure 4.89. Experimenta | vs. Analytical results z displacement -time

COMPUTER FILE
A Ché4bridge-02.spf

NOTE

10

SeismoStrucd @rediction of the experimental responseis successful up until5.5 § at which point the
most tensioned longitudinal rebars fractured, leading to aresidual displacement level that is

underestimated by the software.

REFERENCES

A OAOOETE ,8h -ACCE #8h 0 GepdidéntallérificatiBrroBviseidanipiag O E
modelling for inelastic timehistory analysi€y Journal of Earthquake Engineering, Vol. 12, Special

Issue 1.
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BLINDPREDICTIORIONTEST SUCCESSES

EXAMPLE ¢ Fulkscale bridge column

DESCRIPTION

This example describes the modelling oé full-scale reinforcedconcrete bridge column The specimen

was tested on theNEES Large Higd AO &I Oi AT AA / OOAT T O 3EAEA 4AAT A AO

Engineering Center under dynamic conditions, as part of a blind prediction contest

(http://nisee2.berkeley.edu/peer/prediction_contest ). S9x uniaxial earthquake ground motions,
starting with low -intensity shaking, were increased so as toring the pier progressively to nearcollapse

conditions.

SeismoStruct was employed by the winner in the Practitioners categorgind was also used bywo other
teams that received an 'Award of Excellence', amongst a total of 41 entries.

The analyticalresults obtainedwith SeismoStructin terms of displacemerts at the top of thecolumn and
base shearare herein compared with the experimentalobservations. TheFEmodel isdefined in the X-Z
plane.

R et et
| NOTE), $AOAEI AA ET & Oi AGEI T AAT 66 CcAii AdGOU AT A | AOA
: website ( http://nisee2.berkeley.edu/peer/prediction_contest/ ) and in Bianchi et al. (2011).
|
|

-~

Figure 4.90. Full -scale reinforced concrete bridge column tested on the NEES Large HighPerformance

I
\

| OOAT T O 3EAEA 4AAT A AO 5#3%$860 %l Cl AEEOE 3000AO0O0A

GEOMETRY AND PROPERTIES

Structural Geometry

The model consists of 1.22 m diameter cantilevered RC circular colummvit h the properties described
hereatfter.


http://nisee2.berkeley.edu/peer/prediction_contest
http://nisee2.berkeley.edu/peer/prediction_contest/
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Material Properties of the column

The Mander et al. concrete model is employed for defining the concrete materials. The characteristic
parameters are listed below:

A f.=41500kPa; f= 0N ¢=r0.0028m/m ; g= 23.6 KN/m 3
The MenegottePinto steel model is employed for defining the steel material as follows:
A Es=2.0000E+008 kPa;f= 518500 kPa;f = 0.008;g= 77 kN/m3

18 barre continue #11

staffe doppie #5

Blocco in calcestruzzo

T
|
|
|
|
! 3.73
|
|
|
|
|

- 122 =~

Fondazione

/ 1.22
K

Figure 4.91. Pier cross section and b ridge pier specimen configuration [Bianchi et al., 2011]

MODELLING AND LOADING

The column is modelled througha 3D force-basedinelastic frame element (infrmFB), where the number
of fibres usedin section equilibrium computationsis set to 300.

Regarding the applied massesthe effective mass of the pieris considered by assigning the specific
weight of the materialsET  OE A O- A O AvieEeAsla Draped niads©fi2280n is concentrated at
the top of the column.

In order to run anonlinear dynamic analysisa time-history curve, constituted by six records in series
and separated by 10 s intervals with no acceleratigie O 1 T A A Aide-hisiory Cuevéso OAEAT | ¢ Al @8

The applied ground motions are shown below
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Figure 4.92. Input ground motion (EQ1 and EQ?2)
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Figure 4.93. Input ground motion (EQ3 and EQ4)
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Figure 4.94. Input ground motion (EQ5 and EQ6)
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The time step forthe dynamic analysis is seas 000390625 s.

The dynamic time-history load is imposed at the pier base ithe X direction.

NOTE A 1% tangent stiffnress-D O BT OOET 1 Al AAI PEI C EO AbDPI EAA
3AO0ET ¢O6 1 Al Os

A sketch of the FE model is presented in the following:

Lumped Mass —>:_5":

Inelastic Frame Element

Dynamic time-history Load

Figure 4.95. FE model of the bridge column

ANALYSIS TYPE

Nonlinear dynamic time-history analysis.
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RESULTS COMPARISON

The comparison between numerical and experimental results is shown hereafter:
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Figure 4.96. Experimental vs. Analytical results z top displacement -time (EQ1)
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Figure 4.97. Experimental vs. Analytical results z top displacement -time (EQ3)
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Figure 4.98. Experimental vs. Analytical results z top displacement -time (EQ5)
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Figure 4.99. Experimental vs. Analytical results z base shear-time (EQ1)






























