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Abstract
Earthquake analysis is normally a two-stage procesdirst estimate the dynamic properties of
the structure (natural frequencies and mode shdpeshnalyzing it in the absence of external
loads, and then use these properties in the detation of earthquake response. Earthquakes
often induce non-linear response in structures. él@n most practical seismic design continues
to be based on linear analysis.
The objective of this research is to develop ans# program for Earthquake analysis of planar
frames according to the provisions given by EtraopBuilding Code Standard (EBCS-8, 1995)
and compare the results from the developed progriéimother sources.
The most commonly used methods for dynamic analysstructures subjected to earthquake
loads are modal and spectral analysis. Responsgralpanalysis given by the provision of
EBCS-8, 1995 is used for developing this computeg@am.
In this thesis, an overview of various dynamic gsial procedures is presented with a detailed
description for response-spectrum analysis, wheclused to develop the computer program.
Conclusions are drawn concerning the reliability toé responses given by the developed

program. Recommendations for the use of the progr@nalso provided.
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1. Introduction
Structural analysis (i.e., modeling and calculatioh responses such as stresses and

displacements due to applied loading) is one ofntlagor components of the structural design
process. The quality of the final design dependsctly on the quality of the analysis method
employed. Thus, engineers have always striveddgeldping accurate analysis methods, which
provide realistic predictions of structural respmnlowever, an accurate analysis method is
usually achieved at the expense of increased catipuoél time and cost. This requires that
designers find an option to develop a program @ng the analysis w+

ith short time and minimum cost.

Seismic design is the most frequent dynamic problleat structural engineers encounter in
practice.Dynamic analysis is the most natural apgnotowards the assessment of earthquake
response, but is significantly more demanding thtatic analysis in terms of computational
effort and interpretation of results.

Earthquakes often induce non-linear response irctstres. However, most practical seismic
design continues to be based on linear analysis.effiect of non-linearity is generally to reduce
the seismic demands on the structure, and thisoisnally accounted for by a simple
modification to the linear analysis procedure.Thestncommonly used methods for dynamic
analysis of structures subjected to earthquakeslaagl modal and spectral analysis.In this thesis,
a computer program has been developed for the dgremalysis of structures according to the
Ethiopian Building Code Standards.

This thesis consists of five chapters of which ¢bagwo deals with literature review of
thesubject matter. This chapter briefly summariggsctural analysis of a system including
modeling and methods of analysis of a structure.

The third chapter contains the core of the reseamtk. This chapter explains how the input
data will be prepared; how the program is develpped the program is run and how to use the
outputs of the program. It also contains the floartlof the steps used to develop the program
and briefly introduces the software Scilab.

In the forth chapter, frames are selected for thg@se of comparison. Each frame will be
discussed part by part in thischapter with theitpat results found from different analysis

procedures.



The last chapter is made to contain the conclusdnasvn from the outputs based on the
developed program and the recommendations basekeofindings.Finally, the flowchart and

the coding of the developed program are providatierappendix.

1.1. Problem Statement

» An accurate analysis method is usually achievedth®t expense of increased
computational time and cost. This requires thaigihess find an option for doing the
analysis with short time and minimum cost. Therefarse of software is essential.

» Most programs developed for structural analysiagisesponse spectrum analysis until
now are not based on our code, Ethiopian BuildingeCStandard (EBCS-8, 1995). As a
result, a program, which is developed, based oricmat code is necessary.

7
/

EBCS-8, 1995 gives an option to combine modal nesp® using Complete Quadratic
Combination(CQC) rule without giving the equatiar this method. This program will
help to do Response-spectrum analysis and combimerdsponses according to the

relevant modal combination rules.

1.2. Objective of the Research
The main objective of this research is to devel@oemputer program for Earthquake analysis of

planar frames according to the provisions giveBBCS-8, 1995.
The specific objective of the research is:
0 To develop a computer program for response speanatysis of planar frames;
o To verify the analysis results of the developedgpam in this research by comparing
with results from other sources.



1.3. Methodology

The methodology of the research includes:

0 Literature survey;

o Preparing the analysis equations used for progragymi

o Preparing the flowchart of the steps used in stiwell as dynamic analysis of frames;
o Developing the program;

o Making a hand calculation and using the prograrmntlyze selected frames;

0o Comparing the results.

1.4. Application of the Research

v' The developed computer program will be applicable @nalysis of planar
frames for static and/or seismicloads. A seismiadlodue to ground
acceleration is performed according to the desigactsum provided by
EBCS 8, 1995.

v' The program is flexible to insert the design speutrequired by the user and
modify for any other design spectrum.

v' Students may use this for future research in lifth wpgrading the program

to handlemany other types of structural analysth &8 non-linear analysis.



2. Literature Review

2.1. Structural Analysis Procedures
The analysis of a structural system to determieediéformations and forces induced byapplied

loads or ground excitation is an essential steperdesign of a structure to resistearthquakes.
The use of seismic analysis both in research aadtipe has increased substantially in recent
yearsdue to the proliferation of verified and uséiendly software and the availability of fast
computers (Bozorgnia & Bertero, 2006).
A structural analysis procedure requires:

)] A model of the structure,

i) A representation of the earthquake ground motiothereffects of the ground motion

and

i) A method of analysis for forming and solving thezgming equation.

2.1.1. Modeling of structures
Structural analysis is performed on a model ofgtracture—not on the real structure—so the

analysis can be no more accurate due to the assunsrt the model. The model must represent
the distribution and possible time variation offegss, strength, deformation capacity and mass
of the structure with accuracy sufficient for therrgpose of the analysis in the design

process(Bozorgnia & Bertero, 2006).

All real structures potentially have an infinitemier of displacements. Therefore, the most
critical phase of a structural analysis is to aeatcomputer model with a finite number of

members connected at nodes (joints) that will siteuthe behavior of the real structure. The
mass of a structural system, which can be accyrastimated, is lumped at the nodes. In
addition, for linear elastic structures, the s&8s properties of the members can be
approximated with a high degree of confidence withaid of experimental data.

All structures are three dimensional, but it is antpnt to decide whether to use a three
dimensional model or simpler two-dimensional moddlke analysis methods are the same
whether the model is two-dimensional or three-disni@mal. Generally, two-dimensional models

are acceptable for buildings with regular configiora and minimal torsion; otherwise, a three-

dimensional model is necessary with a represemtatidhe floor diaphragms as rigid or flexible

components(Bozorgnia & Bertero, 2006).



The geometry of the structural model is describgdth® position of the nodes in a global
coordinate system, denoted by X, Y and Z.Two natkfhe a frame element, which may be
either straight or curved. This research is limitedtraight elements because a curved element
can always be approximated by several straight eésnat the expense of increased modeling
effort and computational cost. The element geomistastablished in a local coordinate system
X, Y, Z
The element response can be completely describétellation between the force vegboand
the displacement vectoun. For three-dimensional (3d) elements, the forcetorehas 12
components: at each node, there are three forde ilocalx, y, zcoordinate system and three
moments about the axes of the local coordinateesysin the two-dimensional (2d) case, there
are two forces and one moment at each node, pravi&k components of the force vector. The
displacement vector is defined in an analogous e@ramd includes translations in the direction
of the local axes and rotations about the locat @teeach node (Bozorgnia & Bertero, 2006).
Modeling Considerations
The location of the joints and members is criticabetermining the accuracy of the structural
model. Some of the factors that are needed to densihen defining themembers (and hence
joints) for the structure are:

* The number of members should be sufficient to dles¢he geometry of the structure.

* Member boundaries, and hence joints, should beddcat points of discontinuity:

» Structural boundaries, e.g., corners

Changes in material properties
Changes in thickness and other geometric properties
Support points (restraints)

Y V V VY

Points of application of concentrated loads
» Points of abrupt change in member loads
* More than one member should be used to model tiggHeof any span forwhich dynamic
behavior is important. This is required becausentiass is always lumped at the joints,

even if it is contributed by the members.



2.1.2. Loads and Boundary Conditions
Loads are specified forces applied to members @hsh or nodes. Gravity loads may be
applied toelements or considered as nodal loadsndigpg on the gravity load path. The vector
ofnodal loads for a structure is denotedMywith six components of force at each node for3d
problems and three components for 2d problemsomrrast with nodal loads, elementloads are
included in the element force-deformation relatiopsas distributed load®/(x)defined in the
local coordinate system for the element(BozorgniBeitero, 2006).
The displacements of all nodes are collected intingle displacement vectar for theentire
model in which each component is a degree of freedde set of allglobal degree of freedoms
(DOFs)are separated into two subsets: the DOFs witknown displacement values and
theDOFs with specified displacement value. Each DOfhe model must be included inone of
the two sets. The unknown displacements are c#lledree DOFs and aredenoted lpy The
second sets of displacements correspond to theairest DOFs; and are denoted oy The
restrained DOFs are generally assigned a valueeob ro indicate afixed displacement.
Theselection of restrained displacements at thep@tp is an important step in the
structuralmodeling, and the supports of a model ammmonly identified with the symbols
shownin Figure 2.1 for typical two-dimensional Gas€&€he arrows in Figure 2.1 indicate the
restrained DOFs,and thus the corresponding supgactions of each support type.
Since the displacements are partitioned into tws, s® is the nodal force vectdt, Thenodal
forces at the free DOFs of the model are spec#éigdodal loads, and are denotedyThe
forces at the restrained DOFs are the supportoeactand are denoted a. These can be

evaluated once the equations for the free DOFsaved.

b ke b
JUSE

Figure 2.1: Typical support symbols for the two-dinensional casdégozorgnia & Bertero,
2006).



2.1.3. Equilibrium and Compatibility
Equilibrium equations set the externally appliedds equal to the sum of theinternal element

forces at all joints or node points of a structwygdtem; they arethe most fundamental equations
in structural analysis and design. The exactsaiufitw a problem in mechanics requires that the
equationsof equilibrium for all elements within thteucture must be satisfied.

Equilibrium is a fundamental law of physics and mainbe violated within a"real" structural
system.Therefore, it is critical that the mathematical mlpghich is used to simulate the
behavior of a real structure, also satisfies thasebequilibrium equations (Wilson, 2002).

In the analysis of a structural system of discedaments, all elements connectedto a joint or
node point must have the same absolute displacerfighe nodedisplacements are given, all
element deformations can be calculated from thebaguations of geometry. Compatibility
equations are mathematical equations that deterwiee¢her a particular deformation will leave
a body in a compatible state.Compatibility requieets should be satisfied. However, if one has
a choice of satisfying equilibrium or compatibiligne should use the equilibrium basedsolution.
For real nonlinear structures, equilibrium is alwagatisfied in the deformed position. Many real
structures do not satisfy compatibility causedbgepr, joint slippage, incremental construction

and directional yielding (Wilson, 2002).

2.1.4. Methods of Analysis

An overview of the main methods of structural aemyused in earthquake engineering
issummarized in Figure 2.2.

There is arange of methods from a plastic anatgséssophisticated nonlinear, dynamic analysis
ofa detailed structural model that can be usedem#ipg on the purpose of the analysis inthe
design process. An important decision in a stratt@nalysis is to assume whether the

relationshipbetween forces and displacementséatior nonlinear.

Dynamic analysis is the most naturalapproach tosvéing assessment of earthquake response,
but is significantly more demanding thanstatic gsial in terms of computational effort and
interpretation of results(Elnashai and Sarno, 2008)

An earthquake analysis generally includes gravitgds and a representation of theground

motion at the site of the structure. Earthquakeigdomotion induces the mass ina structure to

7



accelerate, and the resulting response historybeatomputed by dynamicanalysis methods. In
many design procedures, it is common to perfornyraanchic analysiswith a response spectrum
representation of the ground motion expected atsttefChopra, 1995). For response history
analysis, several analyses with different groundwnohistories of the earthquake hazard are
generally required.

After a structural model and earthquake loading defned, an analysis method isneeded to
compute the response. The governing equationsoameetl using equilibrium,compatibility and
force-deformation relationships for the elementd #re structure, andare expressed in terms of
unknown displacements (or degrees of freedom,rexfdp asDOFs). To elucidate the theory and
provide a compact mathematicalrepresentation, tmeldmental relationships are expressed
using matrix algebra. Sincethe governing equatioy have a large number of degrees of

freedom, they must besolved numerically using apger-based analysis method.

| Analysis Methods |

4

Dynamic Analysis Static Analysis

\i

Equivalent Static Analysis (E)

Modal (E) Spectral (E)

Response History (E,I)

Key: E = elastic analysid; = inelastic analysis

Figure 2.2: Common Methods of Structural Analysis sed in Earthquakeglnashai and
Sarno, 2008).

It is clear that staticapproaches are less timenseming but often reliable only for a limited
class of structures, e.g. regular systems undenalastrong ground motion.
Inelastic large displacement response historyasntlbst powerful tool of analysis. However, its

potentialaccuracy and reliability are balanced tsy domplexity due to the selection of the

8



seismic input, the structural modeling and the timeconsuming computational schemes
(Elnashai and Sarno, 2008).

2.2. Dynamic Analysis

2.2.1. Dynamic Properties of Structures

For linear dynamic analysis, a structure can benddfby three key properties: its stiffness, mass
and damping.

All structures gradually dissipate energy as th@yen through a variety of internal mechanisms
that are normally grouped together and known aspdagm Without damping, a structure, once
set in motion, would continue to vibrate indefibyteThere are many different mechanisms of
damping in structures. However, analysis method$ased on the assumption of linear viscous
damping, in which a viscous dashpot generatesaadiag force proportional to the velocity
difference across it. The damping coefficiemtis the constant of proportionality between force
and velocity, measured in Newton-second per mésfng). Whereas it should be possible to
calculate values of massn’and stiffness K'with some confidencec¢ is a rather nebulous
quantity that is difficult to estimate. It is macenvenient to convert the damping coefficiento

a dimensionless parametgrcalled the damping ratio(Elghazouli, 2009):

& can be estimated based on experience of similastates.

In reality, all structures have distributed mags#fness and damping. It is possible to obtain
reasonably accurate estimates of the dynamic bahamsing lumped parametemodels, in
which the structure is modeled as a number of eiscmasses connected by light spring
elements representing the structural stiffnessdasthpots representing damping.

Each possible displacement of the structure is knasvadegree of freedonObviously, a real
structure with distributed mass and stiffness mamfinite number of degrees of freedom, but in
lumped-parameter idealizations,this is limited ke tpossible displacements of the lumped

masses(Elghazouli, 2009).



2.2.2. Dynamic Equilibrium

All real physical structures behave dynamically wikebjected to loads ordisplacements. The
additional inertia forcegrom Newton’s second lapareequal to the mass times the acceleration.
If the loads or displacements areapplied very stpivle inertia forces can be neglected and a
static load analysiscan be justified. Hence, dyecaamalysis is a simple extension of static
analysis.
The equation of equilibrium for a multi - degree fobedom (MDOF) system subjected to
earthquakeaction is as follows:

ot FD F FR S FEuutiioieeeeeeeee e ettt ettt ettt ee et n e 2.9)
whereF, is the inertia force vectdfy is the damping force vectéigis the vector of restoring
force; andFeis the vector of earthquake load.Equation (2.2gised on physical laws and is valid
for both linear andnonlinear systems if equilibriuim formulated with respect to the
deformedgeometry of the structure.
For many structural systems, the approximatiorir@dr structural behavior is made to convert
the physical equilibrium statement, Equation (2t8)the following set of second-order, linear,
differential equations (Wilson, 2002):

MUE + CU)a + KU(D)a = Feeerie e e, (2.3)

in which m is the mass matrix (lumped or consistent)s a viscous damping matrix (which is
normally selected to approximate energy dissipatiothe real structure) ankl is the static
stiffness matrix for the system of structural elatse
The time-dependent vectoust),, U(t),and U(t),are the absolute node displacements, velocities

and accelerations, respectively.

The external loddefor earthquake excitation is:

1 is a vector of influence coefficients. For simpleustural modelswith degrees of freedom
corresponding to the horizontal displacements @tegtlevel, « is a unit vector.In this case, it
represents the rigid body acceleration of the sitrecdue to a unit base acceleration. Theuse of
MDOF lamped systems for dynamic analyses resultsa imliagonal mass matrixn, in

whichtranslational and rotational masses are lacakeng the main diagonal.
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2.2.3. Methods of Dynamic Analysis

To design economically a structure subjected t@igegeismic actions, post elastic behavior is
allowed. The default method of analysis uses lingacedures, and post elastic behavior is
accounted for by simplified methods. More detad@alysis methods are normally only utilized
in important or irregular structures.

Dynamic analysis is a two-stage process: firstdixeamic properties of the structure (natural
frequencies and mode shapes) are estimated byzawglyin the absence of external loads, and
then use these properties in the determinatiomthquake response.

Some of the methods of dynamic analysis of strestwexist as shown in Figures 2.2. These
methods can be employed either in the time or enftaquency domain. The most commonly
used methods for dynamic analysis of structuregestddl to earthquake loads are modal,
spectral and response history(Elnashai and Saf8)2

Discretization of Frames for Dynamic Analysis

A frame structure can be idealized as an assemlégdements- beams, columns, walls-
interconnected at nodal points or nodes. The dispt@nts of the nodes are the degrees of
freedom. In general, a node in a planar two-dinmradiframe has three DOFs-two translational
and one rotation. A node in a three-dimensionah&das six DOFs —three translations (the x, v,
and z components) and three rotations (about tyeand z-axes). For example, a two-story and
two-bay planar frame has 6 nodes and 18 DOFs (€igL8a). Axial deformations of beams can
be neglected in analyzing most buildings, and aglieflormations of columns need not be
considered for low-rise buildings.With these asstioms the two-storey, two-bay frame has
eight DOFs (Figure 2.3b).

11
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(a) Axial deformation included, 18 DOFs; (b) Axialdeformation neglected, 8 DOFs.
Figure 2.3: Degrees of Freedom
This structural idealizationis used for illustratiorhe external dynamic forces are applied at the

nodes (Figure 2.4). The momentgtpto ps(t) are zero in most (if not all) practical cases
(Chopra, 1995).

Pelt) pa(t) pelt) |
D D “Br= o)

p3(t) ] Palt) o Ps5(1) o
» & e p(1)

Figure 2.4: External dynamic Forces, p(t).
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Elastic Forces

The external forceésjon the stiffness component of the structure aratedl to the resulting
displacementsy; (Figure 2.5a). For linear systems, this relatigmstan be obtained by the

method of superposition and the concept of stiirieBuence coefficients (Chopra, 1995).

A unit displacement along DOF j is applied, holdadgother displacements to zero as shown in

Figure 2.5; to maintain these displacements, fonuest be applied along all DOFs.

The stiffness influence coefficiek},is the force required along DOF i to cause a unit
displacement at DOF j. In particular, the for&gs(i = 1,2,. . ., 8) shown in Figure 2.5b are
required to maintain the deflected shape associaiftou; =1 and all othew;= 0. Similarly, the
forceskis (I =1, 2, . . ., 8) shown in Figure 2.5c are regdito maintain the deflected shape
associated withi,= 1 and all other; = 0. All forces in Figure 2.5 are shown with thpaositive

signs. However, some of them may be negative wohsistent with the imposed deformations.

Forces f

O Node;
Displacements u

no lumped mass

)‘\kﬁl k‘?l - kBl k

[

(a) Stiffness components of frame; (b) stiffness influee coefficients for 4 = 1; (c)
stiffness influence coefficients for y= 1.

Figure 2.5: Elastic Forces
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The forcefs; at DOF i associated with displacementsj=1 to N (Figure 2.5a), is obtained by
superposition:

£i = ki1U1+ ki2U2 +...+ kiNuN ............................................................ (2.5)

One such equation exists for each i = 1 to N. Tdéteo§ N equations can be written in matrix

form:
I ko ki oo koo kia Iy
fsa _ k_zl ke Ky oo kaw 3
f :.'.' ki k,;-': e k.?-h'j o h. W HI.'-' Or
= KU (2.6)

wherek is the stiffness matrix of the structure; it isyansnetric matrix (i.ek= k).

The stiffness matrik for a discretized system can be determined byoaryof several methods.
The {" column ofk can be obtained by calculating the forégs(i= 1, 2, ..., N) required to
produceu; =1 (with all othem; =0). The direct equilibrium method is feasiblertgplement such
calculations for simple structures with a few DORsis not practical, however, for complex
structures or for computer implementation. The musthmonly used method is the direct
stiffness method where in the stiffness matricemdividual elements are assembled to obtain

the structural stiffness matrix (Chopra, 1995).
Inertia Forces

The external forcesjfacting on the mass component of the structure alaed to the
accelerationgi; (Figure 2.6a). Apply unit acceleration along DOtvlpile the accelerations in alll
other DOFs are kept zero. According to D’Alembenpisnciple, the fictitious inertia forces
oppose these accelerations; therefore, externaddowill be necessary to equilibrate these inertia
forces. The mass influence coefficienf is the external force in DOF i due to unit accatien
along DOF j. In particular, the forces; (i= 1, 2, ..., 8) shown in Figure 2.6b are requirethe
various DOF to equilibrate the inertia forces ag#ted with(;=1 and all othek;=0. Similarly,

14



the forceamis(i = 1, 2, ..., 8) shown in Figure 2.6c are necessarmause acceleration &1 and
all other = 0. The force,f at DOF i associated with accelerationg<i1 to N (Figure 2.6a), is
obtained by superposition (Chopra, 1995):

fi = mplp, +mpls + ... + ijj Fooo F MNUNc (2.7)

One such equation exists for i= 1 to N. The sé eljuations can be written in matrix form:

fi My My My my ) [ Wy
I my My oeomy oceoma ||
fnd Ly myz - omyp o myyd iy
Or
|f T M et e (2.8)

wherem is the mass matrix of the structure; just like gtéfness matrix, the mass matrix is
symmetric (i.em;=m;).

Jrs f f
17 rs
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I I I
Forces f, : 7 ¥ : : Lumped mass at node
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Accelerations i -~ 3 T4 o 15 41
_____ 7 T fu
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(a) Mass component of frame; (b) mass influence ddeients for U; = 1; (c) mass influence
coefficients fori,= 1.

Figure 2.6: Inertia Forces

The mass is distributed throughout an actual siractbut it can be idealized as lumped or
concentrated at the nodes of the discretized sireictisually, such a lumped mass idealization is
satisfactory. The lumped mass at a node is detedrirom the portion of the weight that can
reasonably be assigned to the node. Each strueleraknt is replaced by point masses at its two
nodes, with the distribution of the two masses dpeietermined by statics. The lumped mass at a
node of the structure is the sum of the mass darttans of all the structural elements connected
to the node. This procedure is illustrated schesalyi in Figure 2.7 for a two-story, two-bay
frame where the beam mass includes the floor-skdsnt supports.

Structural element m

€ (4
d f Mileg ol—to ¢ e—10 8|y L ¥,
My
b [ @ [
a C ma,c 39- o | ™M, m, 3

(a) (b)
Figure 2.7:Lumping of mass at structural nodes

The lumped massan,, m,, and so on, at the various nodes are identifietceChe lumped
masses at the nodes have been calculated, the masg for the structure can readily be
formulated. Consider again the two-story, two-begnfe of Figure 2.3b (Chopra, 1995). The

external forces associated with acceleratipr=1 (Figure 2.6b) aren;;=m;, wherem; = m, +
16



mp+ m¢ (Figure 2.7¢), andhj, = 0 for i =2, 3, ..., 8. Similarly, the external éesm;sassociated
with G,= 1 (Figure 2.6c) are zero for all i, except polysibr i = 4. The coefficientny, is equal
to the rotational inertia of the mass lumped atrtiddle node at the floor. This rotational inertia

has negligible influence on the dynamics of prattstructures; thusiszs= 0.

In general, then, for a lumped mass idealizatioa,mhass matrix is diagonal:

my; = Ofori # jm;; = m;orQ

Wheren; is the lumped mass associated with thegnslational DOF andh; = 0 for a rotational
DOF (Chopra, 1995).

Natural Vibration Frequencies and Modes:
Free vibration of linear multi-degree-of-freedonstgyns is governed by equation (2.3) wigw+

0, which for systems without damping is

Equation (2.9) represents N homogenous differeatjahtions that are coupled through the mass
matrix, the stiffness matrix, or both matrices;dNhe number of DOFs.
The free vibration of an undamped system in onésafatural vibration modes can be described

mathematically by:

U() = GO Do e e e (2.10)
The deflected shapé, does not vary with time. The time variation of ttisplacements is

described by the simple harmonic function:
G(t) = Acomont +BrSINOt....coo (2.11)

whereA,and B, are constants of integration that can be detemnfram the initial conditions

that initiate the motion. Combining Equations (3.40d (2.11) gives:
U(t) =pn(AnCOSONt + B SIN@pt) ..o (2.12)

on andd, are unknowns.
Substituting equation (2.12) into equation (2.9egt

Foon®mdpn + Kepn] Gn() = 0ueeeee e, (2.13)
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This equation can be satisfied in one of two w&ytherq,(t) =0, which implies thati(t) =0 and
there is no motion of the system (this is so-cattedal solution), or the natural frequencieg

and modegp,, must satisfy the following algebraic equation:

D= On M- e el (2.14)
This algebraic problem is called the matrix eigdoe problem. When necessary it is called the
real eigenvalue problem to distinguish it from tdoenplex eigenvalue problem for systems with
damping. The stiffness and mass matrix k and mkaosvn; the problem is to determine the
scalarm,’ anddn.
To indicate the formal solution to equation (2,1#)s rewritten as

[KERZMIPNT0 ..o (2.15)
which can be interpreted as a set of N homogenalgebraic equations for the N elemedis

(=1, 2,..., N). This set always has the trivial smuo ¢, =0, which is not useful because it
implies no motion. It has nontrivial solutions of

AEtfkenM] Z0... ool (2.16)
Whenthe determinant is expanded, a polynomial @€oN in®,’%is obtained. Equation (2.16) is
known as the characteristic equation or frequemgeyaton. This equation has N real and positive
roots for w,’becausem and k, the structural mass and stiffness matrices, arevstric and
positive definite. The positive definite propertiylois assured for all structures supported in a
way that prevents rigid-body motion. Such is theector civil engineering structures of interest
to us, but not for unrestrained structures sucdirasaft in flight (Chopra, 1995).
The N roots of equation (2.16) determine the N ratirequencieso, (n =1,2, ..., N) of
vibration. These roots of the characteristic equmtire also known as eigenvalues, characteristic
values, or normal values. When a natural frequesncis known, equation (2.15) can be solved
for the corresponding vectdr, to within a multiplicative constant. The eigenvalroblem does
not fix the absolute amplitude of the vectdrs only the shape of the vector given by the reéativ
values of the N displacementgn (j=1, 2, ..., N). Corresponding to the N naturdbration
frequencieson of an N-DOF system, there are N independent v&dto, which are known as
natural modes of vibration, or natural mode shayesbration. These vectors are also known as

eigenvectors, characteristic vectors, or normalesod
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In summary, a vibrating system with N DOFs has Nira vibration frequenciesn (n=1, 2, ...,
N), arranging in sequence from smallest to largedi<n2<...<oN); corresponding natural
periods Tn; and natural modés. The subscript n denotes the mode number andrtarfode
(n=1) is also known as the fundamental mode (Chd@a5).

2.2.4. Mode Superposition Method

The most common and effective approach of seismatyais for linear structural systems is the
mode superposition method. After a set of orthofymtdors have been evaluated, this method
reduces the large set of global equilibrium equmstito a relatively small number of uncoupled
second order differential equations. The numerstdlition of those equations involvesgreatly
reduced computational time (Wilson, 2002).
The equation of equilibrium for a multi - degree fofedom (MDOF) system subjected to
dynamic action is as follows:

MU+ CU+KU =P, (2.17)
The damping matrix would not be needed in modal analysis of earthguakponse; instead,
modal damping ratios suffice and their numericdliga can be estimated(Chopra, 1995).In civil
engineering, the damping ratio generally takeslaevin the range 0.01 to 0.1, and an assumed
value of 0.05 is widely used in earthquake enginger
The displacementi of an N-DOF system can be expressed as the sigiopoof the modal
contributions(Chopra, 1995):

NI 0 s T 5 TR (2.18)
Substituting equation (2.18) into equation (2.1ives:
YN me, g, () +IN et qr (©) +IXN kP g (O=PE)eeeeeiiiiiiieiiann (2.19)
Premultiplying each term in this equationdsy gives
N dime, i, () + I, phed,q, () + TN pLkd,q, (V) = pLp(1)......... (2.20)

If the system has classical damping, the modahtaps will be uncoupled. So, the above
equation can be rewritten as:

M, Gt CaGnt Ka@n= Pa(l) oo (2.21)
wherg M, =dn' m n Kn=¢n Kby Cnh=dn Chn Pat)=dn' P(1)
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Equation (2.21) may be interpreted as the equaowerning the responseg(t) of system with
mass M, damping G, stiffness K, and exciting force ). Therefore, M is called the
generalizednassfor the i natural mode, Gis called thegeneralized dampinfpr the i natural
mode, K is thegeneralized stiffnedsr the " mode, and Rt) is thegeneralized forcéor the "

mode.

Dividing equation (2.21) by Mgives:

G (1) + 2l (L) + 0,2Gn(t) =2 ;{S:) ....................................... (2.22)

C, is the damping ratio for the"nmode. The damping ratio is usually not computet ibu
estimated based on experimental data for structingtar to the one being analyzed.
In summary, the set of N coupled differential etpred in nodal displacements(ty has
transformed to the set of N uncoupled equatiomsadal coordinatesn(t).
Generally, the following steps are used for modallgsis (Chopra, 1995):
1. Define the structural properties.
a. Determine the mass matrix m and stiffness matrix k.
b. Estimate the modal damping ratips
2. Determine the natural frequenciesand modesg.
3. Compute the response in each mode by the follostiegs:
a. Set up equation (2.21) or equation (2.22) and skolvey(t).
b. Compute the nodal displacemenifufrom equation (2.18).
c. Compute the element forces associated with thel migjslacements ().
4. Compute the contributions of all the modes to dritee the total response. In particular,
the nodal displacements u(t) and element forces.
Modal Expansion of Displacements and Forces for Eénquake Loading:
The spatial distribution of the effective earthgeaforces is defined bg= mu.. This force
distribution can be expanded as a summation of moeéatia force distributionsSn(Chopra,
1995).

M = YN TaMPy oo, (2.23)
where;
Loy _ T — 4T
| I MnLn—‘anl Mn=¢pmae,,...ccccccovveevinnn. (2.24)



Equation (2.24) for the coefficiemt, can be derived by pre multiplying both sides ofiapn
(2.23) byd," and using the orthogonality property of modes. @etribution of the fi mode to

the excitation vectomu is
D= TN (2.25)

which is independent of how the modes are norntlize
Equation (2.22) is specialized for earthquake axicih by replacing p(t) byep(t) = -mu Ugy(t) to

obtain:

Gn () + 20®nGn () + @, An(t) = -Trlgt) oo, (2.26)
The solution gt) can readily be obtained by solving this diffetial equation using appropriate

methods.

2.2.5.Response Spectra Analysis
Response spectra analysis is the basic mode sgite@panethod, which is restricted to linearly
elasticanalysis, produces the complete time histesponse of joint displacements andmember
forces.
There are computational advantages in using theonse spectrum method ofseismic analysis
for the prediction of displacements and member derin structuralsystems. The method
involves the calculation of only the maximum valwéshedisplacements and member forces in
each mode using smooth design spectra thatare village of several earthquake motions
(Wilson, 2002).
The response of a wide range of structures to ticpkar earthquake can be summarized using a
response spectrum. The time-domain response of nousneingle-degree of freedom (SDOF)
systems having different natural periods is comgppuéernd the maximum absolute displacement
(or acceleration, or velocity) achieved is plotssda function of the SDOF system period.
Therefore, the response spectrum shows the pepknss of a SDOF structure to a particular
earthquake, as a function of the natural perioddamdping ratios of the structure.

For seismic motion, the typical modal equation @R6) is rewritten as

Gn(t) + 200ngn(t) + @5 An(t) = -Tplg(t) ovooererieeiee e (2.27)
Two major problems must be solved to obtain anapprate response spectrum solution to this

equation. First, maximum peak forces and displacesneust be estimated.Second, after the
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response has been solved, itis necessary to estimatmaximum response from earthquake
motion acting at the same time.

It is possible to solve Equation (2.27) at varieatues ofo and plot a curve of the maximum
peak response @fmax For this accelerationinput, the curve is by defimtthe displacement
response spectrurfor theearthquake motion. A different curve willisbfor each different value
ofdamping (Wilson, 2002).

A plot of eq(e)uaxis defined as thpseudo-velocity spectrurand a plot ab’g(w)waxis defined

as thepseudo-acceleration spectrum

The three curves- displacement response spectrgedp-velocity spectrum,and pseudo-
acceleration spectrum- are normally plotted as cuwe on speciallog paper. However, the
pseudo-values have minimum physical significancgaes not an essential part of a response
spectrum analysis. The true values formaximum weleend acceleration must be calculated
from the solution of Equation (2.27).

It is apparent that all response spectrum curvpsesent the properties of the earthquake at a
specific site and are not a function of the prdpserof the structural system. After estimation is
made for the linear viscous damping propertieshef gtructure, a specific response spectrum

curve is selected. Figure 2.8 shows typical respgpgctrum given by Wilson, 2002.
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Figure 2.8: Response Spectrum

To create a design spectrum, it is normal to comgpectra for several different earthquakes,
then envelope and smooth them, resulting in a sirgirve that encapsulates the dynamic
characteristics of a large number of possible gadke accelerograms.

Design spectra are not even curves as shown ind@8 because they areintended to be the

average of many earthquakes. Now, manybuilding £aeecify design spectra in the form
shown in Figure 2.9.

23



S -

S 25 .

m :l \

ks [

g 2 )

=< [ I'l.l

] %

ks [ \

§ 1.5 : L

i i A\

3 1f

N A

5 \-m

g 0.5 rneeen

= [ I e
ﬂ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

0 2 4 6 8 10

PERIOD - Seconds

Figure 2.9: Typical Design Spectrum

In the design spectrum, there are three regionesgonse.Very stiff, short period structures
simply move with the ground. At intermediate pespthere is dynamic amplification of the
ground motion,and at long periods, the structurgendess than the ground beneath it.

It is also noticeable that the different soil tym@ge rise to varying levels of amplification ofeth
bedrock motions, and affect the period range oveclhvamplification occurs (Wilson, 2002).
Calculation of Modal Response

The maximum modal displacement for a structural @ehan now be calculatedfor a typical
mode nwith period Jand corresponding spectrum response \Bit®. The maximum modal
response associated with periggsTgiven by Wilson, 2002 as:

2

A(Mmax = SO @n oo (2.28)
The maximum modal displacement response of thectsial model is calculated from the
following equation:

[N o | () PO PRRRTTPP (2.29)
Modal Combination Rules

Approximations must be introduced in combining pleak modal responses determined from the

earthquake response spectrum because no informstamailable when these peak modal values
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occur.The assumption that all modal peaks occuhatsame time and their algebraic sign is
ignored provides an upper bound to the peak vdltleeatotal response (Chopra, 1995):

To S N T 0] e oo, (2.30)
Wherer, is the peak response, apg(n=1, 2,..., N) is the peak modal responses.
This upper-bound value is usually too conservatiMeerefore, thisabsolute sumABSUM)
modal combination rule is not popular in structwtesign applications.

Thesquare-root-of-sum-of-squaréSRSS) rule for modal combination is

1/2
o~ (N 12 ) 2 e, (2.31)

The peak response in each mode is squared, theedqoedal peaks are summed, and the
square root of the sum provides an estimate op#ak total response. This modal combination
rule provides excellent response estimates for atiyctures with well-separated natural
frequencies.

The complete quadratic combinatiogf€QC) rule for modal combination is applicable g@es
wider class of structures as it overcomes the ditiwihs of the SRSS rule. According to the CQC

rule

o~ (XN 3N Pin rl-orm,)l/z ....................................................... (2.32)
Each of the Riterms on the right side of this equation is thedprct of the peak responses in the
" and ' modes and the correction coefficignt for these two modes;, varies between 0 and
1 andpin =1 for i = n. thus the above equation can beritean as

172
yo o (Z r + Z Z pmrmrm)

n=l i=1 n=
i @)

It isinstructive to specialize for systems with tteme damping ratio in all modes subjected to
earthquake excitation with durat®fong enough to replace ¥, =(,. We substitut&; =¢, =,
introducepin = wi/on.

Theequation for the correlation coefficient du®tr Kiureghian is

BTG+ Bul)B)
(1= BLVE + 451+ B) +4( c2+c B2 (2.34)

in =
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This equation also implies that = pni, pin =1 for i =n or for two modes with equal frequerscie

and equal damping ratios. For equal damgjrg,, ={, this equation simplifies to (Chopra, 1995)

B22(1 + fi) B2
(1~ B2 + 4228, (1 + Bin)? (2.35)

DPin =

Summary for Response Spectrum Analysis
The following steps are used for response specametysis (Chopra, 1995):
1. Define the structural properties.
a. Determine the mass matnw and lateral stiffness matri
b. Estimate the modal damping ratips
2. Determine the natural frequenciegs (natural periods T= 2t/w,) and natural modeg,

of vibration.

3. Compute the peak response in tHenmode by the following steps to be repeated for all

modes, n=1, 2, ..., N:

a. Corresponding to natural period, Bnd damping ratid,, read 3 and A, the
deformation and pseudo-acceleration, from the gagke response spectrum or the
design spectrum.

b. Compute the floor displacements and story drifts.

c. Compute the equivalent static lateral forges f

d. Compute the story forces-shear and overturning moiaed element forces-bending
moments and shears- by static analysis of thetateisubjected to lateral forcgs f

4. Determine an estimate for the peak value r of &sponse quantity by combining the
peak modal values, according to the SRSS rule, if the natural freqiemare well

separated. The CQC rule should be used if the aldtequencies are closely spaced.
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2.3. EBCS 8, 1995 Provisions for Dynamic Analysis
EBCS 8, 1995 applies to the design and constructidouildings in seismic regions. Its purpose

is to insure that, in the event of earthquake,

* Human lives are protected
* Damage is limited

» Structures important for civil protection remaineogtional.

2.3.1. Seismic action
EBCS 8, 1995 provides that the country has subed/id to four seismic zones, depending on
the local hazard. Seismic zones with a design gtr@aceleratiorag not greater than 0.05g(zone
1 and zone 2) are low seismicity zones, for whieduced or simplified seismic design

procedures for certain types or categories of giras may be used.

Clause 1.4.2 of EBCS 8, 1995 provides that thengagke motion at a given point of the surface
is generally represented by an elastic ground a@n response spectrum, henceforth called
‘elastic response spectrum’. Normalized elastipaoese spectra are shown in Figure 2.11,

representing the free field ground-acceleratiopoase.

The seismic action is described by two orthogomathgonents considered as independent and

represented by the same response spectrum.
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Figure 2.10:Normalized Elastic Response Spectra

2.3.2. Design spectrum
The capacity of structural systems to resist seisaations in the nonlinear range generally

permits their design for forces smaller than thomeesponding to a linear elastic response.

To avoid explicit nonlinear structural analysisdasign, the energy dissipation capacity of the
structure, through mainly ductile behavior of itsmeents and/or other mechanisms, is taken into
account by performing a linear analysis based @n khilding’s fundamental period and a
response spectrum, reduced with respect to elas¢ henceforth called “design spectrum”.
This reduction is accomplished by introducing thehdwior factory.This behavior factory
approximates the ratio of the minimum seismic fer¢kat may be use in design with a
conventional linear model, still ensuring a satitfay response of the structure, to the seismic
forces that the structure would experience if gsponse were completely elastic with 5%
viscous damping. The values of the behavior fagtorconcrete structures, which also accounts
for the influence of viscous damping being diffarfsom 5%, are given for the various structural

systems and according to various ductility levelthe clause 3.3.2 of the standard as:
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YV = VokDKREWwS 0.70 .o (2.36)
wherey,is thebasic value of the behaviorfactor dependerthe structural type, = 0.20 for
frame systems.

Kp is the factor reflecting the ductility class.
Kris the factor reflecting the structural regularityelevation.

Kwis the factor reflecting the prevailing failure neaid structural systems with walls.

For linear analysis, the design spectrugiTgormalized by the acceleration of gravity g is
defined by the following expression:

The parameten in equation (2.37) is the ratio of the design belracceleration to the

acceleration of gravity g and is given by:

whereaq,is the bedrock acceleration ratio for the site depends on the seismic zone as given in
Table 1.

zone | 4 3 2 1

0o 0.10 | 0.07/0.05| 0.03

Table 1: Bedrock Acceleration Ratioa,

| is the importance factor given by Table 2.
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Importance Buildings Importance

category factors |

Buildings, whose integrity during earthquakes afevital

importance for civil protection, e.g. hospitalsefistations

I 1.4
power plants, etc.
Buildings whose seismic resistance is of importanceéew

' of the consequences associated with a collapses@hgols, 12
assembly halls, cultural institutions, etc. '

i Ordinary buildings, not belonging to the otleategories 1.0

\Y Buildings of minor importance for public safetye.g. 0.8

agricultural buildings, etc.

Table 2: Importance categories and importance facts for buildings

The parametep is the design response factor for the site aigivesn by Equation (2.39)

1.2S8

B= 2 25 e, (2.39)

2
T3

N

The parametes in Equation (2.39) is the site coefficient for Ischaracteristics

given in Table 3.

Subsoil | A B C

class

S 1.0 1.2 15

Table 3: Site coefficientS
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2.3.3. Dynamic Response Spectrum Analysis
EBCS 8, 1995 restricts the use of planar modeluitdings complying with the criteria for
regularity in plan. In this case, the analysis barmperformed using two planar models, one for

each main direction.

Buildings not complying with the criteria for reguity in plan and elevation shall be analyzed

using spatial model.

This code provides that the response of all modeagboation contributing significantly to the
global response shall be taken into account. Thasigion may be satisfied by either of the

following:

= By demonstrating that the sum of the effective nhadasses for the modes considered
amounts at least 90 % of the total mass of thetsire
» By demonstrating thatall modes with effective motalsses greater than 5% of the total

mass are considered

The response in two vibration modes i and | maycdesidered as independent of each other

when their periods Ti and Tj satisfy the followiogndition:
TJ S 0.9T0 oo e e e e e e e (2.39)

Whenever all relevant modal responses can be redaas independent of each other, the

maximum value of the seismic action effegtrgay be taken as:

where E is the seismic action effect under consideratioorcéf, displacement, etc.),

Eg; is the value of this seismic action effect duévibration mode i.

If the above condition is not satisfied, more aateiprocedures for combining modal maxima

(e.g. “Complete Quadratic Combination”) shall egted.

31



3. Development of the Program and Flowchart

3.1. Programming language
A programming languageis an artificial language designed to express egatpns that can be
performed by a machine, particularly a computeogRrmming languages can be used to create
programs that control the behavior of a machinexyaress algorithms precisely, or as a mode of
human communication.A programming language is atiwot for writing programs, which are

specifications of a computation or algorithm.

A programming language's surface form is knowntasyntax. Most programming languages
are purely textual; they use sequences of textidney words, numbers, and punctuation, much
like written natural languages. On the other hdhelfe are some programming languages which

are more graphical in nature, using visual relaiops between symbols to specify a program.

The syntax of a language describes the possiblebioations of symbols that form a
syntactically correct program. Most programmingglaages have an associated core library
(sometimes known as the 'standard library', esfhgdfat is included as part of the published
language standard), which is conventionally madailavle by all implementations of the
language. Core libraries typically include defimits for commonly used algorithms, data

structures, and mechanisms for input and output.

Many languages have been designed from scrat@redlto meet new needs, combined with
other languages, and eventually fallen into dis@dgough there have been attempts to design

one "universal" programming language that servgsuaposes, all of them have failed to be.

Computer programming (often shortened tgrogramming or coding) is the process of

designing, writing, testing, debugging/troubleslmogt and maintaining the source code of
computer programs. This source code is written pragramming language. The purpose of
programming is to create a program that exhibitsedain desired behavior. The process of
writing source code often requires expertise in yndifferent subjects, including knowledge of

the application domain, specialized algorithms famohal logic.

32



In addition to the programming languages, thereagsedeveloped softwareghat can be used

to develop programs. These are widely used to dpwelprogram because these softwares have
built-in functions and reduce additional effortdefine some functions. For example, Scilab or
Matlab has functions that can transpose andinvars®trix. This reduces additional effort to

define the transpose and inverse of a matrix.

3.2. What is Scilab
Scilab is a computational and programming envirammehosen for this thesis work. It is

developed since 1990 by researchers from INRIAr(émeNational Institute for Research in
Computer Science andControl)and ENPC (National &lcbd Bridges and Roads);it is now
maintained and developed byScilab Consortium.

Scilab is open source anddistributed freely throtigh Internet since 1994, Scilab is currently
being used in educational and industrial envirortsiaround the world (Satish Annigeri,2008).
Scilab is software for numerical mathematics andengidic visualization. It is capable
ofinteractive calculations as well as automation coimputations through programming. It
providesall basic operations on matrices througiit-bu functions so that the trouble of
developing andtesting code for basic operationsangpletely avoided. Its ability to plot 2D and
3D graphshelps in visualizing the data we work wih these make Scilab an excellent tool for
teaching,especially those subjects that involve rimabperations. Further, the numerous
toolboxes that areavailable for various specialiapglications make it an important tool for
research.

Scilab has sophisticated data structures (incldidiisg polynomials, rational functions, linear
systems...), an interpreter and a high-levelprognarg language.

Scilab has been designed to be an open system wuineraser can define new data types
andoperations on these data types.

A key feature of the Scilab syntax is its abilitp thandle matrices: basic matrix
manipulationssuch as inverse, extraction or trasspoe immediately performed as well as basic
operationssuch as addition or multiplication.

Scilab has an open programming environment whezecthation of functions and librariesof

functions is completely in the hands of the usemdtions are recognized asdata objects in
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Scilab and, thus, can be manipulated or createdhes data objects. For example,functions can

be defined inside Scilab and passed as input @ubarguments of other functions.

3.3. Preparation of Input data for the Program
After this, the program developed is call&AF to mean Structural Analysis of Frames.
The first task in developing a program is to clealéfine the way data is organizedwithin the
program (Satish Annigeri, 2008). The input datafalysis of a plane frame for earthquake and
static loading shall be organized as follows:
Nodal points (joints) play a fundamental role ie imalysis of any structure. Joints are the points
of connection between the elements, and they ar@rimary locations in the structure at which
the displacements are known or are to be determiftegse points are prepared according to the
modeling considerations discussed in section 2 this document. The coordinate matrix has
to be inserted for the program (SAF) as an inpuh Wariable namexz’. It has size of nx2,
where ' is the number of nodes in the frame. It isassuthatdrow number corresponds to the
node number. Thus row’ ‘stores thecoordinates of node numbér Columns 1 and 2
correspond to thendzcoordinates of the node, respectively.
The member property matrix contains the materiaperty and section property of a member. If
different kinds of materials and section properaes used for the members of the frame, each
property has to be inserted as an input with véiabhme mprop’.To model axial members that
do not transmit moments at the ends, the geonsation property,second moment of area with
referenceto the neutral axis of the section (Iseisto zero. The member property matrix has size
of npx3, wherénp' is the number of memberproperties requiredonedoch eype. Columns 1, 2
and 3 represent Modulus ofelasticity (E), Area mfss section (A) and Second moment of area
with referenceto the neutral axis of the sectigmgspectively.
The frame element (member) is used to model bealmnn and brace behavior in planar frame.
Each element has its own local coordinate systenddéining section properties and loads, and
for interpreting output. A frame element is repréed by a straight line connecting two joints
and inserted as an input with variable namenih’. The connectivity matrix has size of mx3,
where m’ is the number of members in the frame.Row numimresponds to the member

number. Columns 1 and 2 correspond tothe start el node numbers of the member,
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respectively. Column 3 correspondsto Member Prggé&rt referring to the row number of the
material property storedin the mathmprop' .
Supports (nodes with constrained degrees of fregdoennodes with known displacements and
are inserted as an input with variable natmg. ‘It has sizeof nsx3, wheras' is the number of
supports. Columns 1, 2 and 3 correspond to the@nsicode for displacement along x-axis
(dx), displacement along z-axis (dz)and rotatioolaly-axis (ry) respectively. Constraint code 1
indicates that thedegree of freedom (dof) is camstd and O indicates unconstrained.
Joint loads are loads applied directly on the frgoiets, and are inserted as an input with
variable namejtloads’. It has size of njlx4, whertjl' is the number of joint loads applied on
the frame joints. Columnl corresponds to the nodeber where the joint load is applied.
Columns 2, 3and 4 correspond to component of lt@tgax-axis (Fx), component of load along
z-axis (Fz) and Moment about y-axis (My) respedyivéoint load components must be defined
in global axes.
The sign convention is:

« Positive loads are oriented in the positive dimtf global coordinate axes.

« Positive bending moments are counter clockwise nmtsne
Member loads, are loads applied on members, hae forepared as input with variable name
‘loads. It has sizeof nmlx4, where ‘nml’ is the numbdrmeember loads. Column 1 corresponds
to the member number on which member loads areieappColumn 2 corresponds to the
member load intensity (w) at start node of the memEolumn 3 corresponds to the member
load intensity (w) at end node of the member. Coludn corresponds to the code number
indicating whether the load intensity is in theediion of the member axes or global axes. 1 at
column 4 indicates the load is in member axes,@laimn 4 indicates the load is in the direction
of global z-axes and 3 at column 4 indicates tlaal iz in the direction of global x-axes. Sign
convention follows the right-hand rule.
In a dynamic analysis, the mass of the structunesesd to compute inertial forces. The mass
contributed by the Frame element is lumped atweejbints of the element. In addition to this
mass, the mass of the partitions and floor finisées calculated and lumped at the relevant
joints.The total mass is apportioned to the twatmin the same way as a similarlydistributed

transverse load would cause reactions at the ehdssimply- supported beam. The effects of
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end releases are ignored when apportioning madsmped masshas to be prepared in the
above form and inserted as an input with variall@e mass. It has size of nmx2, where ‘nm’

is the number of lumped masses.Column 1 correspomdbee node number and column 2
corresponds to the lumped mass of the node.

The location of the site according to the zoningvded by EBCS 8, 1995 has to be inserted as
input with variable namezbné.The influence of local ground conditions on thessnic action
shall generally be accounted for by consideringthitee subsoil classes A, B, C. it has to be
inserted as an input with symbalclas&This is the subsoil condition of the site accoglito
EBCS 8. Code 1 corresponds to soil class A, 2 spards to soil class B and 3 correspond to
soil class C.

Buildingsare generally classified into four impaorta categories, which depend on the size of
the building, on its value and importance for thublc safety and on the possibility of human
losses in case of a collapse. The importance cgtdgs to be inserted as an input with variable
name importance’ based on the classifications of Table 2.

The behavior factoy approximates the ratio of the minimum seismic ésrthat may be use in
design with a conventional linear model, still ensg a satisfactory response of the structure, to
the seismic forces that the structure would expegéf its response were completely elastic with
5% viscous damping. The values of the behaviowofagtwhich also accounts for the influence
of viscous damping being different from 5%, hasb#o calculated using Equation (2.36) and

inserted as input with variable nantehavior'.

Data for static analysis:
If only the responses ofa frame for static loads @esired, the following input data must be
prepared as explained above.
i.  Coordinates matrix (xz),

ii.  Member property matrix (mprop),

lii.  Connectivity matrix (conn),

iv.  Boundary constraint matrix (bc),

v. Joint loads matrix (jtloads) and

vi.  Member load matrix (loads).
Data for dynamic analysis:
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If only the responses of a frame due to ground onodéire desired, the following input data must
be prepared as explained above.
i.  Coordinates matrix (xz),

ii.  Member property matrix (mprop),

lii.  Connectivity matrix (conn),

iv.  Boundary constraint matrix (bc),

v. Lumped masses at nodes (mass)

vi.  Location of the site (zone)
vii.  Subsoil condition (sclass)
viii.  Importance category of the structure (importancel) a

ix.  Behavior factor of the system (behavior)
3.4. Program Development

3.4.1. Location Matrix for a Plane Frame Analysis
In a plane frame, the number of degrees of free(tmf) per node is 3, namely dx, dz and ry,and
therefore the total number of degrees of freedoBtises the number of nodes) (
However, every structure has supports with cedaigrees of freedom constrained (otherwisethe
structure would be a free body capable of undergdiid-body motion). These constraineddof
have zero displacements. As a result, the numbemkhown degrees of freedomdpf) is
smaller than 3m.
In the direct stiffness matrix method, the portminthe stiffness matrix corresponding tozero
displacements is not assembled, as it does natt diffe calculation of the nodaldisplacements.
A generalized representation of the dof numbernggiled the location matrix. It has a size
nx3, wheren' is the number of nodes in the plane frame.
Columns 1 to 3 store the constraintcode for displants along the 3 possible dof, namely, dx,
dz and ry for each node. The code isO for uncoimgtdedof and 1 for constrained dof.
The location matrixIm' is compiled in 2 stages. In the first stadm''is initialized to a
zeromatrix, implying that all dof are unconstraingtte number of nodes with constrained dof
isavailable in column 1 of matrikc¢'. For each of these nodes, the zeros in the qmnesng
rowsof the location matrix are replaced by the t@nst codes fronbc'.
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In the second stage, the variable representinguheer of dof of the plane frameis initialized to
0 and Im' is processed row by row, For each constraint dddanconstraineddof)ndof' is
incremented by 1 and stored in the place of tHétBe constraint code is 1(constrained dof), it is
set to O indicating the corresponding displacenbe O.

At the end of this stagendof' will be the total number of dof of the plane frarand Im'will
have zeros for a dof with zero displacement origuendof number for an unconstraineddof. The

size of structure stiffness matrix must therefozadof x ndof.

3.4.2. Stiffness Matrix of a Plane Frame Element
The stiffness matrix of a plane frame member watlerence to its local axes is of size 6x6 and is

given as shown below.

CEAL 0 0 EAL 0 0o |
0 12EI/L® 6EIIL2 0 12EIL®  BEIL?
0 6EI/L> 4EI/L 0 BEIIL2  2EIL
K:
-EA/L 0 0 EA/L 0 0
0 -12EI/3 -6EIIL> 0 12EI/L°  -6EI/L?
0 6EI/L? 2EI/L 0 -6EI/L>  4ElL

This can be generated by first defining a zero imatr size 6x6, then defining the elements of
the upper triangular matrix and finally copying thpper triangle into the lower triangle.This
function takes the length of the member as onéefiriput. Therefore, a function to calculate the
length of a member is needed. Later on,the direatimsines of the member are needed to do
arelated calculation. A single function to do bttlese tasks will be written.With this function
available, the local stiffness matrix of any memban be computed by first calculating its
length, extracting its material properties fromptop' and then computing its local stiffness
matrix.

The local stiffness matrix is computed with refereio the local axis of a member, which may
or may not be parallel to the global axes. Theeefdris necessary to transform the member

stiffness matrix from local axes to global axesobefit is superposed with stiffness matrices of
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other members in order to assemble the structiffeests matrix. This transformation requires
the rotation matrix of the member and is expresseterms of the direction cosines of the

member. The rotation matrix for a plane frame manwas given below:

Cx Cz O 0 0 0

-z Cx 0 0 0 0 where Cxand Cz are the direction cosines of the

0 0 ! 0 0 0 member and are calculated as Cx=dx/L =(X2—-X1)/L

o 0o 0 & C 0 and Cz=dz/L = (Z»-Z:)/L where L= | gx’+d -
0 0 0 Cz Cx O

The global stiffness matrix of a plane frame menib@alculated ak = r"*k*r ,wherekis local
stiffness matrix andis the rotation matrix of the member. Thus writendgunction to calculate
the global stiffness matrix of a plane frame memisestraightforward once the functions to
calculate the local stiffness matrix and rotatiostmx are available.

Assembling the Plane Frame Structure Stiffness Maix:

The structure stiffness matrix of a plane frameli¢ained by computing the global stiffness
matrix for an individual member of the plane fraraed superposing it with the structure
stiffness matrix. To be able to so, one needs terogne a mapping between the rows and
columns of the global stiffness matrix of a memaed those of the structure stiffness matrix.
This is done by writing the dof numbers for the soand columns of the member global stiffness
matrix and superposing the elements with the cporeding elements of the structure stiffness
matrix. Thus, knowing the numbers of the start sl nodes of a member and the
corresponding dof numbers from the location mdkniX is necessary.The global stiffness matrix
of one member is superposed onto the existingtstreistiffness matrix, which is initialized to
zero to start with.To compute the structure stéBeatrix considering all members, we need to

call the function, which assembles the structufness matrix, inside aloop.
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3.4.3. Assembling the Plane Frame Mass Matrix and Static @hdensation
One of the tasks to perform dynamic analysis igragéing the mass matrix of the system. The
mass matrix of a plane frame is obtained by calthmeylumped mass for an individual node of
the plane frame. This matrix has the same sizkReasttucture stiffness matrix.
The mass matrix is compiled in the following stadésst, the mass matriat is initialized to
zero, implying all the translational and rotatiomaasses are zero. Then, the node number, at
which each mass is lumped, is extracted from coldmaof the input datamass. Thirdly,
translational dof number of the node in global xeshas been extracted from column 1 of the
location matrix. Lastly, the mass of the nodesiseanbled in their respective translational dof in
x-axes. At the end of this stage, the translationasses in z-axes and rotational masses remain
zero.
Static Condensation:
After assembling the structure stiffness matrix amass matrix, the structure stiffness matrix
will be condensed and the mass matrix will be ab$etnby extracting only the translational
masses in global x-axes.
The static condensation method is used to elimifrat®@ dynamic analysis those DOFs of a
structure to which zero mass is assigned; howealerthe DOFs are included in the static
analysis. Typically, the mass of the structuremaldzed as concentrated in point lumps at the
nodes, and the mass matrix contains zero diagterakeats in the rotational DOFs. These are the
DOFs that can be eliminated from the dynamic amalysthe structure if the dynamic excitation
does not include any external forces in the rotaioDOFs, as in the case of earthquake
excitation. Even if included in formulating thefstess matrix, the vertical DOFs of the building
can also be eliminated from dynamic analysis-bexdhe inertial effects associated with the
vertical DOFs of building frames are usually snmalbvided that the dynamic excitation does not
include vertical forces at the nodes, as in the ca$iorizontal ground motion (Chopra,1995).
The equation of motion for a system excluding damgpfrom Equation(2.3) is written in

partitioned form:

[ree O ey o[kt Koty PHOY @)

Where, uo denotes the DOFs with zero mass amtdhe remaining DOFs. The two partitioned

equations are:
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MEE UE + KEEUL + KEO UO T PE(L) ovee it e e e e e e e e e e e (3.2a)

KOtUL F KOO U0 =0 oot e e e e e e e et e e e s (3.2b)
Because no inertia terms or external forces arecagsd withuo, Equation (3.2b) permits a
static relationship betweemandut:

UO = -KOOTKOUUL ..o e e e e e (3.3)
Substituting Equation(3.3) into Equation (3.2a)egiv

MEE UL+ KEEUE T PE(E) e e e e e e e e e (3.4)
Where Ktt is the condensed stiffness matrix given by:

Ktt = Ktt-KOtTKOOTKOL .. ... e e, (3.5)
This task is compiled in four stages. In the fstige, the number of translational degrees of
freedom is calculated by counting the non-zero emlof column 1 of the location matrix.
Second, the diagonal mass matnmtt’ is calculated by ignoring the zero values of thass
matrix (translational masses inz-axes and rotaktionasses). Third, the location matrix is
arranged by bringing the translational dof in xsue the top and next the other degrees of
freedoms are arranged from lower to higher as ohexan matrix (vector)lmd’. Following this,
the structure stiffness matrix is arranged in th@eo of previously defined vectomd’ (i.e.
bringing the horizontal translational DOFs to thp tows and left columns of structure stiffness

matrix). Lastly, the structure stiffness matrixc@ndensed using Equation (3.5).

3.4.4. Eigenvector Analysis
Eigenvector analysis determines the undamped feation mode shapes and frequencies of the
system. These natural Modes provide an excellsnghihinto the behavior of the structure. They
can also be used as the basis for response-speatialyses.

Eigenvector analysis involves the solution of teeeyalized eigenvalue problem given by:

whereK is the stiffness matriximis the diagonal mass matrimnzis the diagonal matrix of

eigenvalues, ang, is the matrix of corresponding eigenvectors (modpsk).Each eigenvalue-
eigenvector pair is called a natural Vibration Madehe structure. The eigenvalue is the square

of the circular frequencyy,, for that Mode.
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The number of Modes actually fournd, is limited by the number of mass degrees of fveeth

the model. A mass degree of freedom is anydegrefreefiom that possesses translational
mass.All the Modes that are actually found will &eailable for any subsequent response-
spectrum analysis processing.

3.4.5. Response-spectrum Analysis
The dynamic equilibrium equations associated withresponse of a structure to ground motion
are given by:

MU(t) + cO(t) + KU(L) =-MuUg(t) ..ot (3.7)
where kis the stiffness matrixgis the proportional damping matrixnis the diagonal mass
matrix; u, U andi are the relative displacements, velocities, amglacations with respect to the
ground;andigis the uniform ground acceleration.

Response-spectrum analysis seeks the likely maximasmonse to these equations rather than
the full time history. The earthquake ground aaedien is given as a digitized response-
spectrum curve of pseudo-spectral accelerationrsgpwversus period of the structure. No
correspondence between two different response igjeants available and no information is
available as to when this extreme value occursndutine seismic loading, or as to what the
values of other response quantities are at that tim
Response-spectrum analysis is performed using maglerposition (Wilson, 2002). Modes will
have been computed using eigenvector analysis.
Theresponse-spectrum analysis is done using thgndggectrum given by EBCS 8, 1995. The
equation of the three curves for each soil claspregrammed to get the ratio of spectral
acceleration to ground acceleratifg) (for each mode as a function of period and sa<l The
modal acceleration for each mode is calculatedelsting the bedrock acceleration ratiofor the
site (o), importance factor (I) and behavior factey &s:
AN ZFBoY .81 ot e (3.8)

where

O = 00 | e e s (3.9
After getting the modal accelerations, the equivistatic forces for the ground acceleration will
be determined by:



J[f: anjq)JnAn ........................................................................................ (3.11)
wheref, is the vector of forcef, at the various joints, j=1, 2... N&,is the modal expansion of
earthquake forces defined by:

wherem; is the lumped mass at joiptp;, is the modal shapes of vibration of madeandA,, is

the modal acceleration defined by Equation (3.8)of@a, 1995).

These equivalent modal loads are combined to get¢dluivalent nodal loads using CQC method
or SRSS method given in section 2.2.60f this docunihe CQC method takes into account the
statistical coupling between closely spaced Modmssed by modal damping. SRSS method
does not take into account any coupling of Modedashe CQC method. These two methods

are programmed and the results are combined baste: @loseness of the modes.

3.4.6. Assembling the Load Vector

After finding the joint stiffness matrix, the nestep in the static analysis is to consider thedoad

on the structure. It is convenient initially to ldden the loads at the joints and the loads on the
members separately. The reason for doing so ighkgbint loads and member loads are treated
in different ways. The joint loads are ready fomadiate placement into a vector of actions to
be used in the solution, but the loads on the mesndee taken into account by calculating the

fixed end actions that they produce. These fixadl-aeations may then be transformed into

equivalent joint loads and combined with the acjoait loads on the structure (Weaver and

Gere, 1980).

The load vector has the same number of rows aswingber of degrees of freedom of the
structure. Each element of the load vector reptesere load applied corresponding to a dof
number. Loads applied on a plane frame can berdadhds applied at the nodes of the frame or
loads applied on the members. The two differenesypf loads have to be processed differently

before assembling the load vector.

Joint loads are an input data to the program ared specified as components in global
coordinate system (components along x, z-axes anmdemt about y-axis). After knowing the

node number at which the load is applied, it isy@addentify the dof numbers corresponding to
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the node from the location matrix. The componetitthe load at a node are then superposed
with the corresponding element in the load vector.

Since fixed end actions from member loads are imbes axes, they are transformed to global
axes using therotation matrix. Then, the load vedte to one of the member loadis calculated
andsuperposed onto the previous load vector.Tarddsethe load vector due to all member
loads, the function, which performs this task, teabe called once foreach member load, within
a loop. The load vectoP has to be initialized to zero at the start. Thetrtoation to the
loadvector due to joint loads will first be asseetbland after that, the contribution due to

themember loads will be assembled.

3.4.7. Nodal Displacements
The nodal (joint) displacements for unrestrainedesoare determined by solving the stiffness
equation:

whereP is the load vectok;is the structure stiffness matrix; adds the nodal displacements.

For static analysis of a frame, theload veé&igrdetermined by superposing the actual joint loads
with equivalent joint loads gained from member ®ad shown in Section 3.3.6. For dynamic
analysis, the load vect®tis determined from response spectrum analysis giveection 3.3.5.
This task needs to write a single function thatsctile functions, which assembles the structure
stiffness matrix and the load vectorof a plane &aim the right sequence and solves the stiffness
equation for the nodal displacements.

This function is the super function that perforrhe tomplete task of assembling the structure
stiffness matrix, assembling the load vector arldisg the stiffness equation to obtain the nodal
displacements.After this function is called, thelalodisplacements are known and the task that
remains is to extract the member end forces angostipeactions from the calculated nodal

displacements.

3.4.8. Extracting Member End Forces and Support Reactions
The Member End forcesare the forces and moments of a member endsin ntearbs that are
gained by the equation:
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wherek is the local stiffness matrix of a memldegis the equivalent joint load at the member
ends (for static member loads); amds the displacement vector of the member end®call
axes given by:

U= T ettt (3.15)
wherer is the rotation matrix of the member; adds the displacement of the member ends in
global axes.

These member end forces are:
* P, the axial force
* V, the shear force
* M, the bending moment in the x-z plane (about Haig)
The sign convention is:
- Positive forces are oriented in the positive dicecbf the element local coordinate axes.

- Positive bending moments are counterclockwise mdsnen

Global axes
Figure 3.1: Sign Convention for Member End Actions

Once the nodal displacements are available, caiegléthe member end forces in local axes is
possible if we know the displacements pertaininght® nodes of the member concerned. This

information is available in the location matrix aceth easily be obtained. To express the member
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end forces in local axes, the displacements ohtbeber ends are transformed from global to
local axes.
Support Reactions:
If the displacement of a joint along any of its e of freedom has a known value,zero (e.g., at
support points), r@straint must be applied to that degree of freedom.
The force or moment along the degree of freedorh ithaequired to enforce the restraint is
called thereaction, and it is determined by the analysis. The reactnzludes the forces (or
moments) from all elements connected to the resicadegree of freedom, as well as all loads
applied to the degree of freedom.

R S FmaUale e+ evveveeeeeenee et et ee et e et (3.16)
wherePacwals the actual applied joint loads on the supgert the forces (or moments) from all

elements connected to the restrained degree afdneén global axes given by:

wherer is the rotation matrix of the member; anid the member end forces from all elements

connected to the restrained degree of freedoncel Exes calculated above in Equation (3.14).
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3.5. Flowchart of the Program

The Flowchart for the analysis of frames fonamwic and/or static loads are presented in this
section. Only flowchart to show the steps used @wetbp the program is presented here.
Detailed flowchart for the program is presentethim Appendix I.

Types of statement Flow chart symbol

1

a. Input nput

b. output Output
v

c. Assignment Assignment

d. Unconditional

control

Conditional

e. Conditional control control

T

- Continue

control

h. Iterative control |
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e Enter the input data.

A

e Construct structure stiffness matrix.

l

e Select analysis type

Dynamic analysis

e Construct mass matrix
e (Condense structure stiffhess matrix
e Eigenvector analysis

v

Insert the design spectrum given by EBCS 8, 1995
Calculate the modal accelerations

Calculate the equivalent static loads
Combine these loads to get equivalent nodal loads.

!

e Solve the stiffness equation.
e Extract the member end forces.
e (Calculate the support reactions.
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Static analysis

Calculate the fixed end actions from
applied member loads.

Assemble applied joint loads and
equivalent joint loads.

A

e Solve the stiffness equation.
e Extract the member end forces.
e Calculate the support reactions..

Combined analysis

Make dynamic analysis in the
above steps (1)
Make static analysis in the above

steps (2)
!

Linearly superpose the two
analysis results.

Display the analysis results
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3.6. Running the Program
Before running SAF, the user has to prepare thetidpta required for the analysis in the form
defined by Section 3.2 and save it into a file.effhthe usercan run SAF by saying ‘Run with
scilab-5.3.0" or open the program and ‘execute’fiteeon scilab window. When he/she runs the
program, dialog boxes to communicate with him/hdft e displayed. The first dialog box

seems as shown in Figure 3.2, which is nothingubad to say ‘welcome’.

- Scilab Input Value Request E|

Welcome ko SAF
i

Figure 3.2: Dialog Box
The second dialog box seems as shown in Figurenhigh is used to select the analysis type
that the user want to do.Therefore, he/she haglaztsthe analysis type by writing ‘1’ on the

desired analysis type.

-
H scilab Multiple Values Request ﬁ

Select analysis type you want to do
Write 1 for the desired and 0 for undesired analysis

1
wn®

Dynamic analysis only o

Combined static & dynamic | 0f

Cancel || QK |

LN

Figure 3.3: Selection of Analysis Type

After choosing the analysis type, another dialoly éisplay to insert the input file (Figure 3.4).

The user has to select the file name of the inpaut f
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~ choose the input file name

Look in: i[,j Deskbop fc” ! ﬁii
_B [E3) books
uﬁ I document:
My Recent i Rl
Documents |l|:I Scilah
—q | (52 Shortout to Music
w I3 thesis

Deskiop £ di1
1 E input_cornbined
- [E] input_dynamic
s ] input_static

My Docurments

r-g
My Computer

E% File name: || | [ Cpen J

Iy Metwork

Flaces Files of type: i_.n.ll * bt Files w | Zancel

Figure 3.4: Choosing the Input File

Finally, the output from the analysis will display scilab window. The user can copy this

output to any other format and save it to use otlaer time.
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4. Numerical Examples

4.1Frame to Demonstrate Dynamic Analysis
Figure 4.1 shows a diagonally braced plane franresistng of prismatic members. The two
diagonal members, member 4 and 5, are axial menglesist axial load only). Joint number 1
and 2 are fully restrained. All the members are enfxdm identical material with modulus of
elasticity (E) = 3GPa and have cross-section off8882400mm. The lumped masses at Node 3
and 4 are 1000kg and 2000kg respectively. The itocatf the site is in Zone 1 and the subsoil
condition is soil class A. The Importance categoiryhe system is category 1 and the behavior

factor of the system is 0.7.

Frame Diagram

€) 8 =

diagonal bracings

Figure 4.1: Diagonally Braced Plane Frame
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Hand Calculations for the Frame:

Cross-sectional properties

Modulus of elasticity E = 30*1/m?

Area of the cross-section (A) = 0.3m*0.4m = 0.72m

Moment of inertia for flexural members (member Brigl 3) I= 0.3m*(0.4n¥J12 = 1.6*10° m"

Step 1: Construction of stiffness matrix.

The frame has six degrees of freedoms (DOFs) attheinrestrained nodes, node 3 and 4, three

at each node as shown and numbered in Figure 4.2.

2 5

] 3[\ 6k \
3 i
3 @
4 5
g
o Q%

Figure 4.2: Degrees of freedom for the Frame

A unit displacement is applied at each DOF to ¢et s$tiffness coefficients. Only stiffness
coefficients for DOF number 1 is shown in Figur8.4imilar approach is applied for all other

stiffness coefficients.

53



A\ k51
k31
£

k11 ~ - —\j k41

R k61

BN AN

| ~

‘ AN

| N

| N

| AN

rars

Figure 4.3: Stiffness Coefficients
These coefficients are calculated as follows:

k11 = 12El/L,* +EA/Ls+EA/L4*(cos’0)
= 12*30*10*0.0016/4 + 30*1(*0.12/4 + 30*16*0.12/4/2*(cos’45") =1.227*1CF

k21 = 0+0 +-EA/l4*(cosf*sin0)
= -30*10%0.12/4/2*(cos45*sin45’) = -31819805

k31=-6El/LL>+ 0+0
=- 6*30*10*0.0016/4 = -1.8*10°

k41=-EA/Ls
= -30%10*0.12/4 =-9*10"

k51=0
k61=0
where; E is the modulus of elasticity; | is the namtof inertia ; L1, L3 and L4 are the length of

member 1, 3 and 4 respectivelyjs the inclination angle of member 4 about hortabaxes.

Finally,by computing other stiffness coefficierttse stiffness matrix will be:
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1.227%10°
- 31819805
1800000
- 90000000
0
0

- 31819805
1.227*10°
1800000
0

- 900000
1800000

Step 2: Construction of mass matrix

1800000
1800000
9600000
0
- 1800000
2400000

- 90000000
0
0
1.227*10°
31819805
1800000

0

-900000

- 1800000
31819805
1.227*10°

- 1800000

0
1800000
2400000
1800000
- 1800000
9600000

The mass matrix has a non-zero value only for batel DOFs (DOF number 1 and 4).

1000

0
0
0
0
0
0

S O o o O

0

0
0
0 0
0
0
0

oS o o o o <O

oS O o o o <O

Taking only the horizontal DOFs by avoiding theazealues of the mass matrix:

1000

"“tzh) 2003]

Step3: Condensation of stiffness matrix

i.  Rearrange stiffness matrix by bringing horizontahslations to top band of the stiffness

matrix.
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1.227*10° - 90000000 : - 31819805 1800000 0 0
_-90000000  1227%10° |_0 _ 0 _ _ _ 31819805 _ 1800000 |
- 31819805 0 : 1.227%10® 1800000  -90000000 1800000
Ke 1800000 0 | 1800000 9600000 - 1800000 2400000
0 31819805 | 90000000 - 1800000 1.227%10° - 1800000
0 1800000 I 1800000 2400000 - 1800000 9600000
ii.  Condense the stiffness matrix
Kitt = 113900000 —90026994
—90026994 113900000
Step 4: Solving the characteristic equation
det [ ktt - mtto,”] = O
113900000 — 1000wn2 — 90026994 _

—90026994113900000 — 2000wn2 0

(1.139*16-100002) *(1.139*1F -200Q0,2) — (90026994) * (-90026994) = 0
4.875*10° - 3.418*10%w,*+ 200000@," = 0

on” = 155188.76 or 15708.27

The natural frequencies of vibration

Mode 1:0,= 125.33 rad/sec

Mode 2:0,= 393.94 rad/sec

The natural periods of vibration

Mode 1: T, = 2/, = 0.05 sec

Mode 2: T, = 21/, = 0.02 sec

The natural mode shapes of vibration

The natural mode shapes of vibration are gainesobsing the equation [ktt - mit?] ¢,= O for
each mode.
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Mode 1 o= 125.33 rad/sec

98223085 — 90026994]*{(1)11}= 0
—90026994825148141 ($21

Give ¢11 = 1 and solve foih,,
®,1=1.0910
Mode 2 o= 393.94 rad/sec

[ — 41257407 — 90026994 ]*{c])12}: 0
—90026994 — 1964000001 (922

Give ¢12 = 1 and solve fod,,

CDzz =-0.46
¢11 P12 ) )
®n = {¢21 cpzz}: {11.0090 —10?406}

Modal mass property.

Mn(L)=pn1™mtt* pn1={1.00 1.09} [(1)000 2008] *{1:88} -
3380.56Mn(2)=pn2"*mtt* $n2 ={1.00 — 0.46}* (1)000 2008] ) {_01.46}: 1419.89
Modal mass participation:

Ln(1)= @an*mtt*{1:88}={1.oo 1.09} *[(1)000 2008 *{}88}= 3182.00
Ln(2)= q)nZT*mtt*{izgg}:{l.OO —0.46) * [(1)000 2008 ] {1:88}:83.60

Modal mass patrticipation factor

I'n(1)=Ln(1)/Mn(1) = 3182.00/3380.56 = 0.94

I'n(2)=Ln(2)/Mn(2) = 83.60/1419.89 = 0.06

Note: check summation of modal mass participation faci®equal to one.
0.06+0.94 =1 Ok!

Modal accelerations

Mode 1: An=u*(,*v*9.81, whereo=a,*l; B, is the ordinate of the design spectrumis the
behavior factor.

ao= 0.03 for zone 1, | = 1.4 for importance categbry = 0.03*1.4 =0.04
From design spectrum given by EBCS 8, 19R5; 1.75 for T, = 0.05 and soil class A.
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vy = 0.07

So, Ay = 0.042*1.75*0.7*9.81 = 0.50 m/sec

Mode 2:B, = 1.24 for T, = 0.02 and soil class A.

S0, Ax = 0.04*1.24*0.7*9.81 = 0.36m/séc

Equivalent nodal loads

fn(i,))=Tn()*mtt(i.i)* d(i.j)*An()

fn(1,1) =Tn(1)*mtt(1,1)*dp(1,1)*An(1) = 0.94*1000%1.00%0.50 = 475.02 N

fn(1,2) =I'n(2)*mtt(1,1)*p(1,2)*An(2) = 0.06*1000*1.00*0.36 = 21.03 N

fn(2,1) =I'n(1)*mtt(2,2)*d(2,1)*An(1) = 0.94*2000*1.09*0.50 = 1036.50 N
fn(2,2) =In(2)*mtt(2,2)*¢p(2,2)*An(2) = 0.06*2000*-0.46%0.36 = -19.27 N
Combination rule

EBCS 8, 1995 recommends that if the natural perfodédwo modes are independent of each
other (i.eT(i) < 0.9T(j)), use SRSS combination rule. Other wise use CQ@ade
T(1) = 0.318T(2) — use SRSS rule to combine the two modes.

fn(i) = / j=1 (i, )2

fn(1)=y/fn(1,1)? + fn(1,2)?
=+/21.03 * 21.03 + 475.02 * 475.02 = 475.49 N
fn(2)=/fn(2,1)% + fn(2,2)?

=+/19.27 * 19.27 + 1036.50 * 1036.50 = 1036.68 N

Load vector:

The load vector have a non zero value at DOF nusnband 4 (i.e. fn(1) = 475.49 N and fn(2) =
1036.68 N respectively).

475.49
0.00

| o000
P=11036.68

l 0.00 J
0.00
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Nodal displacements:

The nodal displacements can be gained by solvingfimn (3.13):K*U = K'P; where, K is the
stiffness matrix; U is the nodal displacementslobgl axes; and P is the load vector.

U=kK?'p
2.34%10%  6.16%10° -5.41*10° 1.85*%10° -4.88*10° -4.18*10” 475.49
6.16%10° 9.81*10° -2.65*%10° 4.88*%107 -1.27*107° --2.33*10° 0.00
-5.41%10° -2.65%10° 1.00%107 -4.18*%107° 2.33*10° -2.65*10® 0.00

1.85%10° 4.88*10° -4.18*%107 2.34*%10° -6.16%107 -5.41%107 | * | 1036.68
-4.88%10° -1.27%10° 2.33*10° -6.16*10° 9.81%10° 2.65*10° 0.00

-418%107 -2.33%107 -2.65*10°  -5.41*107 2.65%107 1.00%107 0.00 |

( 3.03%1075m
0.80 *10~° m
:4 —0.69 * 107> rad L
3.30 10" ° m
L —0.87%10°m
—0.76 * 10~ °rad

Member end forces:

Only member end forces for member number 3 wilt@leulated here to check the reliability of

the written program.

Since the local axes for member number 3 coincuwliéls the global axes, rotation of global
displacements at the member ends is not desired.

There is no directly applied member load on the mmmTherefore, the member end forces can
be gained by computing Equation (3.14):

f=k*u-P ¢, where f is the member end fordeis the local stiffness matrix of the memieis the
local displacement vector for the member ends;Rgds the equivalent loads on member ends,
which is zero for dynamic loads only.
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190000000 0 0 290000000 0 0 N
0 900000 1800000 0 2900000 1800000
Lo 0 1800000 4800000 0 -1800000 2400000
~1-90000000 0 0 90000000 0 0
0 2900000  -1800000 0 900000 -1800000
0 1800000 2400000 0 1800000 4800000
3.03%x10°m
0.80 * 10~5 m
4 =) —0.69%107° rad
3.30+10° m
—0.87 105 m
—0.76 * 10~ 5rad
—247.64 N
—11.07N
fop sy J—2131Nm

247.64 N

l 11.07 N J
—22.96 Nm

-11.066N

ﬁ

11.066N

-22.957Nm ﬁ\

-247.635N >3
¢

I = 247.635N

member 3

-21.307Nm

Figure 4.4: Member End Forces

Preparation of Input data for the Program

The input data required for dynamic analysis oflan@ frame are coordinates matrix ‘xz’,
member property matrix ‘mprop’, connectivity matfoonn’ ,boundary constraint matrix ‘bc’,
lumped mass at the nodes ‘mass’,location of tlee'aitne’, subsoil condition of the site ‘sclass’,

importance category of the structure ‘importanced aehavior factor of the system ‘behavior’.

Therefore, for this frame the data is organizetblhsws:
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/llinsert Coordinates matrix.xz=[0,0;4,0;0,4;4,4];

/linsert Member Property matrix.mprop=[30*10"8,0.2016;30*10"8,0.12,0];
/llinsert Connectivity matrix.conn=[1,3,1;2,4,1;3,2,3,2;1,4,2];

/linsert Boundary Constraint matrix.bc=[1,1,1,1;2,1];

/linsert mass of the system lumped at nodes.mad®€]3;4,2000];

/llInsert location of the site according to the ngnprovided by EBCS 8.zone=1,
/lInsert the subsoil condition of the site accogdio EBCS 8.sclass=1,;

/llinsert importance category of the building acaogdo the classification given by EBCS
8.importance=1,

/lInsert the behavior factor of the structure.bétwed.7;
Analysis Outputs from SAF:

Number of degrees of freedom = 6
Number of horizontal translational degrees of fosad 2

The natural frequencies of vibration

Mode on
1. 125.33
2. 393.94

The natural periods of vibration

Mode Tn
1. 0.05
2. 0.02

The natural mode shapes of vibration
1.001.00
1.09-0.46
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The modal mass participation factor

Mode T
1. 094
2. 0.06

The modal accelerations

Mode An
1. 0.50
2. 0.36

The nodal displacement from dynamic analysis itgl@axes

Node Ux Uz ry
1. 0.00*180.00*130.00*10
2. 0.00%18 0.00*180.00*1@

3. 3.03*100.80*10°-0.69*10°
4. 3.30*10 -0.87*1C -0.76*10
The member end forces of the system in local axes
Member P1 V1 M1 P2 V2 M2
1. -720.29 14.81 37.93 790.2-14.81 21.33
2. 785.05 16.06 41.23 -785.016.06  22.99
3. -24796 -11.08 -21.33 2467.911.08 -22.99
4. 1002.97 0.00 0.00 -16G2 0.00 0.00
5. -1094.56 0.00 0.00 1684 0.00 0.00
Support reactions in global axes
Node RX Rz My
1. -788.79 -1494.26  37.93
2. -725.26  1494.26  41.23



Comparison of the Results:

Mode on(rad/sec) | F(sec)
Hand 0.05 125.33
1 | calculation
SAF 0.05 125.33
2 | Hand 0.02 393.94
calculation
SAF 0.02 393.94

Table 4. Comparison of natural frequencies and pends of vibration

Mode I An(m/seé)
Hand calculation 0.50 0.94
1
SAF 0.51 0.94
2 | Hand calculation 0.36 0.06
SAF 0.36 0.06

Table 5: Comparison of modal mass participation far and modal acceleration

Node Ux (10mm) | Uz (16°mm) | ry(10° rad)
Hand calculation 3.03 0.80 -6.90
3
SAF 3.03 0.80 -6.90
4 Hand calculation 3.30 -0.87 -7.60
SAF 3.30 -0.87 -7.60

Table 6: Comparison of nodal displacements




Member P1 (N) V1 (N) MI(Nm) | P2 (N) V2 (N) M2(Nm)

Hand -247.64 -11.07 -21.31 247.64 11.07 -22.96
3 | calculation
SAF -247 .96 -11.08 -21.33 247 .96 11.08 -22.99

Table 4. Comparison of member end forces

The difference between the above values comes tinennounding of values when the frame is
analyzed manually.In general, the analysis resilthe developed program are similar with the
results gained by hand calculation. Therefore, glegram can accurately analyze frames for

dynamic loading.

4.2. A G+6 Building Frame Analysis
The frame given in Figure 4.5 is analyzed withdlegeloped program, SAF,and SAP 2000
Version-14 to compare the results of the prograth vasults of SAP 2000 Version-14.The
frame is analyzed for both static and dynamic logdirhe static loads and support conditions
are as shown in Figure 4.5 and the lumped massbe abdes aregiven in Figure 4.6. The

assignment of node number and member number tsoamsn Figure 4.7.
Cross section property of:

e beams is 350 mm X 350 mm
» exterior columns is 400 mm X 400 mm
* interior columns is 400 mm X 300 mm
Modulus of elasticity of:
* beams is 30GPa

e columns is 29GPa

The location of the site is in Zone 2 and the sillndition is soil class A. The Importance

category of the system is category 1 and the Beh&actor of the system is 0.7.
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Figure 4.6: The Lumped Mass at the Nodes
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Preparation of input data for SAF
/[coordinates matrix

xz= [0,0;0,4;0,7;0,10;0,13;0,16;0,19;0,22;4,0;4,4;4,10;4,13;4,16;4,19;4,22;9,0;9,4,9,7;
9,10; 9,13; 9,16; 9,19; 9,22];

//member property matrix

Mprop=[29*10°9,0.3*0.4,(0.3*0.4"3)/12; 29*10°9,081#,(0.4*0.473)/12;
30*10"9,0.35%0.35,(0.35*0.35"3)/12];

//lconnectivity matrix

conn=[1,2,2; 2,3,2; 3,4,2; 45,2, 5,6,2; 6,7,8,%, 9,10,1; 10,11,1; 11,12,1; 12,13,1; 13,14,1;
14,15,1; 15,16,1; 17,18,2; 18,19,2; 19,20,2; 2@,241,22,2; 22,23,2; 23,24,2; 2,10,3; 3,11,3;
4,12,3; 5,13,3; 6,14,3; 7,15,3; 8,16,3; 10,18,319B; 12,20,3; 13,21,3; 14,22,3; 15,23,3;
16,24,3];

//boundary constraint matrix

be=[1,1,1,1; 9,1,1,1; 17,1,1,1];

/ljoint loads matrix

jtloads = [8,0,-8000,0; 16,0,-6000,0; 24,0,-8000,0]
//member loads matrix

loads = [22,-500,-500,1; 29,-300,-300,1; 23,-5000;%; 30,-400,-400,1, 24,-200,-200,1; 31,-
300,-400,1; 25,-300,-300,1; 32,-100,-100,1; 26,;3WD,1; 33,-200,-200,1; 27,-200,-200,1; 34,-
200,-200,1; 28,-300,-300,1; 35,-400,-400,1];

/lumped mass

mass = [2,10000; 10,7500; 18,10000; 3,8000; 11,0009,8000; 4,10000; 12,9000;
20,10000;5,11000; 13,9000; 21,11000; 6,6000; 1O8P2,6000; 7,7000; 15,8000;
23,7000; 8,12000; 16,10000; 24,8000},

zone=2;sclass=1;importance=1;behavior=0.7;
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Analysis Results from SAF
Number of degrees of freedom = 63
Number of horizontal translational degrees ofdicra = 21
The natural frequencies of vibration
Mode ®n

1. 5.21
2 15.79
3 29.49
4 46.20
5. 63.82
6
7
8
9

87.05
102.70
276.41
289.45

10. 292.01
11. 292.46
12. 326.49
13. 345.98
14. 376.80
15. 499.83
16. 512.63
17. 519.91
18. 52491
19. 554.76
20. 574.64

21. 593.53



The natural periods of vibration

Mode Tn
1. 1.20
2. 040
3. 021
4. 0.14
5. 0.10
6. 0.07
7. 0.06
8. 0.02
9. 0.02
10. 0.02
11. 0.02
12. 0.02
13. 0.02
14. 0.02
15. 0.01
16. 0.01
17. 0.01
18. 0.01
19. 0.01
20. 0.01

N
=

0.01
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The modal mass participation factor
Mode TI'n
26.68*18

=

23.08*18
23.28*18
13.83*18
8.36*10
4.36*1G
0.41*18
9.08*10

© ® N o a0 &~ w0 D

6.13*10
.-1.02*10
. -0.02*10

=
)

-4.52*10

H
N

. -7.03 *10°
-2.77*16

I
A~ W

. -1.46*101

Iy
a1

. -8.99*10
-0.23*10

B
~N o

. -3.14*10

=
(0]

4.44*108

=
©

3.23*18°

N
o

1.78*18

N
[y



The modal accelerations

Mode An

1. 39.90*16
2. 120.17*18
3. 120.17*18
4. 120.17*18
5. 119.06*18
6

7

8

9

100.11*18

92.18*18

64.46*18

63.72*18
10. 63.58*18
11. 63.56*18
12. 61.94*18
13. 61.16*18
14. 60.09*18
15. 57.13*18
16. 56.91*18
17. 56.78*18
18. 56.70*18
19. 56.23*18
20. 55.95*18

21. 55.70*19



The nodal displacements from dynamic analysis abajl axes

Node Ux Uz ry
1.  0.00*1¢°0.00*10°0.00*107

2. 0.65*160.01*10° -0.17*1C°
3. 1.22*160.21*10° -0.15*10°

4. 1.71*162.65*10% -0.13*10°

5. 2.12*133.00*10* -0.10*107

6. 2.43*16  3.21*10 -0.08*10°
7. 2.67*1C 3.32*1d -0.06*107
8. 2.83*10 3.35*1d -0.04*107
9. 0.00*18 0.00*1C¢ 0.00*10?
10. 0.65*16 -0.52*10¢° -0.11*10°
11. 1.22*18 -0.81*10" -0.11*10°
12. 1.71*18 -0.99*10"-0.09*10°
13. 2.12*16 -1.11*10" -0.08*10°
14. 2.43*16-1.17*10* -0.06*1C°
15. 2.67*16  -1.19*10" -0.04*10°
16. 2.83*16  -1.20*10" -0.02*1C?
17. 0.00*18 0.00*10° 0.00*107

18. 0.64*1G -0.96*10"-0.18*107

19. 1.22*18 -1.50*10" -0.15*10°
20. 1.71*1G -1.90*10" -0.13*1(°
21. 2.12¥16 -2.17*10° -0.10*107
22. 2.43*16 -2.33*10" -0.08*1(°
23. 2.67*10  -2.42*10" -0.06*10°

24. 2.83*1F -2.45*10* -0.04*107
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Support reactions from dynamic loads in globasax
Node RX Rz My

1. -36195.71 -156293.27 98392.02

9. -36776.23 45510.98 86667.76

17. -34384.53 110782.28 95936.79

The total nodal displacement from combined analysgobal axes

Node Ux Uz ry

1 0.00E+00 0.00E+00 0.00E+00
2 6.48E-03 1.24E-04 -1.68E-03
3 1.22E-02 1.92E-04 -1.49E-03
4 1.71E-02 2.39E-04 -1.26E-03
5 2.12E-02 2.68E-04 -1.01E-03
6 2.43E-02 2.82E-04 -7.78E-04
7 2.67E-02 2.87E-04 -5.64E-04
8 2.83E-02 2.85E-04 -3.75E-04
9 0.00E+00 0.00E+00 0.00E+00
10 6.49E-03 -6.97E-05 -1.13E-03
11 1.22E-02 -1.10E-04 -1.15E-03
12 1.71E-02 -1.39E-04 -9.56E-04
13 2.12E-02 -1.59E-04 -7.66E-04
14 2.43E-02 -1.73E-04 -5.94E-04
15 2.67E-02 -1.82E-04 -4.45E-04
16 2.83E-02 -1.89E-04 -2.42E-04
17 0.00E+00 0.00E+00 0.00E+00
18 6.48E-03 -1.07E-04 -1.75E-03
19 1.22E-02 -1.70E-04 -1.52E-03
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20
21
22
23
24

1.71E-02
2.12E-02
2.43E-02
2.83E-02
2.67E-02

-2.17E-04
-2.50E-04
-2.73E-04
-2.88E-04
-2.97E-04

-1.29E-03
-1.02E-03
-7.83E-04
-5.66E-04
-3.43E-04

Support reactions for combined loading in globasax

Node

Rx

Rz

My

1. -36113.32 -143422.66

9. -36782.31 60625.68

17. -34460.84 123996.97

98283.75
86678.19
96043.59

Analysis Outputfrom SAP 2000

Modal Periods And Frequencies
OutputCase

MODAL
MODAL
MODAL
MODAL
MODAL
MODAL
MODAL
MODAL
MODAL
MODAL
MODAL
MODAL
MODAL
MODAL
MODAL
MODAL
MODAL
MODAL
MODAL
MODAL

Text

StepType  StepNum  Period
Text Unitless Sec

Mode 1 1.22
Mode 2 0.40
Mode 3 0.22
Mode 4 0.14
Mode 5 0.10
Mode 6 0.07
Mode 7 0.06
Mode 8 0.02
Mode 9 0.02
Mode 10 0.02
Mode 11 0.02
Mode 12 0.02
Mode 13 0.02
Mode 14 0.02
Mode 15 0.01
Mode 16 0.01
Mode 17 0.01
Mode 18 0.01
Mode 19 0.01
Mode 20 0.01

CircFreq
rad/sec

5.15
15.58
29.08
45.49
62.68
85.16

100.18
276.28
289.32
291.72
292.42
326.10
345.82
376.37
499.81
512.56
519.84
524.68
554.65
574.56
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Response Spectrum Modal Information
ModalCase StepType

OutputCase

Text
EARTHQUAKE
EARTHQUAKE
EARTHQUAKE
EARTHQUAKE
EARTHQUAKE
EARTHQUAKE
EARTHQUAKE
EARTHQUAKE
EARTHQUAKE
EARTHQUAKE
EARTHQUAKE
EARTHQUAKE
EARTHQUAKE
EARTHQUAKE
EARTHQUAKE
EARTHQUAKE
EARTHQUAKE
EARTHQUAKE
EARTHQUAKE
EARTHQUAKE
EARTHQUAKE

Text
MODAL
MODAL
MODAL
MODAL
MODAL
MODAL
MODAL
MODAL
MODAL
MODAL
MODAL
MODAL
MODAL
MODAL
MODAL
MODAL
MODAL
MODAL
MODAL
MODAL
MODAL

Joint Displacements (Partially)

WWWWNDNNNRERP R R,

Joint
Text

OutputCase
Text
EARTHQUAKE

Static

COMB1
COMB1
EARTHQUAKE
Static

COwMB1
COwMB1
EARTHQUAKE
Static

COMB1
COwMB1

Text
Mode
Mode
Mode
Mode
Mode
Mode
Mode
Mode
Mode
Mode
Mode
Mode
Mode
Mode
Mode
Mode
Mode
Mode
Mode
Mode
Mode

CaseType
Text

LinRespSpec
LinStatic
Combination
Combination
LinRespSpec
LinStatic
Combination
Combination
LinRespSpec
LinStatic
Combination
Combination

DampRatio
Unitless
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05

U1Acc
m/sec2
0.64
1.92
1.93
1.93
1.93
1.63
1.50
1.04
1.02
1.02
1.02
1.00
0.98
0.97
0.92
0.91
0.91
0.91
0.90
0.90
0.89

StepNum Period

Unitless Sec

1 1.22

2 0.40

3 0.22

4 014

5 0.10

6 0.07

7 0.06

8 0.02

9 0.02

10 0.02

11  0.02

12 0.02

13 0.02

14 0.02

15 0.01

16 0.01

17 0.01

18 0.01

19 0.01

20 0.01

21 0.01

StepType
Text

Max
Max
Min
Max
Max
Min
Max
Max
Min

Ul
m
0.00E+00
0.00E+00
0.00E+00
0.00E+00
6.69E-03
2.00E-07
6.69E-03
-6.69E-03
1.27E-02
9.66E-07
1.27E-02
-1.27E-02

U3
m
0.00E+00
0.00E+00
0.00E+00
0.00E+00
1.47E-04
-1.10E-05
1.36E-04
-1.58E-04
2.35E-04
-1.90E-05
2.16E-04
-2.53E-04
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R2
Radians
0.00E+00
0.00E+00
0.00E+00
0.00E+00
1.74E-03
3.77E-06
1.75E-03
-1.74E-03
1.61E-03
3.30E-06
1.61E-03
-1.61E-03
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EARTHQUAKE
Static

COMB1
COMB1
EARTHQUAKE
Static

COMB1
COMB1
EARTHQUAKE
Static

COMB1
COMB1
EARTHQUAKE
Static

COMB1
COMB1
EARTHQUAKE
Static

COMB1
COMB1
EARTHQUAKE
Static

COMB1
COMB1

Joint
Text
1

© O O Fr PF -

17

17
17

Joint Reactions
OutputCase
Text
EARTHQUAKE
Static

COMB1
COMB1
EARTHQUAKE
Static

COMB1
COMB1
EARTHQUAKE
Static

COMB1
COMB1

LinRespSpec
LinStatic
Combination
Combination
LinRespSpec
LinStatic
Combination
Combination
LinRespSpec
LinStatic
Combination
Combination
LinRespSpec
LinStatic
Combination
Combination
LinRespSpec
LinStatic
Combination
Combination
LinRespSpec
LinStatic
Combination
Combination

Max

Max
Min
Max

Max
Min
Max

Max
Min
Max

Max
Min
Max
Max
Min
Max

Max
Min

CaseType StepType

Text
LinRespSpec
LinStatic
Combination
Combination
LinRespSpec
LinStatic
Combination
Combination
LinRespSpec
LinStatic
Combination
Combination

Text
Max

Max
Min
Max

Max
Min
Max

Max
Min

F1

N
36194.30
82.55
36276.85
-36111.75
36855.64
-6.09
36849.55
-36861.72
34427.25
-76.46
34350.78
-34503.71

1.81E-02
8.14E-07
1.81E-02
-1.81E-02
2.27E-02
1.82E-06
2.27E-02
-2.27E-02
2.64E-02
4.37E-06
2.64E-02
-2.64E-02
2.92E-02
6.17E-06
2.92E-02
-2.92E-02
3.12E-02
6.77E-06
3.12E-02
-3.12E-02
0.00E+00
0.00E+00
0.00E+00
0.00E+00

F3

N
170656.46
12858.43
183514.89

-157798.03

48683.02
15136.58
63819.60
-33546.45
121991.57
13204.99
135196.57

-108786.58

3.00E-04
-2.60E-05
2.74E-04
-3.26E-04
3.46E-04
-3.30E-05
3.13E-04
-3.78E-04
3.74E-04
-3.90E-05
3.35E-04
-4.13E-04
3.89E-04
-4.50E-05
3.44E-04
-4.33E-04
3.94E-04
-5.00E-05
3.43E-04
-4.44E-04
0.00E+00
0.00E+00
0.00E+00
0.00E+00

M2

N-m
99187.32
106.80
99294.13
-99080.52
87191.39
-10.24
87181.15
-87201.64
96824.76
-105.30
96719.45
-96930.06
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1.46E-03
8.25E-07
1.46E-03
-1.46E-03
1.26E-03
3.16E-06
1.27E-03
-1.26E-03
1.07E-03
3.06E-06
1.07E-03
-1.07E-03
8.21E-04
1.55E-06
8.22E-04
-8.19E-04
5.39E-04
4.65E-06
5.44E-04
-5.34E-04
0.00E+00
0.00E+00
0.00E+00
0.00E+00



Comparison of the Results:

Period Circular Frequency
Mode SAF SAP 2000 SAF SAP 2000

1 1.20 1.22 5.21 5.15

2 0.40 0.40 15.29 15.58

3 0.21 0.22 29.49 29.08

4 0.14 0.14 46.20 45.49

5 0.10 0.10 63.82 62.68

6 0.07 0.07 87.05 85.16

7 0.06 0.06 102.70 100.18

8 0.02 0.02 276.41 276.28

9 0.02 0.02 289.45 289.32

10 0.02 0.02 292.01 291.72

11 0.02 0.02 292.46 292.42

12 0.02 0.02 326.49 326.10

13 0.02 0.02 345.98 345.82

14 0.02 0.02 376.80 376.37

15 0.01 0.01 499.83 499.81

16 0.01 0.01 512.63 512.56

17 0.01 0.01 519.91 519.84

18 0.01 0.01 524.91 524.68

19 0.01 0.01 554.76 554.65

20 0.01 0.01 574.64 574.56

21 0.01 0.01 593.53 593.35

Table 8: Comparison of natural frequencies and pends of vibration
Joint | Output Case SAP 2000 SAF
F1 F3 M2 F1 F3 M2

1 EARTHQUAKE | 36194.30| 170656.46 99187.32| 36195.72 156293.27 98392.02
1 COMBINED 36276.85 183514.89 99294.13| 36113.32| 143422.66 98283.75
9 EARTHQUAKE | 36855.64| 48683.02| 87191.39 36776.23 45510.98 86667.76
9 COMBINED 36849.55 63819.60 87181.15| 36782.32] 60625.69 86678.19
17 EARTHQUAKE | 34427.25| 121991.57 96824.76| 34384.53 110782.28 95936.79
17 COMBINED 34350.78 135196.57| 96719.45| 34460.85 123996.97 96043.59

Table 9: Comparison of joint reactions

The analysis results from the developed programsarglar to the results from SAP 2000.

Therefore, the program can accurately analyze plaaaes.
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5. Conclusions and Recommendations

5.1.Conclusion
Different commercial computer programs have inctlf#smtures for Response-spectrum analysis
but the method they have adopted is not fully disetl. The computer program developed here

can be used for accuracy since it shows what hes tene.

In general, the analysis results from the developedram are similar with the results from
other sources. Therefore, the program can accuratedlyze frames for static and/or seismic

loading.

5.2. Recommendations
From the study that has been carried out, theviatigs are the recommendations drawn from
the result:
v As the developed program is easy to apply, comgulirms can make use of the
program for analysis of planar frames.
v' Researchers can upgrade this program for threerdimeal frames with some
modifications.
v" The measuring unit for different parameters is dl@d by the user and the user has
to use consistent unit.
v If one assignment is not properly defined or theuinis not properly inserted with a
given variable name, Scilab program will stop withcomputing other assignments

written below that assignment.
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Appendix I: Flowchart for the Program

Main Program for Plane Frame Analysis

Input data

pf_calclm
pf_stiff
pf_calclen

pf_gstiff

[nodes dummy |=size(xz);
[Im, ndof]=pf_calclm(nodes, bc);

od'.ndof

v

[nmem dummy|=size(conn);

R

[L cx cz]=pf_calclen(imem,xz,conn);
iprop=conn(imem,?);

E=mprop(iprop, | );A=mprop(iprop,” );I=mprop(iprop,3)
k=pf_stiff(E,A,I,L);

r=pf_calcrot(cx,cz);

k=pf _gstiff(imem,xz,conn,mprop);

K=pf ssm(xz, conn, mprop, Im, ndof);

K = pf_assemssm(imem, Xz, conn, mprop, Im, K);

>

continue

‘ K=pf ssm(xz, conn, mprop, Im, ndof);

l

Insert input data of the frame. (Structural data,
Load data and Site data).

A function to draw the members of the frame.

A function to calculate the number of degree of
freedom(DOF) of a frame and to give DOF number for
each DOF.

A function to calculate stiffness matrix of a member in
member axes.

A function to calculate length and direction cosine of a
member.

A function to calculate transformation matrix of a
member.

A function to calculate stiffness matrix of a member in
global axes.

A function to assemble joint stiffness matrix of a frame.

A function to extract the upper band of stiffness matrix
(free degree of freedom only).

Calculate number of joints ‘nodes’.
Calculate location matrix ‘lm’ and number of degrees
of freedom ‘ndof” from function ‘pf_calclm’.

Display ndof on scilab window with heading

Calculate number of members ‘nmem’ .

Length and direction cosines of imem™ member.
Member property of the member.
Cross-sectional parameters of the member.
Stiffness matrix of the member.

Transformation matrix of the member.

Global stiffness of the member.

Assemble the member stiffness matrix.

Assembled structure stiffness matrix.
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o Ifanalysis(1) is not equal to 1, go to 2 and process another set of
programs. i.e. ‘dynamic analysis’ is not selected.

pf calcmass e A function to calculate the mass matrix of the structure.
m=pf_calcmass(ndof.mass,Im); o (alculate the mass matrix of the system.
pf_statcond ¢ A function to condense stiffness matrix of a structure.

|

[mtt,ktt,Imd|=pf statcond(xz,Im,m.K);

e (Calculate translational mass matrix and condensed stiffness
matrix.

pf_naturalvib ¢ A function to make modal analysis of the system.

v
[w,T.fIn,sn]=pf naturalvib(mtt,ktt);

e (Calculate natural frequencies, periods, modal shapes of
vibration, modal mass participation factor and modal expansion
} of earthquake forces.
n=size(T,"r");wd=zcros(n,2);
td=zeros(n,2);1f=zcros(n,2);

e Preparing the modal properties for displaying them with their
ol > mode number.
i
|

wd(i,)=[i,w(i)];

td (i, )=[3,T() 513, )=[i,In(D) |; _

¢ Display the natural frequencies, natural periods, mode shapes,
modal mass participation and expansion of force on scilab

disp(td, , ); window with heading *
disp(f, ) ¢
disp(If, , )
disp(sn, ); .
respectively.
T=real(T); ¢ Real part of the T matrix. i.e. ignore zero imaginary part.

from the design spectrum given by EBCS 8.

pf_spectrum ¢ A function to get the value of the bedrock acceleration ‘o’
v

nmode=size(T,'r"); ¢ Number of modes.
bo=zcros(nmode, 1); o Initialize the bedrock acceleration for each mode to zero.
bo(i)=pf_spectrum(i,sclass,T(i)); e Bedrock acceleration for each mode.

v
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v

( pf_pseudoaccel T . A function to calculate modal accelerations.

v

An=pf pseudoaccel(bo,zone,behavior,importance);
a=zeros(size(An,'t"),2);

. Preparing modal accelerations to display them with their mode
e A >

a(i,)=[i,An(i)];

. Display the modal accelerations on scilab window with
heading *

pf_nodaload e A function to calculate the equivalent nodal load of the system

by combining the modal loads using SRSS or CQC method.

disp(a,

P=pf_nodaload(In,mtt,f,An,T,w,Imd,K) . Calculate the equivalent nodal load of the system.
pf_getdof . A function to get DOF number for a member ends.
pf_nodaldisp . A function to calculate the nodal displacements by solving the

stiffness equation.

}

[x,xd]=pf nodaldisp(K,P,Im,xz) . Calculate the nodal displacements.
disp( . Display the nodal displacements on scilab window with
) heading
h=[ , > Uz'ry'];
printf( .h);
disp(xd);
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|

ﬁaf_memendforces_dyn?
v
[nmem dummy |=size(conn);
F=zeros(nmem,6);
memendforces=zeros(nmem,”);

f=pf_memendforces(i,xz,conn,mprop,lm,x);
F(i,)=f;
memendforces(i, )=[i,F(i,:)];

ffffffffffffffffffffff continue

disp(
H=[ ., P1, VI,MI,'P2,'V2','M2T;
printf{ -H);
disp(memendforces);

pf supportrxn_dyn

|Ar]=pf_supportrxn(bc,xz,conn,memendforces);
ar=zeros(size(be,'),4);

disp( )

B[ > Rx,' Rz, My'];
printf( B);
disp(ar);

A function to get member end forces of each member in their
axes.

Calculate number of member.
Initialize F to zero.
Initialize member end forces to zero.

Index on member end forces.

Calculate the member end forces.

Display the member end forces on scilab window with heading:

)

A function to get the support reactions of restrained nodes.

Calculate the support reactions.

Index on support reactions.

Support reactions with their node.

Display the support reactions on scilab window with heading:
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2

pf calcmass

‘ m=pf calcmass(ndof,mass,lm);

pf statcond

[mtt.ktt,Imd]=pf statcond(xz,Im,m,K);

); disp(mtt);
)s

pf naturalvib

[w,T,f,In,sn]=pf naturalvib(mtt,ktt);

v

n=size(T,'r");wd=zcros(n,2);
td=zeros(n,2);1f=zeros(n,2);

wd(i, )=[i,w(i)];
td(i,)=[L,T(D)]; 1, )=[i,In(D)];

v

T=real(T);

nmode=size(T,'r");
bo=zeros(nmode, 1);

bo(i)=pf spectrum(i,sclass,T(i));

}

A function to calculate the mass matrix of the structure.

Calculate the mass matrix of the system.
A function to condense stiffness matrix of a structure.
Calculate translational mass matrix and condensed stiffness matrix.

Display translational mass matrix on scilab window with heading

Display condensed stiffness matrix on scilab window with heading

3

A function to make modal analysis of the system.

Calculate natural frequencies, periods, modal shapes of vibration, modal
mass participation factor and modal expansion of earthquake forces.

Preparing the modal properties for displaying them with their mode
number.

Display the natural frequencies, natural periods, mode shapes, modal
mass participation and expansion of force on scilab window with heading
respectively.

Real part of the T matrix. i.e. ignore zero imaginary part.

A function to get the value of the bedrock acceleration ‘Bo’ from the
design spectrum given by EBCS 8.

Number of modes.
Initialize the bedrock acceleration for each mode to zero.

Bedrock acceleration for each mode.
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pf_pseudoaccel

An=pf_pseudoaccel(bo,zone,behavior,importance);
a=zeros(size(An,'r'),2);

disp(a,

a(i, =[i,An(i)];

>

, )
pf nodaload

P:
xd=zeros(ndof, 1 );
xd=inv(K)*P;

[nodes dummy |=size(xz);
xx=zeros(nodes,3);

pf_nodaload(In,mtt,f,An,T,w,Imd,K)

disp(
h=[
printf(
disp(xdd);

xX(1,j)=xd(Im(i,j));
xdd=zeros(nodes,4);

A function to calculate modal accelerations.

Preparing modal accelerations to display them with their mode
number.

Display the modal accelerations on scilab window with heading

<

A function to calculate the equivalent nodal load of the system by
combining the modal loads using SRSS or CQC method.

Calculate the equivalent nodal load of the system.

Solve the stiffness equation for nodal displacements due to dynamic
loading.

Indexes on nodal displacements.

If Im(i,j) is equal to zero, go to 4.

Calculate nodal displacements from dynamic loading only.

Display the nodal displacements on scilab window with heading:
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v

( pf getdof T

|

(pf_memendforces_dyrq
v
[nmem dummyJ=size(conn);
F=zeros(nmem,6);
memendforces=zeros(nmem,”);

f=pf_memendforces(i,xz,conn,mprop,lm,x);
F(i,)=f;
memendforces(i,))=[1,F(i,")];

ffffffffffffffffffffff continue

disp(
H:[ 2 2 2 2 b 9 ];
printf{ -H);
disp(memendforces);

pf supportrxn_dyn

[Ar]=pf supportrxn(be,xz,conn,memendforces);
ar:/\'l‘n~‘(>'/;(bC, )4);

disp( )
B:[ 2 2 2 ];
printf( ,B);
disp(ar);

A function to get dof number of member ends.

A function to get member end forces of each member in their
axes.

Calculate number of member.
Initialize F to zero.
Initialize member end forces to zero.

Index on member end forces.

Calculate the member end forces.

Display the member end forces on scilab window with heading

)

A function to get the support reactions of restrained nodes.

Calculate the support reactions.

Index on support reactions.

Support reactions with their node.

Display the support reactions on scilab window with heading:
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pf_assemloadvec_ml .
v
[nmemlds dummy|=size(memloads); .

v

>\ iload=! nmemlds

v

— [P]=pf_assemloadvec_ml(iload, xz, conn, Im, memloads, P); .

.

[ssm,xs,P|=pf(xz,conn,bc,mprop,jtloads,memloads);
[nodes dummy|=size(xz); xx=zeros(nodes,3);

XX(i,j)=xs(Im(,j));

xss=zeros(nodes,4);

printf( Lh);
disp(xss);

A function to calculate the fixed end actions from member loads.

A function to assemble applied nodal loads.

A function to assemble applied loads on members.

Number of applied member loads.

Assembled applied load vector.

A function to solve the stiffness equation.

Calculate nodal displacements due to applied static loads.

Display the nodal displacements from static loads with heading:

Goto 7.
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|

”
( Pf-memendforces_stat T .

[nmem dummy|=size(conn);,

F=zeros(nmem,6);memendforces=zeros(nmem,7);

m . Member end forces of the system from static loads.
S

A function to calculate member end forces from static loads.

f=pf_memendforces(i,xz,conn,mprop,Im,xs,memloads);
F(i,)=f; memendforces(i, )=[i,F(i,)];

. Display the member end forces with heading:

printf(
disp(memendforces);

Pf_supportrxn_stat . A function to calculate the support reactions from static loads.

[Ar]=pf_supportrxn(be,conn,xz jtloads,memendforces);
ar=zeros(s ’;‘(bC, ):4);

. Support reactions from static loads.

. Display the support reactions from static loads with heaing:

disp(

printf( ,B); disp(ar);

v
x=xd+xs:xt=xdd: . Linearly superposed nodal displacements from dynamic and
xt(,2$)=xdd(-,2 S )rxss(,25): static loads.

disp( . Display the nodal displacements with heading:

printf(
disp(xt);

. Goto 8.
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8 . A function to calculate the member end forces from
‘ Pf_memendforces_stat ‘ combined dynamic and static loads.

v

[nmem dummy|=size(conn);
F=zeros(nmem,6);memendforces=zeros(nmem,7);

77777777777777777 m ¢ Member end forces of the system by linearly

superposing the dynamic and static responses.

f=pf memendforces(i,xz,conn,mprop,Im,x,memloads);
—{FL)-f
memendforces(i, )=[i,F(i,))];

lisp( . Display the member end forces with heading:
disp

printf(
disp(memendforces);

. A function to calculate the support reactions

Pf_supportrxn_stat from dynamic and static loads.

} -

[Ar]=pf_supportrxn(bc,conn,xz,jtloads,memendforces);
ar=zeros(size(bc,'1),4);

. Support reactions from combined dynamic and stat

ar(j, |:4)=[bc(j,1),Ar(j,)];

. Display the support reactions with heading:

disp(
B=[ , » RZ'/My'];
printf( ,B);
disp(ar);
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Flowcharts for subprograms
1. Subprogram ‘Input data’

evstr(x_dialog([

analysis=cvstr(x_mdialog(|

1xt,[05'0));

analysis

2. Function ‘pf_plot’

l

(function [frame]=pf_plot(xz, conn, hc)w

l

> i= l:size(conn,'r")

l

x22=xz(conn(i,2),
x11=xz(conn(i,1),
z22=xz(conn(i,2),
z11=xz(conn(i,1),2);
x1=max(x22,x11);z1=max(z22,z11);
x2=min(x22,x11):z2=min(z22.z11);

x=x2:1/ x1;
z=((222-z11)/(x22-x11))*(x-x22)+2z22;
xset( ,10);plot(x,z,'r-,

v
z=1z2:1/ zl;

x=x1+z-z;

xset( ,10);plot(x,z,'r-, 4)

l

——————————————————— + title( s ,5)

()

Display dialog with statements:

Types of analysis which can be done by the
program.

Display dialog to select types of analysis.

Insert type of analysis (Dynamic, Static or
Combined dynamic and static analysis) to the
displayed dialog.

Display dialog to insert the path of the input
file location and execute the file to the scilab
window.

A function to draw the members of a frame.

Index on member

X-Coordinate for end node of the member

X-Coordinate for start node of the member
Z-Coordinate for end node of the member

Z-Coordinate for start node of the member
Maximum of the coordinates

Minimum of the coordinates

Draw the member
Draw the member in graphic window

number 10.

Give title for the frame.
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,,,,,,,,,,, > i=1:size(be,"r")

&)

x=xz(be(i,1),1);z=xz(be(i, 1),2);
plOt(Xaza » b )

)

46 . Draw the restraint type

x=xz(bc(i, 1), 1);z=xz(bc(i, 1),2);
plot(x,z, , ,20)

()
|

47
x=xz(bc(i, 1),1);z=xz(be(i, 1),2);
plot(x,z, , ,20)
A

a=gca();

a. = ;
a.box= ;
a. = ;
a. =0; e Setting of the coordinate system
a = 6; at which the frame was drawn.
a. = ;
a. =0;
a. =6;
frame=0;

i

endfunction
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3. Function ‘pf_calclm’

v
12 | funcprot(0)
v
(function [Im, nd]=pf calclm(n, bcﬂ

v

Im=zeros(n,3);
[ns dummy]=size(bc);

R @ e Index on boundary constraint matrix.

Do not display the message ‘Redefining function ...’
when using more than one function in the program.

. A function to assign a DOF number for
unrestrained nodes.

Initialize location matrix to zero.
Calculate number of restrained nodes.

nn=bc(i,|); . Node number of i support.
Im(nn, 1:3) = be(i, 2:4); . Constraint codes of i support.
v
nd=0; . Initialize number of DOF to zero.

) Indexes on location matrix.

nd :n (1+ ’ ) Unconstrained DOF.
Im(i,j) = nd;
Im(i) = @ e Gotols,

endfunction
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4. Function ‘pf_stiff

|

function [k]=pf stiff(E, A, I, L)

k = zeros(6,0);
k( ) ):E*A/Lak( ’ ):_k( ) )a

k(2,2) = (12*E*I)/L"3; k(2,3) = (6*E*I)/L"2;

k(2,5) = -k(2,2); k(2,6) = k(2,3);
k(3,3) = (4*E*T)/L;

k(3,5) = -k(2,3); k(3,6) = k(3,3)/2;
k(4,4) = Kk(1,1);

k(5,5) = k(2,2); k(5,6) = -k(2,3);

):
k(6,6) = k(3,3);

k(i,j) = k(,);
ffffffffffff

endfunction

5. Function ‘pf _calclen’

|

function [1, ex, cz]=pf calclen(imem, xz, conn)

v

n=conn(imem,);

pl =xz(n(l),);
p2 = xz(n(2),);
dxdz=p2-pl;

dxdz2=dxdz."2;
I=sqrt(sum(dxdz2));

ex =dxdz(1)/1;

cz =dxdz(2) /1,

i

endfunction

Function to get member stiffness matrix in local axes.

The local stiffness matrix of a member above diagonal.

Symmetry of the stiffness matrix.

A function to calculate length and direction cosines of a
member.

Start and end nodes of member number imem
X,z coordinates of start node

x,z coordinates of end node

X,z projections of member

Square of the projections

Length of member

X-direction direction cosine of member
Z-direction direction cosine of member
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6. Function ‘pf calcrot’

|

function [r]=pf_calcrot(cx, cz)

A

r = zeros(6,6);

r(1,1)=cx;
r(1,2) = cz;
r(2,1)=-r(1,2);
r(2,2)=r(1,1);
r(3,3)=1;

r(4:6, 4:60) = r(1:3, 1:3);

.

endfunction

7. Function ‘pf_gstiff

|

function [K]=pf gstiff(imem, xz, conn, mprop)

)

[L cx cz] = pf _calclen(imem, xz, conn);
r = pf_calcrot(cx, cz);
iprop = conn(imem,3);
E = mprop(iprop, 1);
A = mprop(iprop,?);
1= mprop(iprop,3);
k = pf stiff(E, A, I, L);
K=r*k*r;
|

endfunction

A function to calculate the transformation matrix of a mem

Rotation matrix of a member for the start node.

Copy rotation matrix of start node to end node of a membe

A function to transform local to global stiffness matrix.

Calculate length and direction cosines

Calculate rotation matrix

Property id of imem™ member

Modulus of elasticity

Area of cross section

Second moment of area of cross section about neutral axes
Local stiffness matrix of i member

Global stiffness matrix of imem™ member
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8. Function ‘pf assemssm’

)

function [ssm|=pf assemssm(imem, xz, conn, mprop, Im, ssm)

v

K =pf gstiff(imem, xz, conn, mprop);
nj = conn(imem, 1 );

nk = conn(imem,2);

dofi1:3) = Im(nj, | :3);

dof(4:6) = Im(nk,1:3);

ii = dof(i);

Jj = dof(j);

i 18
(17 Ja—continue)

tmp = ssm(ii.jj) + K(i.j);
ssm(ii,jj) = tmp;

y

continue )

18

endfunction

A function to assemble global stiffness matrix
for only unrestrained DOF.

Global stiffness matrix of imem™ member
Start node number of the member

End node number of the member

DOF number of the start node.

DOF number of the end node.

If ii is not equal to zero, go to 17.

Go to 16.

If jj is not equal to zero, go to 18

Go to 16.

Assemble structure stiffness matrix for
unrestrained DOFs.
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9. Function ‘pf ssm’

v

function [K]=pf ssm(xz, conn, mprop, Im, ndof)

|

K=zeros(ndof,ndof);,
[nmem dummy]=size(conn);

!

————————————————— - imem = | :nmem

l

K = pf assemssm(imem, xz, conn, mprop, Im, K); . Structure stiffness matrix.

v

continue )

}

endfunction

. A function to assemble structure stiffness matrix of all
members.

Initialize structure stiffness matrix to zero.
Number of members.

10. Function ‘pf calcmass’

‘ function [m|=pf calcmass(ndof, mass, Im) ‘

l

m=zeros(ndof,ndof);
[nm dummy]=size(mass);

e ilam >

ma=mass(i, | ); e Node number of the i lumped mass.
mm=Im(ma,!); . DOF number of the node (only translational DOF).

@ @ . If mm=0, go to 19.

m(mm,mm)=mass(i,?);

fffffffffffffff continue

. A function to assemble the lumped mass of each node at
respective DOF number..

Initialize the mass matrix to zero.
Number of lumped masses.

. Mass matrix.

endfunction
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11. Function ‘pf_statcond’

|

function [mtt, ktt, Imd|=pf statcond(xz, Im, m, K)

b - ntd=ntd+1;

printf(

);printf('\n');
v

im=0;
mtt=zeros(ntd,ntd);

im=im+1;
mtt(im,im)=m(i,i);

Imd=zeros(max(lm),1);n=0;

n=n+1l;v=n;
Imd(n)=Ilm(i,1);
v

Imk=Im(1:5,2:3);

A function to condense the stiffness matrix.

Initialize translational DOF to zero.

Index on nodes.

If Im(i,1) = 0, go to 20.

Number of translational DOFs.

Display number of translational DOF with heading:

Initialize translational mass matrix to zero.

Index on translational mass matrix.

If m(i,i) = 0, go to 21.

Translational mass matrix.

Preparing data for static condensation of stiffness matrix.
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|

,,,,,,,, > i=1:size(xz,'1")

. Preparation of data to bring stiffness matrix for
@ translational DOF to the upper part of stiffness matrix

[\
S

n=nt1;
Imd(n)=Imk(i,j);

i |

kt=zeros(max(Imd),max(lmd));

Initialize rearranged stiffness matrix to zero.

. Indexes on condensed stiffness matrix.

kt(i,j)=K(Imd(i),lmd(j)) U Bring stiffness matrix for translational DOF to

upper part of stiffness matrix.
ktt=zeros(ntd,ntd);

ktt=kt(1:v,1:v)-kt(v+1:5,1:v)*Finv(kt(v+1:5,v+1:9))¥kt(v+1:5,1:v)

Condensed stiffness matrix.

l

endfunction
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12. Function ‘pf_naturalvib’

)

function [w, T, f, In, sn]|=pf naturalvib(mtt, ktt)

. A function to make modal analysis.

L¢

A=ktt*inv(mtt);egenvalues=spec(A); e Develop characteristic equation and solve eigenvalue problem.

evalues=gsort(egenvalues,'g','1');w=sqrt(evalues)
n=size(w,'r');
T=zeros(n, | );f=zeros(n,n);

e Number of modes.
. Initialize natural vibration parameters to zero.

e o e Index on modes.

|
|
:
|
1 T@E)=2*%pi/w(i); . Natural vibration period
|
|
L

e=ktt-w(i).”2*mtt;
d=e(2:5,2:5);
h=e(2:5,1);
f(1.i)=
f(2:5,0)=inv(d)*-h; . Natural mode shapes

)

Mn=zeros(n, | );:Ln=zeros(n, | );In=zeros(n,
);sn=zeros(n,n);

S - o e Index on modes.

|

|

!

§ Mn(i)=f(1:5.0) ¥ mte*f(1:5,);
! Ln(i)=f(1:5,1)"*mtt*ones(n, 1);
In(i)=Ln(i)/Mn(i):
sn(1:5,0)=In(i)*mtt*f(1:5,i);

|

endfunction

. Initialize modal properties to zero.

Modal mass property

Modal mass participation

Modal mass participation factor
Modal expansion of earthquake force
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13. Function ‘pf spectrum’

. A function to get the ordinat
function [bo]=pf spectrum(nmode, sclass, T) of the design spectrum for a
mode.

select sclass,

()

bo=15*T+1; bo=1/T

26
e . Ordinate of the design

spectrum.

bo=10*T+1; bo=1.5/T

bo=7.5*T+1; bo=2.25/T 25

endfunction
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Appendix II: Program Code
In this section, the coding of the developed progigprovided.

The concept of code for static analysis is takemfSatish Annigeri, 2008with modifications of
the input data and some programming functions.

evstr(x_dialog(['Welcome to SAF1));

txt=['Dynamic analysis only'; ‘Combined static &wmic;
analysis=evs{x_mdialog(['Select analysis type you want to 8%ite 1 for the desired and O for
undesired analysis'],txt,['0%;'0"));
exec(uigetfile(["*.sc*";"*.doc";"*.txt"],"C:/Documents and settings/Desktop”, "Choose the input file
name"));

//Draw the frame members

functionfframe]=pf_plot(xz, conn, bc)

fori=1:sizeconn,'r")
x22=xz(conn(i,2),1);x11=xz(conn(i,1),1);
z22=xz(conn(i,2),2);z11=xz(conn(i,1),2);
x1=max(x22,x11);z1=max(z22,z11);
x2=min(x22,x11);z2=min(z22,z11);

if(x22-x11)==0then,

z=22:1/100:z1;x=x1+z-z;
xset("window",10);plofx,z,'r-','thickness',4)

else
x=x2:1/100:x1;z=((z22-211)/(x22-x11))*(x-x22)+222;
xset("window",10);plofx,z,'r-','thickness',4)

end

title(" Frame Diagram','FontSize',5)

end

fori=1:sizefc,"r")

ifbc(i,2:4)==[1,1,1]then
x=xz(bc(i,1),1);z=xz(bc(i,1),2);ploix,z,'ks-','thickness',20)
elseibc(i,2:4)==[0,1,0]then
x=xz(bc(i,1),1);z=xz(bc(i,1),2);plo{x,z,'ko-','thickness',20)

else
x=xz(bc(i,1),1);z=xz(bc(i,1),2);ploix,z,'k*-','thickness',20)
end
end

a=qgcd);a.axes_visible="off";a.box="off";
a.y_label.text="z_axes";a.y_label.font_style=0;&bel.font_size=6;
a.x_label.text="x_axes";a.x_label.font_style=0;abel.font_size=6;
frame=0;

endfunction

[frame]=pf_plo{xz,conn,bc);
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/[Location matrix

funcprot(0)

functionfIm, nd]=pf_calclm(n, bc)
Im=zerosf,3);

[nsdummy]=sizd{c);// ns=humber of supports
fori=1:ns

nn=bc(i,1);// node number of ith support
Im(nn,1:3)=hc(i,2:4);// constraint codes of ith support
end;

nd=0;/ initialize number of dof to zero
fori=1:n

forj=1:3

ifIm(i,j)==1ther/ constrained dof

Im(i.j)=0;

elsé/ unconstrained dof

nd=nd+1;im(i,j)=nd;

end

end

end

endfunction

/[Local stiffness matrix

functionfk]=pf_stiff(E, A, I, L)

k=zeros(6,6);

k(1,1)=E*A/L;k(1,4)=k(1,1);
k(2,2)=(12*E*1)/L"3;k(2,3)=(6"E*1)/L"2;k(2,5)=k(2,2)k(2,6)=*(2,3);
k(3,3)=(4*E*1)/L;k(3,5)=k(2,3)k(3,6)=%(3,3)/2;
k(4,4)=%(1,1);

k(5,5)=%(2,2)k(5,6)=%k(2,3);

k(6,6)=%(3,3);

fori=2:6

forj=1:i-1

k(i.j)=k(.0);

end

end

endfunction

//Length and direction cosine

function[l, cx, cZ=pf_calcle{imem, xz, conn)
n=conn(imem,:);// start and end nodes of member number i
pl=xz(n(1),:)// x,z coordinates of start node
p2=xz(n(2),:)]/ x,z coordinates of end node
dxdz=p2-p1 x,z projections of member
dxdz2=dxdz.”2f square of the projections
I=sgrt(sum(dxdz2)}; length of member
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cx=dxdz(1)I;// x-direction direction cosine of member
cz=dxdz(2)I;// z-direction direction cosine of member
endfunction

//Rotation matrix

function|r]=pf_calcrotcx, c2)

r=zeros(6,6)/ initialize rotation matrix to zero
r(1,1)=cx;r(1,2)=z

r(2,1)=1(1,2)r(2,2)=(1,1);

r(3,3)=1;

r(4:6,4:6)=(1:3,1:3){/ copy rows and columns 1:3, 1:3 into 4:6, 4:6
endfunction

/[Global stiffness

functionK]=pf_gstiff(imem, xz, conn, mprop)
[Lexez]=pf_calclerfimem,xz,conn);// length and direction cosines
r=pf_calcrofcx,cz)j/ calculate rotation matrix
iprop=conn(imem,3);// property id of imem th member
E=mprop(iprop,1)// Modulus of elasticity
A=mprop(iprop,2)j/ Area of cross section
I=mprop(iprop,3){/ Second moment of area of cross section about NA
k=pf_stiff(E,A,l,L);// local stiffness matrix of ith member
K=r*k*r; // global stiffness matrix of imem th member
endfunction

//Assembling stiffness matrix
function[ssm=pf_assemssfimem, xz, conn, mprop, Im, ssm
K=pf_gstiff(imem,xz,connmprop);
nj=conn(imem,1);/start node number of the member
nk=conn(imem,2);//end node number of the member
dof(1:3)dAm(nj,1:3);dof(4:6)3m(nk,1:3);

fori=1:6

ii=dof(i);

ifi==0then

else

forj=1:6

ji=dof(j);

ifj==0then

else

tmp=ssnTii,jj)+K(i,j); ssmii,jj)=tmp;

end

end

end

end

endfunction

functionK]=pf_ssnixz, conn, mprop, Im, ndof)
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K =zerosfdof,ndof);[nmemdummy]=siza(onn);
forimem=1:nmem
K=pf_assemssfimemyxz,connmprop,Im,K);

end

endfunction
[nodesdummy]=size(xz);[Im,ndof]=pf_calc(modes,bc);

printf (' Number of degrees of freedom = %d',ndof);
[nmemdummy]=size(conn);

forimem=1:nmem
[Lexez]=pf_calclerfimem,xz,conn);iprop=conn(imem,3);
E=mprop(iprop,1);A=mprop(iprop,2);l=mprop(iprop,3);
k=pf_stiff(E,A,I,L);r=pf_calcrofcx,cz);
k=pf_gstiffimem,xz,conn,mprop);K=pf_sgie,conn,mprop,im,ndof);
K=pf_assemssfimem,xz,conn,mprop,im,K);

end

K=pf_ssn{xz,conn,mprop,Im,ndoflffFree joint stiffness matrix
/[Dynamic analysis

ifanalysis(1)==1then

//Mass matrix

functionjm]=pf_calcmasédof, mass Im)

m=zerosfidof,ndof);

[nmdummy]=sizehasg;//Number of lumped masses
fori=1:nm

ma=masgi,1);//node number at which the ith mass exists
mm3m(ma,l1){/degree of freedom number of the node number igtwthe ith mass exists
ifmm<>0ther/For unrestrained node in horizontal translationly.
m(mm,mm)-masgi,2);

end

end

endfunction

m=pf_calcmagsdof,mass,Im);

//Static condensation

functionmtt, ktt, Imd]=pf_statcong@xz, Im, m, K)
ntd=0{/initialize horizontal translational DOF to zero.
fori=1:sizekz,'r")

iflm(i,1)<>0then

ntd=ntd+1//number of horizontal translational DOFs

end

end

printf(\n Number of horizontal translational degseof freedom =
%d',ntd);printf(\n");im=0mtt=zeros(ntd, ntd);

fori=1:ndof

ifm(i,i)<>0then

104



im=im+1;

mtt(im,im)=m(i,i);//only horizontal translational mass matrix

end

end

Imd=zeros(max(n),1);n=0;

fori=1:sizekz,'r")

iflm(i,1)<>0then

n=n+1; v=n;imd(n)=m(i,1);

end

end

Imk=Im(1:%$,2:3);

fori=1:sizekz,'r")

forj=1:2

iflmk(i,j)<>0then

n=n+1jmd(n)=Imk(i,));

end

end

end

kt=zeros(maxMmd),max(md));

fori=1:size{md,'r")

forj=1:size{md,'r")

kt(i,j)=K (Imd(i),Imd(j));// Bringing horizontal translational DOF to the top

end

end

ktt =zeros(ntd,ntd);

ktt =kt(1:v,1:v)-kt(v+1:$,1:v)*inv(kt(v+1:$,v+1:$))*Kiv+1:$,1:v){/condensation of stiffness matrix

endfunction

[mtt,ktt,Imd]=pf_statcontkz,Im,m,K);

/[Free vibration analysis

functionjw, T, f, In, sn]=pf_naturalvil{mtt, kit)

A=ktt *inv(mtt);egenvalues=spec (A);evalues=gsort (egenvalué$,'g'

w=sqrt (evalues)The natural frequencies of vibration of the sgste
n=siz&(,r);T=zeros (n,1f=zeros (n,n);

fori=1:n

T(i)=2*%pi/w(i);//The natural periods of vibration of the system

e=ktt -w(i).*2*mtt;d=e(2:$,2:$);h=e(2:$,1);

f(1,i)=1f(2:%,i)=inv(d)*-h; //The natural mode shapes of vibration

end

Mn=zeros(n,1);Ln=zeros(n,1N=zeros(n,1n=zeros(n,n);

fori=1:n

Mn(i)=f(1:$,i)*mtt*f(1:$,i);/Modal mass property

Ln(i)=f(1:$,))*mtt*ones(n,1){/Modal mass participation

In())=Ln(i)/Mn(i);//Modal mass participation factor
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sn(1:$,i)=n(i)* mtt*f(1:$,i);//Modal expansion of earthquake force
end

endfunction
[w,T,f,In,sn]=pf_naturalvibmtt,ktt);
n=size(T,'r");
wd=zeros(n,2);td=zeros(n,2);If=zeros(n,2);
fori=1:n

wd(i,:)=[i,w()];td(,:)=[i, T()];IG,)=[i,In()] ;
end

disp(wd,'Mode ®n','The natural frequencies of vibration’);
disp(td,'Mode  Tn','The natural periods of vitia);

disp(f, The natural mode shapes of vibration’);
disp(If,Mode TI'n','The modal mass participation factor');
disp(sn,'The modal expansion of earthquake force");
//Modal acceleration

T=real(T);
functionfbo]=pf_spectruninmode, sclassT)
selecsclass

caselthen

if T<=0.1theto=15*T +1;

elseifl >0.4thedo=1/T;

elséo=2.5;

end

case2then

if T<=0.15thebo=10*T+1;

elseifl >0.6thefo=1.5/T;

elséo=2.5;

end

case3then

if T<=0.2theto=7.5*T+1;
elseifl>0.9thevo=2.251T;

elséo=2.5;

end

end

endfunction
nmode=size(T,'r");bo=zeros(nmode,1);
fori=1:nmode
bo(i)=pf_spectrurfi,sclass,T(i));

end

function[An]=pf_pseudoaccébo, zone behavior, importance)
ao=0//Bedrock acceleration ratio for the site 'ao'
ifzone==4then

ao=0.1;
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elseizone==3then

a0=0.07;

elseizone==2then

a0=0.05;

else

a0=0.03;

end

I=0;//importance factor for buildings 'l
ifimportance==1then

1=1.4;

elseifmportance==2then

=1.2;

elseifmportance==3then

=1.0;

else

1=0.8;

end
a=ao*l;gamabehavior,An=zeros(nmode,1An=a*bo*gama*9.81;
endfunction
An=pf_pseudoacc@bo,zone,behavior,importance);
a=zeros(size(An,'r"),2);

fori=1:size(An,'r"

a(i,))=[L,An()];

end

disp(a,Mode An','The modal accelerations’);
function[P]=pf_nodaloadin, mtt, f, An, T, w, Imd, K)
n=size(,";

fn=zeros(n,n);

fori=1:n

forj=1:n

fn(i,j)=In()* mtt(i,i)* f(i,j)* An(j);//equivalent static force
end

end

Fjt=zeros(n,1)/initialize the equivalent nodal static load taae
t=real(l);

ifmin(t)<=0.9*max(t)the?WSRSS combination rule
fori=1:n

g=0;

forj=1:n

g=fn(i.j)."2+g;

end

Fit(i)=sqrt(g)//equivalent nodal static load from SRSS method
end
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els¢/CQC combination rule

b=zeros(n,n);p=zeros(n,n);

fork=1:n

9=0;

fori=1:n

forj=1:n

b(i.j)=w(i)/w();
p(i,j)=(0.0002*(1+b(i,j))*b(i,j).~1.5)/((1-b(i,j).”2).~2+0.0001*b(i,j)*(1+b(i,j))."2);
g=p(i.))*n(i,k)*n(j,k)+g;

end

end

Fit(k)=sqgrt(g)i/equivalent nodal static load from CQC method
end

end

[ndofdummy]=size);

P=zeros(ndof,1){Initialize the equivalent nodal load to zero.
fori=1:n

P(Imd (i))=Fijt(i);

end

endfunction

[P]=pf_nodaloa@n,mtt,f,An,T,w,Imd,K);
function[dof]=pf_getdofimem, conn, Im)

dof=zeros(1,6);

nl=conn(imem,1l);

dof(1:3)dm(n1,:)//DOF number of the start node of the member 'imem'
n2=conn(imem,2);

dof(4:6)4dm(n2,:)//DOF number of the end node of the member 'imem’
endfunction

function[x, xd]=pf_nodaldisgK, P, Im, xz)

ndof=max(m);

K=pf_ssnfxz,conn,mprodm,ndof);
[P]=pf_nodaloadn,mtt,f,An,T,w,ImdK);

x=zeros(ndof,1)/initialize the nodal displacement to zero
x=inv(K)*P;//nodal displacement from dynamic analysis in glabas
[nodesdummy]=siz&f);

xx=zeros(nodes,3);

fori=1:nodes

forj=1:3

iflm(i,j)<>0then

xx(i.j)=x(Im(i.j));

end

end
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end

xd=zeros(nodes,4);

fori=1:nodes

xd(i,:)=[i,xx(i,)];

end

endfunction

[X,xd]=pf_nodaldisgK,P,Im,xz);

disp('The nodal displacement from dynamic analiysiglobal axes";
h=[' Node',' Ux''Uz''ry";
printf('%s\t%s\t\t%s\t\t%s\n', h);

disp(xd);

functionff]=pf_memendforcggmem, xz, conn, mprop, Im, x)
iprop=conn(imem,3);/ Property ID for member imem
E=mprop(iprop,1);A=mprop(iprop,2);I=mprop(iprop,3);
[Lexez]=pf_calclerfimem,xz,conn);// Length and direction cosines
r=pf_calcrofcx,cz){/ Rotation matrix
k=pf_stiff(E,A,l,L);// Local stiffness matrix
u=zeros(6,1)! Initialize member end displacements
dof=pf_getdofimem,conn,im);// Get DOF numbers for the ends of member
fori=1:6

idof=dof(i);

ifidof~=0then

u(i)=x(idof);// Copy global displacement into u

end

end

uu=r*uy/ Displacements in local axes

f=zeros(6,1);

f=k*uu;// Member end forces in local axes
endfunction

[nmemdummy]=size(conn);
F=zeros(nmem,6);memendforces=zeros(nmem,7);
fori=1:nmem

f=pf _memendforcg§xz,conn,mprop,im,x);

F(i,)=f,

memendforces(i,:)=[i,F(i,)];

end

disp('The member end forces of the system in laxes$");
H=[' Member'," P1''V1', 'M1','P2''V2' 'M21;
printf('%s\t%s\t\t%s\t\t%s\t\t%s\t\t%s\t\t%s\n', H);
disp(memendforces);

function[Ar ]=pf_supportrxiibc, xz, conn, memendforce$
b=sizepc,'");

Ar=zeros(b,3);Am=zeros(sizegnn,'r"),6);
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fori=1:sizeconn,'r")
[Lexez]=pf_calclerti,xz,conn);
r=pf_calcrofcx,cz);
Am(i,:)=(r*memendforce$i,2:7)")";
nn=conn(i,1);

nm=conn(i,2);

forj=1:b

ifbc(j,1)==nnthen

Ar (j,1:3)=Ar (j,1:3)+Am(i,1:3);
end

ifbc(j,1)==nmthen

Ar (j,1:3)=Ar (j,1:3)+Am(i,4:6);
end

end

end

endfunction
[Ar]=pf_supportrxr{bc,xz,conn,memendforces);
ar=zeros(size(bc,'r),4);
forj=1:size(bc,'r")
ar(j,1:4)=[bc(j,1),Ar(,)I;

end

disp('Support reactions in global axes')
B=[' Node'," Rx','Rz','My];
printf('%s\t%s\t\t%s\t\t%s\n',B);
disp(an);
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